
Classification of narwhal (Monodon monoceros) calls and changes in rates of calling 

associated with passing ships in Milne Inlet, Nunavut, Canada 

by 
Crystal Lynn Radtke 

Bachelor of Science (Honours), 2017, University of New Brunswick  

A Thesis Submitted in Partial Fulfillment  
of the Requirements for the Degree of  

 
Master of Science  

in the Graduate Academic Unit of Biology 

 
Supervisors:       John M Terhune, Ph.D., Dept. of Biological Sciences 
     Heather Major, Ph.D., Dept, of Biological Sciences 
 
Examining Board:   Jeff Houlahan, Ph.D., Dept, of Biological Sciences, Chair 

Sean Roach, Ph.D., Dept, of Psychology  
Ben Speers-Roesch, Ph.D., Dept, of Biological Sciences 
Hilary Moors-Murphy, Ph.D., Dept. of Fisheries and Oceans.  

 

 

This thesis is accepted by the 
Dean of Graduate Studies 

 
 
 

THE UNIVERSITY OF NEW BRUNSWICK 

July 2022 

©Crystal Lynn Radtke, 2022 



ii 

 

ABSTRACT 

My study is part of an environmental monitoring program to assess potential 

impacts from increased shipping noise disturbance on narwhal (Monodon monoceros) 

vocalization behaviours on their summering grounds in 2018-2019, in Koluktoo Bay and 

Milne Inlet, Nunavut, Canada. A complete call repertoire was established using sounds 

recorded from passive acoustic monitors and acoustic tags attached to individual 

narwhals. Five major call types were identified: Buzzes, Echolocation Clicks, Knocks, 

Whistles, and a patterned Double Buzz. Buzzes, Knocks, and Whistles (all social calls) 

were used to determine if changes to narwhal calling rates occurred in the presence of ore 

carrier noise. When ship noise was above ambient noise levels, call counts were lower 

but returned to normal shortly after ship passages. Decreases in calling rates occurred 

within line-of-sight of the ship (±5 km) with no association to any amplitude threshold 

(dB level). Minimizing ship noise exposure durations should be undertaken whenever 

possible. 
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Chapter One. General Introduction 

The goal of my MSc thesis is to define a complete narwhal (Monodon monoceros) 

repertoire from recordings of the Eclipse Sound narwhals and to determine if changes in 

calling rates occur in association with ship noise disturbances. This project was done in 

Milne Inlet, Nunavut, Canada (Figure 1). This study was conducted to assess the possible 

impacts of increased shipping in the fjord due to the mining activity from the Baffinland 

Iron Mines Corporation’s Mary River Mine. Baffinland has a contractual obligation to 

assess the risk of its activities to the marine ecosystem in the area, with both the 

participation and approval of the Inuit whose land they use for mining. One of the 

conditions to continued land usage was to develop a monitoring protocol to assess the 

impacts of shipping noise on marine mammals in the area in the short, long, and 

cumulative term.  Narwhals are one of the species that lives in the area. I will be 

examining the potential impacts of ship noise on the vocal behaviour of narwhal. These 

types of impacts are poorly studied for this species which is why they are the focus of this 

research.  

 

Narwhals are a migratory Arctic species living primarily in Canadian, 

Greenlandic, and Russian waters. They are known to have high site fidelity to wintering 

and summering grounds (Laidre & Heide-Jørgensen, 2005; Heide-Jørgensen et al., 2015). 

The subpopulation observed in this study winter in Baffin Bay, Nunavut, Canada, and 

summer in and around Eclipse Sound, Nunavut, Canada (Dietz & Heide-Jørgensen, 1995; 

Heide-Jørgensen et al., 2002; Laidre et al., 2002; Laidre & Heide-Jørgensen, 2005; 

Lowry et al., 2017). Per the IUCN, they are considered a species of least concern, and 
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have been assessed as a species of special concern by the Committee on the Status of 

Endangered Wildlife (Stewart, 2004). Narwhals, like other social animals, are very vocal 

(Ford & Fisher, 1978). The Eclipse Sound narwhal stock occurs in this study area and 

consists of an estimated 7,700 to 18,700 narwhals (Figure 1; Marcoux et al., 2019). The 

species are deep diving cetaceans, diving to 500-800 m for foraging (Dietz & Heide-

Jørgensen, 1995; Heide-Jørgensen et al., 2002; Laidre et al., 2002; Laidre & Heide-

Jørgensen, 2005). They feed on pelagic fish (especially Arctic cod, Boreogadus saida), 

squid, shrimp, and halibut (Hippoglossus hippoglossus; Folkens et al., 2006). Narwhals 

are highly social animals often travelling in groups of up to 20 individuals and can be 

found summering in groups of several hundred individuals (Folkens et al., 2006). 

 

In order to determine if underwater shipping noise is influencing narwhal vocal 

behaviours, we must first understand the repertoire of the narwhal. Establishing a 

complete vocal repertoire of animals within the study area is important because the 

literature describes different call types from different subpopulations of narwhals (Ford 

and Fisher, 1978; Marcoux et al., 2012; Rasmussen et al., 2015; Walmsey et al., 2020). A 

repertoire is the catalogue of vocalizations (call types) an animal uses. However, the 

literature for narwhal is not consistent in the naming scheme of call types, as some 

authors use the same names for different types of calls (Ford and Fisher, 1978; Marcoux 

et al., 2012; Rasmussen et al., 2015). We also know, from other cetaceans (e.g., 

Shepherd's beaked whale, Tasmacetus shepherdi and delphinids) that not all 

subpopulations produce the same vocalizations. For example, there can be signature 

Whistles and/or Buzzes specific to a pod/subpopulation (Leunissen et al., 2018; Simões 
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Amorim et al., 2019). Signature Whistles are Whistles that are unique to an individual 

which has often been seen in bottlenose dolphins (Tursiops truncatus) (Sayigh et al., 

2007). Narwhals produce narrow-band pulse sounds (Knocks) with frequencies up to 24 

kHz and pure tones (Whistles) up to 18 kHz (Table 1; Ford & Fisher, 1978; Rasmussen et 

al., 2015).  

 

To date, narwhal call types (Echolocation Clicks [Click Trains and Terminal 

Buzzes], Knocks, Knock Trains, Buzzes [individual and double], and Whistles) have only 

been referred to by their frequency range and in general statements as to what sounds 

narwhals make (Rasmussen et al., 2015). Echolocation clicks are very brief broadband 

sounds that are typically made during foraging/navigation. Narwhals also make clicking 

sounds that become more rapid the closer the narwhal approaches its prey until the clicks 

appear to merge into a buzz sound (Laidre et al., 2002; Koblitz et al., 2016). My study 

considers Click Trains as a series of clicks emitted in a repetitive pattern that have an 

inter-click interval (ICI) between 3.2 ms and 200 ms and not as individual clicks (Table 

1; Rasmussen et al., 2015). An inter-click interval is the time between clicks produced. 

The transition of a Click Train into a Terminal Buzz is when the clicks become so rapid 

that they appear as a “continuous sound” instead of the individual clicks. This is defined 

as having an ICI of < 3.2 ms (Table 1). The Knocks are a singular pulsed sound that have 

very short durations of 0.56s but can be as long as 1.34s (Table 1). This call type makes a 

distinctive “toc” sound. A singular Buzz is a single element burst-pulsed call that makes a 

low buzzing sound. This is different than terminal buzzes as it does not happen in 

conjunction with echolocation clicks.  They also occur at lower frequency ranges and are 
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longer in duration than Terminal Buzzes (Table 1). The Double Buzz is typically a pair of 

Buzzes with a consistent interval between them, but occasionally consists of more than 

two Buzzes. The individual Buzzes within the pair generally last around 0.5 s and tend to 

decrease in duration when there are more Buzzes in the call. The IBI between the Buzzes 

is typically 0.10 s. This double patterned Buzz has been previously described as repeating 

at least three times within a 30 second period (Table 1; Walmsley et al., 2020). Whistles 

are single (not paired) tonal calls of short duration in the 1 kHz to 20 kHz range, spanning 

almost five octaves that last between 0.04 to 3.56s (Table 1). 

 

Little is known about narwhal acoustic communication overall. By analyzing 

recordings from narwhals in Eclipse Sound, I can create a complete call repertoire 

description. Knowing the call types the subpopulation in Eclipse Sound uses and the 

frequencies (Hz) in which they communicate will give us the ability to better protect 

narwhal from acoustic disturbances that alter and/or hinder their ability to communicate, 

navigate and hunt. Further defining call types makes it easier to select ones that have the 

potential to be masked by ship noise.  
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 Figure 1 Map of study Eclipse sound narwhal stock adapted from Marcoux et al. (2019). The three 
assessment areas used in this study are Tremblay Sound for the tagging project and the Milne Inlet 
and Koluktoo Bay for the passive acoustic monitoring and shipping assessment. 

 
Milne Inlet in Nunavut is important to a subpopulation of narwhals that use 

Koluktoo Bay as it is a safe summering area (Figure 1). The summer, however, coincides 

with the time for shipping iron ore from Baffinland’s Milne Port. There are regulations in 

place in the shipping corridor to try to limit the acoustic disruption to the narwhal in 

Milne Inlet and Koluktoo Bay, such as limiting vessel speed to 9 knots, the number of 

ship transits that occur (which is limited to two to four per day, which also avoids 

possible ship collisions and reflects the time it takes to load an ore carrier), and the width 

of the shipping lane.  
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The Arctic Ocean is an almost pristine ocean environment in terms of 

anthropogenic noise. Previously, the Arctic soundscape was made up of two distinct 

sources; various animal sounds (biophony, e.g., whale calls, snapping shrimp etc.), and 

natural environmental noise (geophony, e.g., ice calving, ice cracking, wind, and rain; 

Kinda et al., 2013; Duarte et al., 2021). In recent years, there has been an increase in 

shipping through the North-West Passage, exploration of the Arctic for petroleum and 

other resources, and tourism due to the decrease in ice coverage (Dawson et al., 2016). 

Along with other worldwide locations, there have been increases in underwater noise in 

the Arctic associated with human activities (anthrophony, Duarte et al., 2021). Increases 

in noise levels in the Arctic are commonly associated with the seismic exploration and 

use of air guns, and ship propeller cavitation (Geyer et al., 2016).  

 

Anthropogenic noise can also lead to acoustic masking, which occurs when a 

desired vocal communication is overlapped by noise occurring at the same frequency and 

time (Clark et al., 2009). Once the noise level (in this case the ship noise) is higher than 

the signal level (in this case a narwhal vocalization), the signal is entirely undetectable 

(Clark et al., 2009). Ships passing by and emitting sounds at the same frequency (the 

lower part of the cetacean’s hearing range) and/or bandwidth as the call results in the call 

being indistinguishable from background noise (Clark et al., 2009). Vocal masking is a 

concern because this can impact how narwhals communicate with each other, forage for 

food, and navigate in their environments (Heide-Jørgensen et al., 2013). 
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We know that increased shipping noise can cause marine mammals to miss 

important communication cues from conspecifics (Heide-Jørgensen et al., 2013, 2021; 

Duarte et al., 2021). When exposed to seismic airguns and vessels, narwhal perform 

behaviours associated with predator avoidance (i.e., rush into the shoreline to hide from 

the disturbance; Heide-Jørgensen et al., 2013, 2021). If the disturbance happens when the 

ice hasn’t fully broken up or is starting to reform, it is possible for narwhal to become 

entrapped in ice (Heide-Jørgensen et al., 2013, 2021). 
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Chapter Two. Description of the narwhal (Monodon monoceros) vocal 
repertoire. 

2.0 Background 
 

 Communication is important to marine mammals as a way of informing other 

members of the group about potential dangers, social needs, and foraging (Clark et al., 

2009; Duarte et al., 2021).  We know that disturbances from anthropogenic sounds can 

lead to changes and/or masking of vocalizations (Clark et al., 2009; Duarte et al., 2021). 

This may lead to missed cues for predators, food, or social interactions (Clark et al., 

2009; Duarte et al., 2021). Constant exposure to anthropogenic noise in some marine 

mammals can lead to shifts in the way vocal/auditory cues are communicated between 

conspecifics (Clark et al., 2009; Duarte et al., 2021). Having a complete understanding of 

the full narwhal vocal repertoire allows researchers to know if, and when, changes are 

occurring.  

 

Ford and Fisher (1978) were the first to describe narwhal vocalizations in terms of 

call types. They divided them into Pulsed Sounds (Buzzes and Terminal Buzzes), Click 

Series (Echolocation Clicks), Pulsed Tones (Knocks), and Pure Tones (Whistles) (Table 

1; Ford and Fisher, 1978). Walmsey et al., (2020) described a new patterned Double 

Buzz. However, the literature is inconsistent in how call types are described (Table 1). 

Where Ford and Fisher (1978) described Pulsed Sounds as Echolocation and Buzzes, 

Marcoux et al. (2012) described them as Pulsed Tones. Similarly, Pulsed Tones can either 

mean Knocks (Ford and Fisher, 1978) or Echolocation (Marcoux et al., 2012). These 
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inconsistent descriptions of the same sounds make it difficult to determine the exact call 

type an author is discussing.  

 

All the cataloguing for narwhal calls have been done using the different 

subpopulations that live in; Western Greenland, Eastern Greenland, and the Canadian 

Arctic (Table 1).  While the literature refers to Ford and Fisher (1978) as the baseline, 

inconsistencies in how sounds are defined remain. By developing a cohesive description 

of narwhal vocalizations, I can see if like other cetaceans, narwhal have different 

vocalizations or if all the subpopulations use the same call characteristics. This will allow 

for more accurate population monitoring when using tools like passive acoustic 

monitoring (PAM) devices.  

 

My goal is to review data collected from acoustic tags and bottom-mounted 

recorders that were used to record narwhal vocalizations. The characteristics of call types 

measured from these recordings can then be compared to past studies to see if differences 

occur. By establishing the typical calls that narwhals use in my study area, I will also 

know which ones to focus on for the other part of my thesis when determining if shipping 

noise causes changes in call count. 
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2.1 Methods 

 

Two types of acoustic recorders were used (Greenridge Acousondes 3B and 

JASCO Applied Sciences Autonomous Multichannel Acoustic Recorder G3 [AMAR]) to 

record the narwhal calls (explained in the following paragraphs). The study site was 

divided into two regions within Eclipse Sound (Figure 2): 1) Tremblay Sound (72.45° N, 

80.88°W) where the Acousonde tags were deployed on the whales; and 2) Milne Inlet 

(72.24° N, 80.54° W) along the shipping lanes where the AMARs were deployed. 

 
Figure 2. Locations of the narwhal Acousonde tag deployments (Trembley Sound, 72.45° N, 
80.88°W), and the five (A-E) bottom-moored AMAR deployment sites (Milne Inlet, 72.24° N, 80.54° 
W) in relation to Milne Port, the Baffinland Iron Mines Port, in Nunavut, Canada.  The solid line 
depicts the nominal shipping route. Map source: Frouin-Mouy et al., (2020) and Google Earth. 
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2.1.1 Acousondes 

In the summers of 2017 and 2018, nine and four narwhals, respectively, were 

tagged in Tremblay Sound, Nunavut by the Department of Fisheries and Oceans (DFO) 

and Golder Inc. The field work was conducted under a DFO license to fish for scientific 

purposes (S-17/18 1017-NU and S-19/19-1029-NU) and Animal Use Permits (FWI-

ACC-2017-40 and FWI-ACC-2018-22). The narwhals were captured from shore-

anchored nets, that were monitored 24 hours a day for entrapments. Once a narwhal was 

caught, a boat went to bring the trapped animal into shallow water, where measurements 

were taken and the Acousonde tags (hereafter “Acousondes”) were attached with suction 

cups to the dorsal ridge. Acousondes are self-contained autonomous acoustic/ultrasonic 

recorders that are 22.9 cm in length, weigh 362 g in air, and have a working depth of 3 

km. These were placed on both adult females and juvenile/adult males (Table 2). Each 

Acousonde was programmed to continuously record specific frequency ranges on each 

recording channel. Channel one ran from 0 kHz to 116 kHz (the high frequency channel) 

and channel two ran from 0 kHz to 13 kHz (the low frequency channel). The sampling 

cycles varied by tag and year. There were five sampling cycles (recording durations and 

sampling rates) used in 2017 and two sampling cycles in 2018 (Table 3). The 

Acousondes had a low frequency sampling rate of 25,811 samples/s. For this work, I 

focused on the low frequency recordings due to time constraints and because this is the 

frequency where call masking is more likely to occur. The hours in Table 2 are the total 

useable hours (i.e., time before the Acousonde detached from the narwhal) of low 

frequency recordings available for this analysis. I limited the data used to 11 of the 13 
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Acousonde recordings (shaded in grey) as two had only high frequency recordings 

available (Table 2).  

 
Table 2 Acousonde tag deployment dates, sampling cycles (see Table 3 for descriptions), useable 
hours, channels, and captured narwhal info (when available). All narwhals were tagged in Tremblay 
Sound (72° 28’ 49.6” N, 80° 54’ 18.3” W) tags were reused within the same year on different 
individuals. The two Acousondes (unshaded) not used in this analysis were from 2018 that only 
recorded on the high frequency channel.  

 

 

Table 3. The seven sampling cycles observed on the Acousondes used in 2017 and 2018. 

 
Sampling 
Cycle 

High Frequency 
(mins for # of 
recordings) 

Low Frequency 
(mins for # of 
recordings) 

Duty Cycle 
(mins) 

A 5/8 30/1 70 
B 5/9 30/1 75 
C 5/8 5/1 45 
D 5/8 5/1 45 
E 5/4 10/1 30 
F 0/0 30 30 
G 7 0/0 7 

 

Acousonde Channels Sampling 
cycle 

Date Year Useable 
hours 

Gender and 
age  

Red 1 Low/High A Aug 13-16 2017 89.75 Female 
Orange 1 Low/High A Aug 16-18 2017 76 Unknown 
Yellow 1 Low/High D Aug 30 2017 16.58 Female with 

calf 
Green 1 Low/High C Sept 2-3 2017 32.33 Female 
Red 2 Low F Sept 2-3 2017 23 Male 

(juvenile) 
Orange 2 Low/High E Sept 3 2017 20.5 Male 

(juvenile) 
Yellow 2 Low/High B Sept 11 2017 25.75 Female  
Red 3 Low/High B Sept 11 2017 18.5 Male (tusk) 
Green 2 Low/High B Sept 11-12 2017 31.5 Male (tusk) 
Yellow Low F  2018 77.58  
Green  Low F  2018 116.08  
Red High G  2018 519.75  
Orange High G  2018 459.67  
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2.1.2 AMAR 

In 2018, five JASCO Applied Sciences (Canada) Ltd AMAR G3 (Autonomous 

Multichannel Acoustic Recorder) recorders, with an M36 omnidirectional hydrophone 

(GeoSpectrum Technologies Inc., −165 ± 3 dB re 1 V/μPa sensitivity) were deployed in 

Milne Inlet. They were placed either on, near, or away from the shipping lane that crosses 

into Milne Inlet from Eclipse Sound. Only recordings from AMAR 18A (72.02772° N, 

80.6459° W; location AMAR A) at a recording depth of 209 m (Figure 2; Table 4) were 

used in this analysis. The AMARs had a continuous duty cycle of 15 mins with a 

sampling rate of 64,000 samples/s, with 6 dB gain with a recording bandwidth of 10 Hz 

to 32 kHz (14 mins at a low-frequency sampling rate) and 250,000 samples/s, with a 

recording bandwidth of 10 Hz to 125 kHz (one min at a high-frequency sampling rate). 

AMAR 18A was deployed on August 4th, 2018, and removed September 29th, 2018, for 

a total of 1,315 useable recorded hours. Only the low frequency recordings were used.  
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Figure 3 Mooring design with one Autonomous Multichannel Acoustic Recorder (AMAR) 
attached to an anchor. The hydrophone was 3 m above the seafloor. This configuration was used 
at all stations (Frouin-Mouy et al., 2020). 

 
2.2 Narwhal vocal repertoire 

Examples of each vocalization (call type) in the narwhal repertoire were selected 

based on a preliminary analysis of both the Acousondes (to quality check the recordings) 

and the AMAR (which was done for chapter 3), as well as on a review of previous reports 
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on narwhal calls described in the literature (Table 1; Ford and Fisher, 1978; Marcoux et 

al., 2012; Rasmussen et al., 2015; Walmsley et al., 2020). To build a repertoire library, 

clear examples of narwhal sounds were used from both the Acousonde and the AMAR 

recordings. Clear examples of narwhal sounds were defined as sounds with no 

overlapping noise from other narwhals, other animals, or ships (in the case of the 

AMAR). The only marine mammal that has similar vocalizations to narwhals are belugas 

(Delphinapterus leucas). Since belugas are rarely seen in the inlet, the assumption had to 

be made that all cetacean sounds recorded were narwhals. The Acousonde datasets were 

analyzed manually (both aurally and visually using spectrograms) to find clear examples 

of narwhal calls. The AMAR dataset was also analyzed manually based on preliminary 

analysis for boat noise, which I did as a validation check for the JASCO call detectors 

used in Chapter 3. Any clear examples of narwhal sounds were used in my analysis. 

These examples were analyzed using Raven Pro 1.6 (Center for Conservation 

Bioacoustics, 2019) to obtain measurements (e.g., duration, inter-pulse length, etc. see 

Table 5) of the sound. A fast Fourier transform (FFT) of 1,046 was used when taking the 

measurements, the window was viewed in 20 second periods and the full frequency range 

was viewed for both devices (13 kHz for the Acousondes and 32 kHz for the AMAR).  

For each call type, I evaluated the waveforms to determine the shape of individual cycles 

within the call. This aided in determining whether the call was a burst pulse or had a 

sinusoidal waveform. The “call type” assigned to each call was based on the auditory 

confirmation (listening to) of the sound produced for each call and this allowed for an 

initial broad classification into the five major call types. From there, each putative call 

type was analyzed for differences in overall spectral shape and frequencies to determine 
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if subtypes were present. A call subtype was when there was enough of a variation within 

a call type for different subcategories to exist but not enough variation for a completely 

new call type to be formed.  

 

The two recorder types (i.e., Acousondes and AMAR) were evaluated separately 

because the AMAR recorded up to 32 kHz and large numbers of individuals were 

recorded, and the Acousondes recorded up to 13 kHz with just one individual being 

recorded at a time. 

 

I identified each call by analysing the spectrograms of each possible narwhal 

vocalization and confirming it was a narwhal vocalization. Narwhal vocalizations were 

confirmed based on previous reports in the literature and by listening to examples of 

sound files of other marine mammal species known to occupy the study region (belugas, 

bowhead whales [Balaena mysticetus], walruses [Odobenus rosmarus], bearded seals 

[Erignathus barbatus], and ringed seals [Pusa hispida]) (Ford and Fisher, 1978; 

Marcoux et al., 2012; Rasmussen et al., 2015; Walmsley et al., 2020). In order to measure 

the narwhal sounds identified, an annotation box (i.e., rectangular selection box) was 

made on the spectrograms as tight to the call being made as possible so only the call was 

being measured (Figure 4). This was placed around each individual call, allowing Raven 

to process the selection and automatically calculate the measurements listed in Table 5, 

except for the Start, Center, and End frequencies that I measured manually. I did this by 

measuring at the highest amplitude (brightest colour) of each call. In cases where this 
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wouldn’t have been possible (i.e., Clicks) the exact middle of the call (between the Start 

and the End) was used.  

 

Table 5. List of measurements and their descriptions used for building the narwhal call repertoire. 
Raven extracted all measurements listed with an *, the other ones were taken manually. Raven took 
the measurements based on the annotation box.  

 
Measurement  Definition 
Duration (s)* 
Inter-Buzz [Click] Interval 
(IB[C]I) * 

Length of the sound being analyzed within the annotated 
box 
Time between discrete sound elements 

Min Frequency (kHz)* Minimum frequency of the sound within the annotated box 
Max Frequency (kHz)* Maximum frequency of the sound within the annotated box 
Max Amplitude Frequency 
(kHz)* 

Frequency of the maximum amplitude/peak frequency of 
the sound within the annotated box 

Start Frequency(kHz) Frequency at which the sound starts with the highest 
amplitude 

Center Frequency (kHz) Frequency at the center of the sample with the highest 
amplitude 

End Frequency (kHz) Frequency at which the sound ends with the highest 
amplitude 

Subtype  Classification of the sound within its overarching type 
 

2.2.1 Echolocation clicks 

Measurements on echolocation sounds were made for Click Train bouts (a series 

of clicks; ICI of between 3.2 ms and 200 ms) and Terminal Buzzes (very high click rates; 

ICI of < 3.2 ms) separately. They were measured as bouts of each, not as individual 

clicks. 

 

2.2.2 Knock 

The duration and frequency components of each individual Knock were 

measured. If Knocks occurred in a sequence, the sequence duration was measured and 
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labelled as a Knock Train. There must be at least three Knocks and the interval between 

Knocks must be <0.5 s to be considered a member of a particular train. 

 

2.2.3 Buzz   

Each individual Buzz was measured (Figure 4). While analyzing the files it was 

noted that there was a reoccurring double patterned Buzz that had not been described 

previously, at the time this analysis was being done (see next paragraph). This second 

buzz type was then assigned to its own call type and labelled as a patterned Double Buzz.  

 

Figure 4 An example of measurements taken (see Table 5) for a Buzz; the same format was followed 
for all the call types.  The white text indicates frequency characteristics. The duration of the call is 
the time included within the annotation (red) box. The darker the colour in the box (oranges/reds), 
the higher the amplitude of the call.  
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2.2.4 Double Buzz 

For the patterned low frequency Double Buzz, the duration (s) of the entire call 

was measured, followed by the durations (s) of each Buzz and the inter-Buzz interval 

(IBI; Figure 5). The frequencies at the highest amplitude for the duration of the entire call 

and for each sequential buzz within the call were measured in kHz. For the IBI intervals, 

only the duration (s) measurements were taken.  

 

 

Figure 5. An example of the measurements taken for the Double Buzz call type.  IBI is the inter-buzz 
interval. 
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2.2.5 Whistles 

Whistles occurred singularly. In order to standardize the frequency shift 

relationships between the start, center, and end frequencies, I converted the start, center, 

and end frequency values to octave values (log2Hz). This permitted measuring relative 

pitch differences that are likely to be perceived by the narwhals and are independent of 

the absolute frequencies measured in kHz (Weber’s law). These differences in pitch 

better aided in categorizing the whistles into subtypes with quantitative analysis instead 

of qualitative analysis. To categorize the different Whistle contour types (the shape of the 

whistle) with no bias, I subtracted the start octave value from the center octave value, and 

the center octave value from the end octave value. Here, positive numbers represent an 

increase in the call frequency and negative numbers represent a decrease in the call 

frequency. An increase or decrease in frequency was arbitrarily defined as a change of ± 

0.05 octaves. While investigating the Whistles, it was noted that there were at least five 

major subgroups of Whistles (i.e., upsweep, downsweep, n-shaped (henceforth “Ç”), u-

shaped (henceforth “È”), and flat). The “Upsweep” required that an overall frequency 

increase with at least one segment increasing in frequency and the other segment being 

flat or increasing. The “Downsweep” required an overall frequency decrease with at least 

one segment decreasing in frequency and the other segment being flat or decreasing. For 

a “Ç” shape, there was an increase then decrease in frequency and the “È” shape had a 

decrease then increase in frequency. In defining the “Flat” category, both segments were 

measured within ≤± 0.05 octaves. 
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2.2.6 Statistics 

All descriptive statistics were calculated in R version 3.6.2 (R Core Team, 2019). 

The minimum mean, true mean, maximum mean, and standard deviation of the mean 

values were determined for each call type (package emmeans version 1.7.0). Paired t-

tests were performed to determine if there were similarities between the Maximum 

Amplitude Frequency and the Center Frequency. This was done to see if the frequency of 

the Raven output value with the highest amplitude was similar to the manual 

determination of the Center Frequency; in other words, to determine if the highest 

amplitude occurred at the middle of the call. Very small p-values were reported as 

p<0.0001. 

 

2.3 Results 

 

The Acousonde and AMAR data had to be analyzed separately since only the low 

frequency data was used from the Acousondes. The Acousondes only recorded up to 13 

kHz while the AMAR recorded up to 32 kHz. The Acousondes experienced high flow 

noise around and below 1 kHz limiting the cases where measurements could be. Only the 

low frequency recordings were used in this study instead of high frequency recordings (or 

using both) in the interest of time and the ability to study the lower frequency 

components of social calls. A total of 287 hours of recordings were analyzed, 147 hours 

from AMAR 18A and 140 hours from the 11 Acousonde tag datasets. 
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Click Train 

The AMAR provided information on the higher frequencies of the Click Train 

given its ability to record at higher frequencies, while the Acousondes gave a better 

representation of the Click Train length (Table 6; Figure 6). This is because echolocation 

clicks are highly directional (Koblitz et al., 2016; Rasmussen et al., 2015) so the entire 

duration of the Click Train can be recorded on the Acousonde while possibly only a 

snippet is recorded on the AMAR. Koblitz et al., (2016) found that narwhals have the 

narrowest sonar beam of any odontocete with -3 dB beam width of 5.0°. As a 

consequence, to such a narrow beam, if the narwhal is not swimming directly at the 

recorder for its entire duration, a portion of the call will be missed.  

 

The Maximum Amplitude Frequency and the Center Frequency values of the 

Click Trains were significantly different for both the AMAR (paired t-test; t = -4.05, df = 

127, p<0.0001) and the Acousonde (t = -8.78, df = 212, p<0.0001) recordings.  

 
Table 6 The duration and frequency measurements for the Click Train call type for the AMAR 
(n=128) and the Acousonde recorders (n=213). 

Feature  AMAR Acousonde 
 Mean  SD Range Mean  SD  Range 
Duration (s) 1.438 1.646 0.006 – 12.474 6.275 4.037 0.169 – 

18.481 
Min Frequency(kHz) 8.13 7.42 0 – 21.09 0.89 0.32 0.15 – 1.79 
Max Frequency(kHz) 23.75 9.93 2.99 – 32.00 9.67 1.86 2.52 – 12.27 
Max amplitude 
frequency (kHz) 

10.61 9.19 0 – 30.00 2.65 1.73 0.16 – 6.45 

Start frequency (kHz) 12.42 8.76 1.01 – 26.33 3.80 1.54 0.55 – 7.74 
Center frequency 
(kHz) 

12.42 8.96 0.87 – 36.41 3.68 1.46 0.55 – 6.72 

End frequency (kHz) 12.07 8.65 1.19 – 25.65 3.85 1.55 0.55 – 9.12 
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Figure 6 Spectrogram of a Click Train using (A) an analyzing bandwidth of 61.5 Hz from the 
AMAR, and (B) an analyzing bandwidth of 24.8 Hz from an Acousonde. 

 

Terminal Buzz  

The transition of a Click Train into a Terminal Buzz is when the clicks become so 

rapid that they appear as a “continuous sound” instead of the individual clicks (Figure 7). 

This is defined as having an ICI of < 3.2 ms (Table 1). This is associated with increased 

proximity to the object of interest (i.e., prey; Rasmussen et al., 2015). Terminal Buzzes 

have an ICI of less than 3.2 ms (Figure 7; Rasmussen et al., 2015).  

 

The Maximum Amplitude Frequency and the Center Frequency values of all 

Terminal Buzzes were different on both recorders (paired t-test; t = -3.30, df = 128, p = 

0.0013). 
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Table 7 The duration and frequency measurements for the Click Train call type for the AMAR 
(n=129) and the Acousonde recorders (n=200).  

 
Feature AMAR Acousonde 
 Mean SD  Range  Mean  SD  Range  
Duration (s) 0.903 0.499 0.198 – 2.352 1.715 0.823 0.394 – 5.556 
Min 
Frequency(kHz) 

3.80 4.90 0 – 19.44 1.03 0.26 0.26 – 1.73 

Max 
Frequency(kHz) 

16.17 9.94 1.79 – 32.00 9.89 1.50 4.73 – 11.57 

Max Amplitude 
frequency (kHz) 

5.08 5.91 0.06 – 22.50 2.23 1.89 0.43 – 9.45 

Start frequency 
(kHz) 

5.65 6.37 0.46 – 25.71 4.15 2.09 0.82 – 9.60 

Center frequency 
(kHz) 

5.93 6.25 0.57 – 25.73 4.55 3.05 0.82 – 10.10 

End frequency 
(kHz) 

5.94 6.26 0.06 – 25.73 3.85 2.76 0.78 – 10.062 

 

 

Figure 7 Spectrogram of a Terminal Buzz at an analyzing bandwidth of 24.8 Hz from AMAR 18A. 

Knock  

The Knocks are a singular pulsed sound that have very short durations of 0.04 s 

but can be as long as 0.45 s (Table 1, 8; Figures 8, 9). Knocks were generally longer and 

much lower in frequency on the Acousonde tags (Table 8). Within each of the recording 

devices, the mean values for the start, center, and end frequencies of the call are the same. 
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This shows that on average, the frequency of the call does not vary over its short 

duration. 

 
The Maximum Amplitude Frequency and the Center Frequency values of the 

Knocks were not significantly different for both the AMAR (paired t-test; t = -0.54, df = 

55, p = 0.59) and Acousonde (t = -1.76, df = 80, p = 0.82) recordings.  

 
Table 8 The duration and frequency measurements for the Knock call type for the AMAR (n=56) 
and the Acousonde recorders (n=81). 

Feature AMAR Acousonde 
 Mean  SD  Range  Mean  SD  Range  
Duration (s) 0.039 0.047 0.006 – 0.265 0.073 0.069 0.0301– 0.451 
Min Frequency(kHz) 1.93 0.81 0 – 2.90 0.14 0.13 0 – 0.70 
Max Frequency(kHz) 3.10 2.25 0.14 – 15.00 9.48 4.57 0.61 – 12.91 
Max Amplitude 
frequency (kHz) 

2.23 0.84 0 – 3.13 0.26 0.20 0 – 1.39 

Start frequency (kHz) 2.25 0.78 0.05 – 3.06 0.34 0.52 0.07 – 4.86 
Center frequency 
(kHz) 

2.25 0.78 0.05 – 3.06 0.34 0.52 0.07 – 4.86 

End frequency (kHz) 2.25 0.78 0.05 – 3.06 0.34 0.52 0.07 – 4.86 
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Figure 8 Spectrogram of a Knock at an analyzing bandwidth of 25.2 Hz. 

 

 

 
Figure 9. Waveform of a Knock at a sampling rate of 25811 Hz with a duration of 0.045 s. 
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Knock Train 

For the Knock Trains, data from both recorders were analyzed together, because 

the AMAR had only two Knock Trains sampled, and both fell within the frequency range 

of the Acousonde. Knock trains last between 0.083 – 29.48 s with an average of 8.089 ± 

9.028 s (Table 9, Figure 10).  

 

The mean values for the start, center, and end frequencies of the call are within 3 

Hz, showing that on average the frequency of the call does not vary over the duration of 

the calls. The Max Amplitude Frequency and Center Frequency values of the Knock 

Trains were not significantly different (paired ttest; t = -0.14, df = 47, p-value = 0.90). 

 

Table 9 The frequency measurements for the Knock Train call type for both recorders (n=48). 

 
Feature Mean  SD  Range  
Duration (s) 8.089 9.028 0.083 – 29.48 
Min Frequency(kHz) 0.28 0.37 0 – 1.60 
Max Frequency(kHz) 9.04 4.58 0.59 – 12.91 
Max Amplitude Frequency (kHz) 0.50 0.83 0.01 – 4.00 
Start Frequency (kHz) 0.51 0.52 0.02 – 1.98 
Center Frequency (kHz) 0.51 0.52 0.08 – 1.98 
End Frequency (kHz) 0.51 0.52 0.08 – 1.98 
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Figure 10 Spectrogram of a Knock train at an analyzing bandwidth of 25.2 Hz from AMAR 18A. 

Buzzes 

A singular Buzz is a single element burst-pulsed call that makes a low buzzing 

sound. The pulsing is observable in Figures 11 and 12. This is different than terminal 

buzzes as it does not happen in conjunction with echolocation clicks.  They also occur at 

lower frequency ranges and are longer in duration than Terminal Buzzes (Table 1).  

 

The mean values for the start, center, and end frequencies of the call are within 

184 Hz on the AMAR and 18 Hz on the Acousondes, showing that on average the 

frequency of the call does not vary over the duration of the call (Table 10). The Buzzes 

recorded on the AMAR typically have a higher amplitude in the middle of the call and 

those recorded on the Acousondes have higher amplitude at the end of the calls (Table 

10).  
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The Max Amplitude Frequency and Center Frequency values of all the Buzzes 

were different for the AMAR (paired t-test; t = -3.53, df = 366, p = 0.0005) but not 

different for the Acousonde (t = -1.51, df = 63, p= 0.14) recordings.  

 
Table 10 The duration and frequency measurements for the Buzz call type for the AMAR (n=367) 
and the Acousonde recorders (n=64). 

 

Feature AMAR Acousonde 

 Mean  SD  Range  Mean  SD  Range  
Duration (s) 0.83 0.40 0.092-2.45 0.79 0.41 0.14 - 1.97 
Min Frequency(kHz) 2.18 1.08 0.08 – 8.29 0.80 0.36 0.05 – 2.03 

Max Frequency(kHz) 6.99 6.35 0.76 - 31.31 9.60 2.17 3.9 – 12.86 
Max Amplitude Frequency 
(kHz) 

2.96  1.47 0.31 – 20.88 1.66 0.85 0.19 – 3.40 

Start Frequency (kHz) 3.00  1.75 0.54 – 21.01 1.81 0.82 0.156 – 4.48 
Center Frequency (kHz) 3.19 1.74 0.58 – 21.01 1.79 0.82 0.16 – 4.48 
End Frequency (kHz) 3.13 1.73 0.49 – 21.01 1.81 0.81 0.15 – 4.48 
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Figure 11 Spectrogram of a Buzz at (A) an analyzing bandwidth 100.8 Hz from an Acousonde. 

 

 
 
Figure 12 Waveform of a burst-pulsed Buzz at a sampling rate of 25811 Hz with a duration of 0.6 s.  
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Double Buzz 

The Double Buzz is typically a pair of Buzzes with a consistent interval between 

them and occasionally contains more than two Buzzes. The individual Buzzes within the 

pair generally last around 0.5 s and tend to decrease in duration when there are more 

Buzzes in the call. The IBI between the Buzzes is typically 0.10 s. This double patterned 

Buzz has been previously described as repeating at least three times within a 30 second 

period (Table 1; Walmsley et al., 2020). However, repeating Double Buzzes (Figure 5) 

that fit Walmsley et al.’s (2020) criteria were only detected on some of the Acousondes 

and not on the AMARs.  Measurement details of the Double Buzzes are presented in 

Table 11. 

 

Whistle 

Whistles are single tonal calls lasting an average of 0.5 s in the 1 kHz to 20 kHz 

range, spanning almost five octaves (Tables 12 and 13). I identified five frequency 

contour shapes and assigned each as a subtype of Whistle. The subtypes were 

distinguished by comparing the differences between the start, center, and end frequencies 

(Table 13) and are as follows: an upsweep, downsweep, flat, “Ç” shape, and “È” shape 

(Figure 13). Typically, there was only one or no frequency contour change per call. The 

Whistle waveforms were sinusoidal. The AMAR contained 78% of the Whistles analyzed 

and the Acousondes make up 22%. The subtypes samples were taken from all the 

Acousondes except for the “Ç” shape only being sampled from two narwhals. Since the 

subtypes were produced by multiple narwhals, there is currently no evidence for 

signature Whistles in this subpopulation of narwhals.  
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The Maximum Amplitude Frequency and the Center Frequency values of the 

Whistles were similar within both the AMAR (paired t-test; t = -0.77, df = 147, p = 0.44) 

and Acousonde (t = -0.21, df = 42, p = 0.83) recordings.  
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Table 12 The duration and frequency measurements for the Whistle call type for the AMAR (n=160) 
and the Acousonde recorders (n=46). 
 

Feature AMAR Acousonde 
 Mean  SD Range Mean SD  Range  
Duration (s) 0.51 0.35 0.073 – 1.88 0.55 0.33 0.15 – 1.75 
Min Frequency(kHz) 5.84 3.10 0.94 – 20.17 3.36 1.50 1.29 – 7.17 
Max Frequency(kHz) 7.02 3.25 1.65 – 21.04 4.08 1.62 1.81 – 8.28 
Max amplitude 
frequency (kHz) 

6.34 3.13 1.44 – 20.19 3.64 1.62 1.61 – 7.35 

Start frequency (kHz) 6.43  3.18 1.20 – 20.65 3.64 1.54 1.35 – 7.21 
Center frequency 
(kHz) 

6.37 3.16 1.42 – 20.30 3.65 1.54 1.61 – 7.34 

End frequency (kHz) 6.39 3.20 1.32 – 20.88 3.82 1.63 1.60 – 8.20 
 

 

 
Figure 13  Examples of the five subtypes of Whistles, (A) “Ç” shape., (B) “È” shape, (C) upsweep, 
(D) flat and (E) downsweep. 
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Table 13 The durations (s) and start-to center and center-to-end frequency differences (octave 
measures) for each Whistle subtype using data from both recorders. Positive values reflect an 
increase in frequency. Converting the frequency values to octave values permitted measuring relative 
frequency differences that are independent of the absolute frequencies measured in kHz. Frequency 
variations less than 0.05 octaves are considered to be flat.  

Upsweep 
 Mean SD Range n 
Duration (s) 0.68 0.42 0.07 – 1.88 41 
Start – Center (octave) 0.225 0.242 -0.035 to 0.949  
Center – End (octave) 0.136 0.125 0 to 0.551  
 
Downsweep 
 Mean SD Range n 
Duration (s) 0.51 0.33 0.12 – 1.71 58 
Start – Center (octave) -0.164 0.216 -0.949 to -0.002  
Center – End (octave) -0.144 0.249 -1.109 to 0  
     
 
Flat Whistle  
 Mean SD Range n 
Duration (s) 0.43 0.27 0.05 – 1.43 55 
Start – Center (octave) 0.006 0.03 -0.042 to 0.045  
Center – End (octave) 0.007 0.026 -0.049 to 0.050  
 
“È” shape 
 Mean SD Range n 
Duration (s) 0.45 0.30 0.11 – 1.39 23 
Start – Center (octave) -0.15 0.15 -0.72 to -0.01  
Center – End (octave) 0.06 0.06 0.004 to 0.299  
 
“Ç” shape 
 Mean SD Range n 
Duration (s) 0.66 0.48 0.13 – 2.27 29 
Start – Center (octave) 0.146 0.143 0.012 to 0.564  
Center – End (octave) -0.080 0.062 -0.263 to -0.005  
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2.4 Discussion 

In general, the call types described in this study of the Eclipse subpopulation of 

narwhal were generally consistent with those described in the literature, with some small 

differences. The Click frequency range was within the same frequency range as described 

in previous literature (Table 1; Ford and Fisher, 1978; Rasmussen et al., 2015). Most 

Passive Acoustic Monitor (PAM) reports in the reviewed literature had the same 

sampling rate (or smaller) than the AMAR used in this study, the exception being 

Rasmussen et al. (2015) who recorded clicks up to 150 kHz. Terminal Buzzes, Knocks, 

and Knock Trains were within the same frequency range as described in previous 

literature (Ford and Fisher, 1978; Rasmussen et al., 2015).  

 

Both types of the echolocation calls (Clicks and Terminal Buzzes) matched the 

literatures’ reported durations and frequency characteristics (Marcoux et al., 2012; 

Rasmussen et al., 2015). Individual echolocation Clicks were described by Rasmussen et 

al. (2015), as having peak frequencies of 55 – 83 kHz and as having lower frequency 

components visible in the spectrograms. Since only the low frequency recordings were 

used from the Acousondes and the recordings from the AMARs that were analyzed were 

restricted to 32 kHz, the higher components of the Clicks were not analyzed. The 

Terminal Buzzes were not affected by only using the lower frequency components since 

that is their primary frequency range.  

 

The Buzzes found in my study had a slightly wider frequency and duration range 

than previously described. Marcoux et al. (2012) found a mean of 683 Hz and a duration 
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between 0.02 to 0.43 s. In my study the mean is 699 Hz, with a duration between 0.092 to 

2.45 s for the AMAR and 960 Hz, with a duration between 0.14 to 1.97 s for the 

Acousondes. This could be due to the greater sample size of this study and the integration 

of both recording devices. Having two years of Acousondes data and the larger AMAR 

data set from 2018 allowed for a more in-depth examination of this call type. The AMAR 

would have recorded more than seven narwhals given that the behaviour study saw full 

herds (20+ individuals) traveling through Milne Inlet. This larger sample size of narwhals 

can lead to a larger variety in calls. 

 

For the patterned Double Buzzes, the data from Walmsley et al., (2020) was 

obtained using the high frequency recordings from the same Acousonde recordings as 

used in this study. This led to Walmsley et al., (2020) reporting a higher upper range to 

the Buzzes than what could be determined from only using the lower frequency 

recordings. The same patterns of vocalization could be seen in my study as was found in 

Walmsley et al., (2020) on the Acousondes. The AMAR recordings did not reflect the 

pattern that was previously described as repeating at least three times within a 30 second 

period (Walmsley et al., 2020). It is unclear why that pattern was only seen on the 

Acousondes and not on the AMARs.  

 

The Whistles found in this study had higher frequencies than the ones reported by 

Ford and Fisher (1978). Some of the Whistles were shorter than previously described, 

however they were consistent with Marcoux et al. (2012). The frequency range of the 

Whistles was 1 kHz to 20 kHz instead of 300 Hz to 10 kHz (Ford and Fisher, 1978). At 
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present there is no evidence to support the existence of signature Whistles (a whistle 

distinct to an individual) in this population of narwhals. When examining the Whistle 

data, one of the tagged narwhals made a significant number of Whistles and no 

preference was seen as to the type that was used. As well, the subtypes were made by 

several different narwhals’ multiple times. 

 

Belugas are considered to have the closest vocal and hearing range to the narwhal. 

Belugas are known as the “canaries of the seas” and have much more complex repertoires 

than narwhals (Garland et al., 2015). Belugas produce more complex Whistles (seven 

sub-types), and pulsed calls (four main categories; Garland et al., 2015). Belugas are also 

known to produce complex combined calls (Garland et al., 2015), which in this study and 

previous literature was not observed in narwhals. This suggests the narwhal vocal 

repertoire is much simpler than that of the beluga. The narwhals of Eclipse Sound do not 

have subcategories of Knocks and only two types of Buzzes (singular and double 

patterned) and while there are five subcategories for Whistles, they are not unique 

signature Whistles as has been reported for other odontocetes (Dong et al., 2019; Garland 

et al., 2015; Marcoux et al., 2012).  

 

Overall we know that Whistles are single tonal calls of short durations in the 1 

kHz to 20 kHz range, with most in the 5 to 7 kHz range (Figure 13; Table 12); Buzzes are 

single element-pulsed sounds given in a rapid series that range from 300 Hz – 21.1 kHz 

(Figure 11; Table 10); and Knocks (Figure 8) are single pulsed sounds with primarily low 

frequencies and harmonics that have very short durations (0.006-0.265 s) (Table 8). This 



 

41 

 

information will help with future monitoring since all the call types have in-depth 

descriptions for all call characteristics and this will help with developing automatic call 

detectors for PAMs.   

 

The variation between the call duration and frequency measurements from the 

AMARs and the Acousondes for most of the call types could have resulted from the 

difference in recording frequency ranges between the two devices, the placement of the 

devices (one is stationary in the water column vs attached to an individual), or that the 

AMAR contains samples from a larger number of individuals. The Acousondes give a 

more complete understanding of the calling behaviour of individuals given that it records 

all the calls made from that animal. The Acousondes also give the best representation of 

directional calls like echolocation (clicks and terminal buzzes) and determining 

prominent call types used or if there are signature whistles. Since these recorders are very 

expensive it is typical that a very small sample size is used, which is not necessarily 

representative of the population. The Acousonde is more susceptible to flow noise, so it 

has limitations to its lowest recording range. The AMAR allows for a larger sample of the 

population to be recorded at a greater frequency range. It is harder to obtain directional 

calls, but it samples more of the population and thus likely better represents variety in the 

calls. I think both systems are useful for recording and describing calls with the AMARs 

being most useful if directional calls are not the focus of the study.  
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Chapter Three. Changes in vocal activity of wild narwhals in the 
presence of ship noise 

3.0 Introduction 

 

Southall et al., (2019) classified underwater hearing thresholds of marine 

mammals into six groups: very high frequency cetaceans (VHFC), high frequency 

cetaceans (HFC), low frequency cetaceans (LFC), phocid carnivores (above water 

phocids (PCA) and, under water phocids (PCW)), and other marine mammals (above 

water (OCA) and underwater (OCW). Grouping marine mammal hearing by families can 

be advantageous in that when an audiogram is not available or possible to obtain, you can 

use an audiogram from a species within the same family to reflect the hearing sensitivity 

(Southall et al., 2019). This knowledge is useful for my study since narwhals do not have 

a known audiogram. Belugas have a known audiogram and belugas and narwhals are 

considered to have the same weighted hearing curve and belugas are high frequency 

cetaceans (Southall et al., 2019). 

 

Passive acoustic monitoring (PAM) is used by scientists to learn about vocal 

communication and noise disturbances in a study area without having to be stationed in 

the field the entire time (Bröker, 2019). Recorders for PAM can be stationed in a spot and 

left to record on a duty cycle, or continuously, for a set duration before they are retrieved. 

This type of vocal study allows a researcher to obtain data on hard-to-study species 

(nocturnal, cryptic or remote locations) and possible acoustic disturbances that may be 

occurring (Bröker, 2019).   
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 It is well known that other high-frequency hearing cetaceans (e.g., belugas and 

dolphins) have changed their calling behaviour in response to increases in noise due to 

ships (Lesage et al., 1999; Papale et al., 2015; Halliday et al., 2019; Southall et al., 2019). 

These changes in vocal behaviours can include a change in the rate, frequency, or the dB 

level (Lombard effect) at which individuals call (Lombard, 1911; Tyack, 2008). The 

Lombard effect is also known as the cocktail party effect, where one raises their voice to 

be heard over other party goers. For narwhals in particular, noise associated with 

anthropogenic activities such as hunting, commercial fishing, shipping, and exploration 

for oil and gas may all negatively impact their populations and vocalizations (Dietz & 

Heide-Jørgensen, 1995; Heide-Jørgensen et al., 2002, 2021; Koblitz et al., 2016). For 

example, narwhals are known to actively avoid motorboats with high amplitude outboard 

motors by staying submerged longer between bouts of respiration (Heide-Jørgensen et al., 

2013). This behaviour occurs even when the boats have low received sound levels 

ranging 94 – 105 dB re 1 µPa (Heide-Jørgensen et al., 2013). Therefore, the behaviour 

may not be indicative of a specific noise level. When seismic airguns discharge, narwhals 

demonstrate predator avoidance patterns by staying submersed longer than normal and 

moving into the pack ice, which can lead to ice entrapments at certain times of the year 

(Heide-Jørgensen et al., 2013, 2021). 

 

 My study focuses on the changes in patterns of narwhal vocal behaviour as it 

relates to a ship’s presence/absence, distance, and broadband noise levels. The times 

when the ships were absent were used as a baseline for narwhal vocal behaviour. These 

times were compared to times when ships were present to determine if changes in vocal 
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counts occurred. To determine how vocalizations were affected by ship noise 

disturbance, the distances of the ships to the AMARs were used to see when changes 

occurred and when vocalization counts recovered.  

 

Belugas are considered to have the same hearing sensitivities as narwhals 

(Southall et al., 2019). Based on this, I expect that narwhals will have similar responses 

to shipping noise that have been documented for belugas. Beluga’s have been shown to 

decrease their rate of vocalizations when ships are within 5 km of a passive acoustic 

recorder (Halliday et al., 2019). Given the recent increases in vessel traffic in the study 

area and knowing how belugas react to ships by decreasing their calling (Halliday et al., 

2019), it is likely narwhals will react in a similar manner.  
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3.1 Methods 

3.1.1 AMAR locations and recordings 

 In 2018 and 2019, three JASCO Applied Sciences (Canada) Ltd. AMAR G3 

(Autonomous Multichannel Acoustic Recorder) recorders, with an M36 omnidirectional 

hydrophone (GeoSpectrum Technologies Inc., −165 ± 3 dB re 1 V/μPa sensitivity) were 

placed in Milne Inlet (Table 4; Frouin-Mouy and Maxner, 2019; Frouin-Mouy et al., 

2020). The AMARs are the same ones used in chapter 2 and used the same mooring setup 

(Figure 3 and Table 4). They were placed either on the nominal ship transit route 

(location A), 1 km shoreward from the ship transit route (location D), or 6 km from the 

ship transit route in Koluktoo Bay (location C; Figure 2). This allows for a comparison 

between a quieter area (C) and noisier areas (A and D) to be made.  

 

 The AMARs had a continuous duty cycle of 14 mins at a low-frequency sampling 

rate (64,000 samples/s, with 6 dB gain and with a recording bandwidth of 10 Hz to 32 

kHz) and one min at a higher sampling rate, which was not included in these analyses. 

JASCO provided 1/3 octave band sound pressure levels (SPL) for each min of the 

samples. These levels were then adjusted for the assumed weighted hearing function of 

narwhals (HFC; Southall et al., 2019) and converted to broadband levels (10 Hz to 25 

kHz, dB re 1µPa (HFC)). The mean SPLs of the 14-min recordings were used in the 

analyses. Both years had the same mooring set up as described in Chapter 2 (Figure 3). 
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3.1.2 AIS and ship locations 

 The ships were classified as either heading towards or away from the AMARs 

based on the AIS ship locations relative to the AMAR stationary positions. Since AMAR 

C was located perpendicular to the shipping route at AMAR A, the transit directions from 

AMAR A were used for AMAR C. Based on distance from the nominal shipping route, 

the highest ship noise levels were expected to occur at AMAR A, be lower at AMAR D 

and lowest at AMAR C. 

 

 Automatic Identification System (AIS) uses dedicated VHF transponders onboard 

ships that can be tracked by orbiting GPS satellites. AIS data provides the ship’s 

identification, location in latitude and longitude, and speed. AIS shore-based receivers 

were located at a high vantage point on Bruce Head. The data collected from shore was 

merged with data from exactEarth (2020). The AIS data was sporadic with irregular time 

gaps between “pings” compared to the broadband noise data that was continuous. Often 

the distance had to be interpolated: this was done for no more than 5 mins between two 

known ship locations. When more than one ship was present, only the locations of the 

ship closest to the AMAR were used. Once this was done, the AIS data was aligned with 

the broadband levels and automated call detector-classifiers data.  

 

The ships of interest are ore carriers and oil/chemical tankers, as these are the 

ones that have increased in numbers in the area due to increasing mining activity, and 

they typically transit the area directly to and from the harbour. Ships were considered to 

be present when AIS data was available. When short interruptions in AIS data occurred 
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(no more than 5 min of data between AIS data), the presumed ship locations were 

interpolated between adjacent AIS locations. The ship distance categories were 

determined by grouping them into Before (approaching an AMAR, 30 to 5 km away), 

During (± 5 km from an AMAR), and After (departing, 5 to 30 km past an AMAR). 

These were exact distances of ships relative to AMARs A and D in both years. For 

AMAR C in both years, since it was located in Koluktoo Bay, the ship distance could not 

be closer than 6 kms to the recorder. For the During category at AMAR C, I used the 

times when a ship was crossing the mouth of the Bay, which was the same as the times 

when the ship was within 5 km of AMAR A. The “During” category at AMAR locations 

A and D reflect the times when vessel noises raised the broadband noise levels by ≥3 dB 

after adjustment for the narwhal hearing sensitivity (Sweeney, 2021). The No Ship 

category was made up of the times there was no AIS data for ore carriers for at least 1 h 

before or after a ship transit.  

 

3.2.1 Validation of the JASCO detector-classifiers 

 JASCO performed a rigorous testing of their automated call detector-classifiers 

(recognizers) by manually validating a subsample of files from each AMAR at different 

time intervals to ensure the detector-classifiers were accurate (Frouin-Mouy et al., 2020). 

To indicate the percentage of files that contained the target signal of interest, JASCO 

used a maximum likelihood estimation algorithm with the manual and automatic results 

(Frouin-Mouy et al., 2020). For the automatic detections to be considered viable, the 
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precision value for the threshold needed to be higher than 0.75 (Frouin-Mouy et al., 

2020). 

        

The 0.75 value was chosen because that indicated that at least 75% of the files 

from that location contained files from the target species (Kowarski et al., 2021). This 

means that using the automated call detector-classifier for minimum presence data should 

be adequate for the purposes of my study. The caveat to having a precision value greater 

than 75% means that the recall (in this case the ability of the detector-classifier to detect 

all calls present) decreases. Using the detectors instead of manually reviewing the data 

thus comes with the risk of missing calls. Manually reviewing is always the “best” option 

but manually reviewing 15,789 hours of data (the data of interest for this study) by one 

person was not feasible.  

 

3.2.2 Vocalization counts 

Only three social call types were used for this analysis: Buzzes, Whistles, and 

Knocks. As described in Chapter 2, Whistles are single tonal calls of short durations in 

the 1 kHz to 20 kHz range, with most in the 5 to 7 kHz range (Figure 13; Table 12); 

Buzzes are single element-pulsed sounds given in a rapid series that range from 300 Hz – 

21.1 kHz (Figure 11; Table 10); and Knocks which in this case were the Knock Trains 

(Figure 10) are repeated single pulsed sounds with primarily low frequencies and 

harmonics that last an average of 8 s (Table 9). Narwhal echolocation calls were not 

included because of their high directionality and their high frequency range. Also, 

echolocation behaviour would not necessarily be impacted by shipping since the narwhal 
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have to make that call type to navigate and forage (Koblitz et al., 2016).  The automated 

call detector-classifier results were provided by JASCO for four 14-min periods each 

hour for each of the AMAR datasets.   

 

 The numbers of cases with and without calls were tabulated by AMAR location 

and year. These data are zero inflated due to there being many cases that did not contain a 

single call type (see below). To combat this issue, often data from each AMAR and year 

was sub-sampled to contain only 14-min recordings that had at least one of the three call 

types of interest. This allowed for a more accurate representation of changes in number of 

calls recorded in the presence of ship noise as only times when narwhals were known to 

be present were analyzed. 

3.3 Statistical analyses 

 Statistical analyses were done using R (R Core Team, 2019). Only recordings that 

were < 110 dB re 1µPa (HFC) were used in this analysis because there are very few 

samples (20) above 110 dB re 1µPa (HFC). The low number of samples at high dB levels 

does not allow for a rigorous analysis on the effect high ship noise levels would have on 

narwhal calling rates. Noise above 110 dB re 1µPa (HFC) may mask calls made by the 

narwhals to both human listeners and the JASCO detector-classifier.  

 

 The AIS data was used to determine if there were changes in call counts in the 

presence of ships in a before-during-after analysis. Ship presence or absence, the distance 

categories (beyond 5 km or within 5 km of the recorder) and direction (moving toward or 

away from the recorder) of the ships to the AMAR locations were used to determine if 
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any of the above variables influenced call counts. These analyses compared the No Ship 

times to the Before, During, and After portions of a ship transit. Using the No Ship 

calling rates as a baseline, I tested for changes in the counts and the presence/absence of 

the three call types based on the proximity of the ships.  

 

 An initial examination of the data was performed using the counts of each call 

type in all recordings that could be classified as No-Ship, Before, During, or After. These 

data were zero inflated, thus only means and standard deviations were calculated. To 

reduce the influence of the zeros, I used only 14-min recordings with at least one narwhal 

call (any of the three types) in most subsequent analyses. To determine if changes in call 

counts were occurring, GLM Poisson (zero-inflated) analyses (‘glmmTMB’ package; 

Bolker, 2021) were used. In addition, these analyses were also conducted using data from 

all of the 14-min recordings to determine if using recordings with at least one call was 

skewing the results. Finally, a second type of measure that considered only the presence 

or absence of at least one or more calls per call type in each 14-min recording that 

contained at least one call was performed to determine if narwhals were responding to 

ship noise by not producing that call type. For the presence/absence of a call count during 

a ship’s passage in comparison to the No-Ship time, I used chi-square statistical tests 

(native stats package). 

 

 The mean broadband background noise levels (dB re 1µPa (HFC)) were 

determined for both years using the entire data set. In addition, broadband levels at each 

AMAR location in 2018 and 2019 were determined in the No-Ship cases and when ships 



 

51 

 

were present (in the Before, During, and After situations). Only cases when there was at 

least one narwhal call were included in these analyses to reduce the zero inflated aspects 

of the data sets and to represent the noise levels as they would be experienced by the 

narwhal when they were near the AMAR locations. Removing the excess zeroes allows 

for a realistic decision based on changes made when the narwhals can be confirmed as 

being present. Within each AMAR location and year, the sound levels in the four 

categories were compared using a Tukey test for unequal sample size analysis to identify 

any that were higher than the others.  The Spearman product-moment correlations 

between the broadband HFC adjusted sound levels and the numbers of Whistles, Buzzes, 

and Knocks were determined for the No-Ship cases and when ships were present (in the 

Before, During, and After situations) for each of the AMAR locations in 2018 and 2019. 

3.4 Results 

 The AMARs had 1,315 to 1,323 total useable recorded hours with 56.8% of the 

14-min recordings not containing any of the call types while 43.2% of the cases had at 

least one of the three call types (Table 14). For the individual call types 28.1% of cases 

contained Whistles, 32.9 % contained Buzzes and 24.7% contained Knocks.  

Table 14. Numbers of the 14-min recordings that had one or more of any of the three narwhal social 
call types. The AMAR locations are given by year (18 for 2018 and 19 for 2019) and location (A, C or 
D, see text). 

Calls/AMAR 18 A 18 C 18 D 19 A 19 C 19 D totals 
No calls 3708 3991 4019 1889 1573 2616 17796 
Calls 1599 1250 1265 3348 3576 3475 13513 
Totals 5307 5241 5284 5237 5149 5091 31309 
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3.4.1 Validation of JASCO automated call detector-classifiers  

 JASCO manually validated the JASCO automated call detector-classifiers on a 

sub-sample of the data to check the accuracy and precision of the classifiers against all 

three narwhal call types (Frouin-Mouy et al., 2020). In this study the recall is the ability 

of the machine to detect a targeted narwhal call, while the precision is the likelihood that 

the detected call is truly a narwhal.  JASCO reported that if a precision value is higher 

than 0.75 that the detector-classifier is considered to be sufficiently accurate. This meant 

that all the automated call detector-classifiers they created were sufficiently accurate for 

the recordings of interest in this study (Table 15).   

 For the detector to be better than a randomizer, the recall value would have to be 

greater than 51%.  The recall values of the whistles on AMAR 18C, AMAR 18D, and 

AMAR 19D were below 51% meaning the detector-classifier missed more than half the 

whistle calls made by the narwhals. All other locations were greater than 55% meaning 

they can give a reasonably accurate representation of calling rates occurring in the area.  

 
Table 15.  The precision values, with recall values in brackets, of the JASCO automated call detector-
classifiers, as reported by Frouin-Mouy et al., (2020). 

 
 AMAR18A AMAR18C AMAR18D AMAR19A AMAR19C AMAR19D 
Whistle  0.86(1) 1(0.25) 1(0.45) 1(0.64) 0.90(0.89) 1(0.50) 
Knock 1(0.80) 1(0.55) 1(0.85) 0.86(0.75) 0.92(0.74) 1(0.62) 
Buzz 1(0.91) 1(0.64) 1(0.79) 1(0.70) 0.95(0.82) 1(0.63) 
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1.5.1 Broadband noise levels 

The broadband noise levels (dB re 1µPa (HFC)) calculated using the entire data 

sets, with and without ship noise, in 2018 (84.2 ± 6.0, n = 15,832) were significantly 

lower than those in 2019 (92.1 ± 9.0, n = 15,478; F(1, 31308) = 8486.5, p<0.00001). The 

lowest and highest SPLs in 2018 were 75.6 and 121.1, and the 5th and 95th percentiles 

were 76.1 and 93.4 (dB re 1µPa (HFC)). The lowest and highest SPLs in 2019 were 75.2 

and 122.6, and the 5th and 95th percentiles were 77.9 and 106.9 (dB re 1µPa (HFC)). 

Using only cases in which narwhal calls were detected, the noise levels at AMAR 

locations 18 A, 18 D, and 19 A were significantly higher when ships were within 5 km 

(the During category) than the levels at the other locations or times (Table 16). 

 

Table 16. Mean broadband noise levels (dB re 1µPa (HFC)), ± 1 standard deviation, (sample sizes 
given in brackets) as perceived by narwhals at each of the AMAR locations in 2018 and 2019. Only 
cases with at least one narwhal call are included in the analyses. Bolded values indicate sound 
pressure levels that are significantly higher than the others at that site. 

 
AMAR No-Ship Before During After 
18 A 83.2 ±6.2 (954) 83.6 ± 7.3 (151) 91.4 ± 10.5 (135) 82.7 ± 6.5 (165) 
18 C 82.1 ± 6.4 (792) 81.7 ±6.0 (85) 82.6 ± 5.7 (156) 80.5 ± 5.8 (104) 
18 D 83.7 ± 6.7 (1021) 84.3 ± 7.2 (78) 90.0 ± 8.4 (52) 81.9 ± 8.0 (45) 
19 A 94.8 ± 9.3 (2548) 94.7 ± 9.4 (250) 97.6 ±8.9 (143) 95.3 ± 10.0 (267) 
19 C 93.5 ± 9.5 (2671) 93.2 ± 8.4 (240)  93.2 ± 8.2 (282) 95.1 ± 8.7 (217) 
19 D 94.6 ± 9.3 (1848) 95.0 ± 8.8 (224) 94.9 ± 7.4 (118) 94.2 ± 8.0 (174) 
 
  
In the 72 comparisons of call counts versus the broadband background noise levels (dB re 

1 µPa (HFC)), there were 30 instances of positive correlations, 32 instances of no 

relationships, and 10 instances of negative correlations (Table 17). The highest 
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correlations occurred for Knocks at AMAR 18 D, although there were no significant 

correlations for this call type in the During category that year. All but 11 of the 72 . 

Table 17. Pearson product-moment correlations between the noise levels (dB re 1µPa (HFC)) and the 
numbers of Whistles (W), Buzzes (B) and Knocks (K) per AMAR location for each year for the No-
Ship, Before, During and After conditions. Only cases with at least one narwhal call were included in 
the analyses.  Levels of significance were p < 0.05, (without Bonferoni correction). Non-significant 
correlations are indicated with an *.  The three situations with broadband (dB HFC) noise levels that 
are higher than the others at that site are highlighted.  Higher noise levels only occurred in the 
During category when an ore carrier was within ± 5 km of locations A and D. 

 
Locati
on/ 
Year 

No-Ship 
W        B       K 

Before 
W       B       K 

During 
W        B         K 

After 
W        B        K 
 

18 A *          *         0.39 *        0.42   0.46 -0.20    *     0.17 *        0.32  0.41 
18 C -0.17   -0.19     * *        *        0.36 -0.17 -0.20 0.35 -0.21    *     0.21 
18 D 0.15     0.13    0.52 *        *        0.60 *           *         *  -0.30    *     0.76 
19 A 0.12      *        0.18 0.15   *         * 0.22     0.22     * 0.22   0.28  0.13 
19 C 0.05     0.13    0.17 *        *        0.13 0.20       *        * *       -0.24      * 
19 D -0.09  -0.10    0.12 *     0.02       * *            *   0.33 *          *          *  

 
 

1.5.2 Calling counts and shipping noise 

When the data containing only the 14-min recordings that contained at least one 

narwhal call were compared against the data analyses for the 14-min recordings that 

contained all the samples, the statistically significant difference patterns in the GLM 

Poisson analyses were the same. The ratios of calls to no calls in each of the four 

categories was similar, indicating that using the 14-min recordings that contained narwhal 

calls did not negatively skew the data and allowed for a more rigorous analysis, since 

narwhal presence could be confirmed. 

 

Of the 54 combined Before, During, and After comparisons of call counts with 

the No-Ship category, 14 counts were higher, 28 were lower, and 12 were unchanged 
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(Tables 18 – 21 and see appendix Tables 22 – 26); Figures 14 – 19). In just the During 

categories, two counts were higher, 13 were lower, and three were unchanged (Tables 18 

-21 and see appendix Tables 22 – 26); Figures 15 – 20). In 2018, the mean call counts in 

the During categories were all lower than the means in the No-ship, Before, and After 

categories. In 2019, three of the six During means were lower than in the other six 

categories. The mean noise levels in the During categories of AMARs 18 A and 18 D 

were 8.2 and 6.3 dB, respectively higher than the No-ship category. For AMAR 19 A, the 

differences between the mean During and No-ship category SPLs were only 2.8 dB, 

because of the higher ambient noise levels. In both 2018 and 2019, the 95th percentiles of 

the broadband HFC noise levels were slightly lower when ships were present than when 

ships were absent (Sweeney, 2021).  

 

In both 2018 and 2019 when ships were clearly audible in the During category, 

narwhal calling rates at location A were all lower than the No-ship situation and at 

location D, in four of the six measures, the calling rates were lower (Table 18; Figures 

14, 16, 17 and 19). In the Before and After categories, there was a mix of responses with 

slightly more call reductions at locations A and D and a slight increase in calling rates at 

Location C. When summarized by year, relative to the No-ship situation, the calling rates 

of the three call types were often lower when ships were present, but not exclusively so 

(Table 21). In 2018, when the background noise levels were lower, the numbers of calls 

relative to the No-ship situation when the ore carriers were approaching tended to be 

higher, then lower when the ships were passing by the recorders and in the After category 

the results were mixed, with most measures showing no change compared to the No-ship 
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category (Figures 14 – 16). In 2019, most calling rates were lower in the Before and 

During category but in the After category there were as many increases as decreases. 

When ships were clearly audible in the During category, the calling counts at location A 

were all lower than the No-ship situation and at location D, in four of the six measures, 

the calling rates were lower (Table 18; Figures 17 and 19). At location C in Koluktoo 

Bay, where the ship noises were likely only detectable for brief occasions, there were 

slightly more decreases than no changes or increases in calling rates (Table 18; Figure 

18). 

 

 The rate changes of individual narwhal call types had different patterns with 

respect to the Before, During, and After categories (Table 20). All three call types 

exhibited increases, no changes, and decreases in call numbers when ships were in Milne 

Inlet. The calling rates did not consistently drop or increase when the ore carriers were 

approaching the recorders (Before category) or after they passed by (After category). In 

the During category, in two instances the calling rates were higher, in three instances 

there was no change, but in 13 instances there were lower calling rates (Table 20).   

 

 In the presence/absence analyses, five cases had higher counts, 10 lower, and 39 

the same as the No-Ship means (Table 19). For just the During presence/absence 

analyses, one case was higher, five cases lower, and 12 cases unchanged. All 10 of the 

lower cases were from 2018 (Table 19). 
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 The results are mixed with respect to vocal count changes associated with the 

presence of ore carriers. There were more instances of reduced call counts when ships 

were present, especially if they were within line of sight at locations A and D (Tables 18 

and 19). At location C, there was usually no change or more increases in the call counts 

than decreases (Tables 18 and 19). 

 
Table 18. Summary of the three-call types that have counts that are statistically higher, lower or 
experience no change in the Before, During or After the ship transit times relative to the No-Ship 
situation. Data are from both 2018 and 2019 (Appendix Tables 22 – 27). 

Location Direction of 
change 

Before During After Totals/18 

A Higher 2 0 2 4 
A No change 2 0 1 3 
A Lower 2 6 3 11 
D Higher 2 1 1 4  
D No change 0 1 3 4 
D Lower 4 4 2 10 
C Higher 3 1 4 8 
C No change 1 2 1 4 
C Lower 2 3 1 6 
Total lower/18  8 13 6  
 
Table 19. Summary of the presence/absence of the three-call types that are statistically higher, lower 
or experience no change in the Before, During or After the ship transit times relative to the No-Ship 
situation.  Data are from both 2018 and 2019 (Appendix Tables 22 – 27). 

 
Location Direction of 

change 
Before During After Totals/18 

A Higher 0 1 0 1 
A No change 6 3 6 15 
A Lower 0 2 0 2 
D Higher 0 0 0 0 
D No change 4 4 4 12 
D Lower 2 2 2 6 
C Higher 3 0 1 4 
C No change 3 5 4 12 
C Lower 0 1 1 2 
Total Lower/18  2 5 3  
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The calling rates of Whistles tended to be lower in the Before and During 

categories than in the After category, relative to the No-ship situation (Table 20, Figures 

14-19 [see appendix Figure 20]). Buzzes and Knocks had lower calling rates in the 

During and After categories, but as with Whistles, there were occasions when the calling 

rates were higher in the Before and After categories. When ships were within 5 km of 

AMAR locations A and D, or moving across the mouth of Koluktoo Bay, (the During 

category), 13 of the 18 call count measures were lower (Table 20, Figures 14-19). In the 

After category, the Whistle counts tended to increase while the Buzz and Knock counts 

were more often lower.  

 

In both 2018 and 2019, in the During category, seven of nine calling rate 

measurements were lower than the No-ship situation (Table 21). The results in the Before 

and After categories were mixed, with both higher and lower calling rates. 

 
Table 20. Summary of the changes in the individual call type rates in the Before, During, or After 
categories of ship presence that are statistically higher, lower or the same as the counts when there 
are No-ships in Milne Inlet.  Data are from both 2018 and 2019 (Appendix Tables 22 -27).   

 
Call  Before    During    After  
 Higher Same Lower  Higher Same Lower  Higher Same Lower 
Whistle 3 0 3  1 2 3  4 2 0 
Buzz 3 1 2  0 1 5  2 1 3 
Knock 1 2 3  1 0 5  1 2 3 
Totals 7 3 8  2 3 13  7 5 6 
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Table 21. Summary of the changes in the calling rates of the three types of narwhal calls per year in 
the Before, During, or After categories of ship presence that are statistically higher, lower or the 
same as the counts when there are No-ships in Milne Inlet (data from Appendix Tables 22-27). 

 
Year Direction Before During  After 
2018 Higher 7 0 3 
 No change 1 3 4 
 Lower 1 6 2 
     
2019 Higher 0 2 4 
 No change 2 0 1 
 Lower 7 7 4 
  
 

 
 
Figure 14. Violin plots of the three call type counts per 14-min recordings at each ship presence 
category at AMAR 18A with a ★ representing the statistical significance when compared to the no 
ship category 
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Figure 15 Violin plots of the three call type counts per 14-min recordings at each ship presence 
category at AMAR 18C with a ★ representing the statistical significance when compared to the no 
ship category.  

 

 
 

Figure 16 Violin plots of the three call type counts per 14-min recordings at each ship presence 
category at AMAR 18D with a ★ representing the statistical significance when compared to the no 
ship category. 
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Figure 17 Violin plots of the three call type counts per 14-min recordings at each ship presence 
category at AMAR 19A with a ★ representing the statistical significance when compared to the no 
ship category. 

 

 
 

Figure 18 Violin plots of the three call type counts per 14-min recordings at each ship presence 
category at AMAR 19C with a ★ representing the statistical significance when compared to the no 
ship category 
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Figure 19 Violin plots of the three call type counts per 14-min recordings at each ship presence 
category at AMAR 19D with a ★ representing the statistical significance when compared to the no 
ship category.  

 

3.5 Discussion 

3.5.1 Narwhal calling rates in response to ship noise 

Measures of the presence or absence of each of the three call types per 14-min 

recordings found few changes in the Before, During, or After periods relative to the No-

ship situation.  This indicates that narwhals did not completely cease calling once ship 

noise was detected.  This measurement is, however, a very coarse measure of vocal 

behaviour changes in the presence of ship noise. 
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I found no consistent trends related to the calling rates of the three narwhal call 

types and the amplitudes of the received noise levels, with and without ships present. 

Both the Whistle and Buzz counts had positive and negative correlations with 

background noise levels. The Knock counts had positive or no correlations with the 

background noise levels. For all three call types, the positive correlations were generally 

higher in the 2018 data than in 2019, when the noise levels (with and without ships) were 

higher. If the higher noise levels associated with nearby ships were resulting in lower 

calling rates, then the correlations between calling rates and noise levels would be 

negative, which was only observed three times. For the three During categories when 

ship noise levels were highest (at AMARs18 A, D and 19 A), there was no support for 

the hypothesis that once the ore carrier noise levels were detectable, the amplitudes of 

noise levels from ships (Table 17) resulted in lower calling rates by narwhals, at least for 

perceived broadband noise levels that were less than 110 dB re 1µPa (HFC), 35 dB above 

the lowest ambient level. Narwhals have been sighted swimming at the surface within 

200 m of an ore carrier (Sweeney, 2021) where the noise levels would be high. There are, 

however, no data to determine if narwhals that were closest to ore carriers, where the 

noise levels would most likely exceed 110 dB re 1 µPa (HFC), were changing their vocal 

behaviours. 

 

 Overall, when ship noise was clearly detectable, there was a tendency for the 

narwhals to call less often (Figures 15 – 20). After the ship had passed by, the calling 

rates were equally as likely to increase, remain the same as the No-ship situation, or 

decrease. It is likely that any behavioural responses by narwhals to ship noise were 
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related to the nature of the noise profile (i.e., a different stimulus likely associated with 

the presence of a large ship) versus a response associated primarily with the amplitudes 

of the ship noises. Another possibility is that the disturbance causes short term changes 

that only occur as the ship is actively passing a narwhal. Given the low recall values at 

some of the locations it is possible that background noise could be the reason some calls 

were not picked up.  

 

 A field study of the behavioural and auditory responses of belugas and narwhals 

to distant ship noise was conducted at the ice-edge in Lancaster Sound in 1982 and 1983 

(Findley et al., 1990). Belugas are thought to have detected an icebreaking ore carrier in 

open water at a range of 80 km and they changed their movement patterns when the ships 

were approaching at 30-50 km away. When the icebreakers were closer to the ice edge, 

the beluga behaviours were characterized by rapid movement, herd formation, and the 

production of possible alarm calls whereas the narwhal responses were to become 

motionless or make slow movements, submerge, and sometimes stop vocalizing, but on 

other occasions the vocal behaviours were unchanged (Findley et al., 1990). Heide-

Jørgensen et al. (2021) found that when exposed to approaching ship noise, narwhals 

increased their swimming speed (“flee response”) but in the presence of seismic airgun 

pulses they reduced their speed (“freeze response”). This may reflect a gradation in the 

disturbance level associated with anthropogenic noise, and thus indicate a noise-threshold 

level effect. Both ice breakers and seismic airguns are significantly louder than the ships 

that were assessed here. The parallel study to mine by Sweeney (2021) did not find that 

ships caused behavioural changes in narwhals observed on the surface (i.e., predator 
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avoidance behaviours). It can be inferred that the increased loudness could be why there 

are more clear-cut behaviours occurring in the presence of those ships but only slight 

changes some of the time in my study.  The narwhals could also be altering their 

behaviour based on factors not evaluated in this study. 

 

 When purposefully exposed to underwater noise from a seismic vessel and airgun 

arrays, narwhals exhibited avoidance reactions at ranges of 5 - 24 km, including times 

when the ship was not within line-of-sight (Heide-Jørgensen et al., 2021). In the Heide-

Jørgensen et al. (2021) study, the median ambient noise level was 95 dB re 1µPa (HFC), 

and the ship noise levels were only above 110 dB re 1µPa (HFC) at ranges < 1 km. These 

authors did not find evidence of any year-to-year long term effects of their noise exposure 

study on the narwhal behaviour. I did not find any reductions in calling rates from 2018 

to 2019, in fact 2019 had more calls than 2018. Reduced calling rates between years 

would indicate that the narwhals are experiencing long term affects from the shipping 

noise. 

 

 Narwhals in the Eastern Arctic Ocean have been at least occasionally exposed to 

the underwater noise of large bulk carriers and tankers for over a century. The recent 

advent of rapidly increasing numbers and types of ships (Dawson et al. 2016) will have 

resulted in more frequent noise exposures to narwhals. This is particularly the case for 

Milne Inlet because of the increased iron ore shipments from the Mary River Mine 

(Kochanowicz et al., 2021). Assessing possible adverse effects of shipping noise on 

narwhals is challenging because determining the nature, extent, and long-term impacts of 
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noise is technically difficult and much of the undisturbed behaviours of narwhals is 

unknown. The exposure model proposed by Kochanowicz et al. (2021) assumes an 

adverse behavioural impact threshold of 120 dB re 1µPa (unweighted). There is not 

sufficient data available to convert this value to a dB re 1µPa (HFC) level that reflects the 

amplitudes as perceived by the narwhals. This conversion is necessary because much of 

the low frequency noise produced by large ships is in the region of high detection 

thresholds by narwhals. The 120 dB value assumes that ship noise amplitudes below that 

threshold level will not disturb narwhals. My findings dispute this concept since there 

were changes in call counts without ever going over 110 dB (HFC). I propose that the 

reductions in calling by narwhals (as a measure of slight disturbance) begins to occur 

with some animals when ship noise is just above the ambient noise level, after correction 

for the hearing abilities using the HFC auditory weighting function. Thus, it is the 

presence or absence of shipping noise, rather than a threshold in the amplitude of ship 

noise, that is associated with the change in vocal activities observed here. In this area the 

ships were rarely much more then 10-20 dB over the ambient noise levels once the HFC 

auditory weighting function was applied (Sweeny, 2021). It is not possible to determine if 

the slight reductions in calling rates, when they occur, are due to individual narwhals 

making fewer calls, or if it is fewer narwhals that are calling at the same or a reduced 

rate. 

 

 The recommendation of a SPL behavioural threshold value of 120 dB re 1µPa 

(unweighted) is problematic, but it does provide a static threshold for comparative 

purposes (Kochanowicz et al., 2021). The major flaw in using this amplitude as a general 
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benchmark is that it does not take into account the hearing sensitivities of the listeners. 

After applying the appropriate auditory weighting function (Southall et al., 2019), the 

broadband noise levels of shipping and ambient noise can be very different, primarily 

because of the spectral differences. Heide-Jørgensen et al. (2021; their figure 6) present 

measures of broadband levels of ship noise in both unweighted and HFC weighted units. 

In an area where the mean ambient level was 115 dB re 1µPa (unweighted), when the 

weighting for narwhal hearing was applied, the mean level was 95 dB re 1µPa (HFC). As 

the ship approached, the unweighted SPL reached 120 dB re 1µPa (unweighted) at a 

range of ~ 4 km, but this value was only ~5 dB above the ambient level. When adjusted, 

using the HFC auditory weighting function, the broadband ship noise levels were only 5 

dB above the ambient level at a range of < 3 km. However, Heide-Jørgensen et al. (2021) 

found that narwhals were reacting to the ship noise at much greater ranges, providing 

support for the concept that narwhal behaviours change in response to the presence of 

shipping once the shipping noise became audible to the narwhals. This is likely to have 

happened during short gaps in the ambient noise levels when noise from the ships were 

momentarily detectable. At such low amplitude levels, relative to the background noise 

level, it could be that the spectrum of the anthropogenic noise, due to its “strangeness” or 

possible associations with previous encounters with large vessels, is triggering the 

reactions by the narwhals. Sweeney (2021) did not find changes in the surface behaviours 

of the Eclipse Sound narwhals in the presence of ships. In the case of low levels of 

behavioural disturbance, such as a reduction in vocalization rates, the mere detection of 

ship noise (or presence of ships) may be the trigger. Higher levels of behavioural 

disturbance, such as fleeing the area, may be associated with much higher amplitudes of 
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ship noise, but it is unlikely that a specific dB threshold level that distinguishes such 

behavioural level reactions will be identifiable.  

 

 The observation of fewer calls in the presence of nearby ore carriers identifies that 

some narwhals are disturbed by ship noise, but there were still some animals vocalizing 

when the ship noise was clearly detectable. The data from this study did not permit the 

calculation of a dose-response curve across the dB (HFC) levels produced by ships in the 

vicinity of the AMAR recorders. Following the times in which the vocal rates by the 

narwhals decreased, when the ore carriers were within 5 km of recorders A or D, the 

vocal activities of narwhals typically return to normal after the immediate passage of the 

ship, so the disturbance appears to be transitory and not cumulative. Visual observations 

of narwhals near Bruce Head found that narwhals responded less to the presence of ships 

than they did to Inuit hunting activities or the arrival of killer whales (Orcinus orca; 

Sweeney, 2021). There is, however, evidence that suggests that recently increased 

shipping activity in Milne Inlet has resulted in increased stress levels in narwhals (Watt et 

al., 2021). This physiological measure, and the observation of reduced calling rates when 

a large ship is nearby, indicates that further study on the potential impacts of 

anthropogenic underwater noise in Milne Inlet is warranted.  

 

3.5.2 Shipping noise levels 

 

 Shipping noise was present at a relatively high amplitude on a few occasions, but 

the levels were far below those likely to result in the onset of a temporary threshold shift, 
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estimated using the methodology described in Southall et al., (2019) (Sweeney, 2021). 

The assumed insensitive hearing of narwhals at low frequencies, where ship noise is most 

prevalent, significantly reduces the perceived broadband levels relative to the unweighted 

noise levels (Southall et al., 2019). The distribution of the noise levels associated with the 

presence of ore carriers was only higher than the natural noise levels when the ships were 

within 5 km of AMARs 18 A, 18 D and 19 A. The AMAR A recorder locations were 

directly along the nominal shipping route where the proximity of the ships would be 

expected to increase the noise levels. The AMAR D recorder locations were ~1 km from 

the nominal shipping route where the received shipping noise would be expected to be 

slightly lower, as occurred in both years. For narwhals close to Location C, in Koluktoo 

Bay, when ships were passing across the mouth of the bay, it is likely that the ore carriers 

would be detected only during quieter periods in the ambient noise levels. The same was 

likely true at the other recording locations when the ships were beyond 5 km.  

 

 The variability in the source noise levels of ore carriers, their orientation, speed, 

and transmission loss over distance, will result in a very wide range of received noise 

levels (Simard et al., 2016; Arranz et al., 2021; Glaspy, 2021; Sweeney, 2021). This 

questions the efficacy of using a single transmission spreading loss and a single source 

noise level for a class of ships, such as ore carriers or tankers, in ship noise exposure 

models (e.g., Kochanowicz et al., 2021). Furthermore, it will not be possible to apply a 

specific dB amount to convert broadband unweighted to broadband HFC weighted SPLs. 

Finally, the presence of headlands, shallow depths and narrow passages in Milne Inlet 

will present limits to sound transmission over long ranges that are common in open and 
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deeper waters. Thus, the received ore carrier noise levels and detection ranges reported in 

this study will not be transferrable to other locations along the shipping route where the 

water is deeper, line-of-sight ranges are longer, and ship speeds are higher. 

 

3.5.3 Ambient noise levels  

 

 The mean broadband HFC ambient noise levels (No-ship situation) were lower in 

2018 than 2019. Sweeney (2021) suggested that the higher noise levels were likely due to 

higher wind and wave noise (as observed by witnessing the difference), but this could not 

be tested. Meteorological sources, especially wind and rain, often result in broadband 

noise levels that were as high, or higher, than the noise from ore carriers. Wind, and 

especially rain (Medwin et al., 1992) will result in high amplitude, high frequency noise 

that persists over long periods. The increase in noise levels between years was present at 

all three AMAR locations and, aside from when a ship was within ± 5 km of an AMAR, 

was not related to shipping noise. The mean noise levels in 2018 when ships were near 

AMAR locations A and D were all below the mean noise levels of all of the AMAR 

locations in 2019. An implication of this is that for many of the 14-min recordings in 

2019, the ships needed to be closer to the AMARs to be heard over the ambient noise 

compared to 2018. That said, in both 2018 and 2019 there are likely to have been times 

when noise from a distant ship was occasionally detected by narwhals during short 

quieter periods in the variable background noise levels.  
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3.5.4 Limitations of the study 

3.5.4.1 Study location 

 

 Care must be taken when comparing the findings of this study to research that 

typically occurred in deeper, open water (Findley et al., 1990; Kochanowicz et al., 2021). 

Milne Inlet is a relatively shallow, narrow, curved inlet with protruding headlands that 

would block the long-range transmission of ship noise from the recorders. This will have 

resulted in lower noise levels (unweighted; non HFC adjusted), shorter ship detection 

distances, and shorter ship noise exposure times (Sweeney, 2021) than would be the case 

for narwhals exposed to shipping noise in open water. The mandated slower ship transit 

speeds of < 9 knots will have resulted in lower source levels of the noise, relative to ships 

travelling at close to twice that speed in open water (Simard et al., 2016). It is also 

important to distinguish between studies that recorded the underwater ship noise levels 

using unweighted broadband noise levels over various bandwidths (i.e., 1/3 octave bands, 

100-1000 Hz, etc.; e.g., Findley et al., 1990; Simard et al., 2016; Halliday et al., 2019; 

Kochanowicz et al., 2021) and the noise levels that would be perceived by the narwhals 

following the adjustment of the auditory weighting function (dB HFC; Southall et al., 

2019; Arranz et al., 2021; Heide-Jørgensen et al., 2021) as used in this study. The 

distinction is important because unweighted noise levels are usually of higher amplitude 

than what the adjusted weighted levels are and better reflect the actual hearing of the 

narwhals versus the unweighted broadband levels.   
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3.5.4.2 Zero inflation and number of narwhals present 

 

 When no calls were detected over the 14-min recording, it was not possible to 

determine if there were any narwhals within the detection range of the recorder location. 

Narwhals often moved in, within, and out of Koluktoo Bay (Sweeney, 2021), so it is 

likely that there were often times when no narwhals were close to the AMARs. In 2018 

there were more 14-min recordings with no calls than those with at least one call, but in 

2019 there were fewer cases without calls than with calls (Table 14). This could be due to 

there being a greater number of narwhals in Milne Inlet in 2019 than 2018 (S. Sweeney, 

personal communication). For all analyses of the individual call counts and the 

presence/absence of calls, the high proportions of zeros in the data sets meant that 

assumptions of normality in the statistical tests could not be met. This issue was 

addressed by analyzing cases that had at least one narwhal call (indicating narwhal 

presence during the 14-min recording) and using a Poisson distribution. Undoubtedly, 

there will have been cases in which narwhals were present but not calling that were 

omitted from my analyses. The analyses that included all of the recordings found exactly 

the same patterns of statistical significance as those that only included recordings with at 

least one call. Analyzing only recordings with at least one call confirms narwhal presence 

and reduces the zero inflation of the data. These cases still had zero call counts within the 

categories.   
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3.5.4.3 Validation of JASCO detector-classifiers 

 

 Automated call detector-classifier precision values, as determined by JASCO, 

were above the 0.75 threshold level of acceptance (Frouin-Mouy et al., 2020). The 

detector-classifiers were designed to give high precision values, rather than higher recall 

values, because it was more important to avoid ship noises being identified as narwhal 

vocalizations than to miss calls.  The statistical analyses considered individual AMAR 

locations per year in the Before, During and After conditions of each call type so the call 

count comparisons were made under comparable recall percentages. Using the detectors 

instead of manually reviewing the data comes with the risk of missed calls. Manually 

reviewing is always the “best” option but was not feasible for this study. In addition, 

there was no evidence to suggest that the JASCO automated call detector-classifiers were 

biased with respect to the background noise levels although actual calling rates may be 

underreported, due to the lower recall on some of the AMARs or for particular call types 

(Table 15; Frouin-Mouy et al., 2020). Importantly, there were no consistent relationships 

between the numbers of calls and the background noise levels (with and without ship 

noise). This indicates that the JASCO automated call detector-classifiers are not often 

confusing irregular increases in the noise level (especially when ships are present) with 

any of the three call types and thus inflating, or preferentially biasing, the calling rates. At 

very high noise levels, both ambient and ship noises may be masking the detection of 

some narwhal calls, however.  Thus, the narwhal call count data considered in this study 

are limited to times when the noise levels are < 110 dB re 1µPa (HFC).  Such high 
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background noise levels were seldom observed, however and would be unlikely to have 

influenced the conclusions of this study. 

 

 There were three instances where the recall values of the call detector-classifiers 

were very low and that was for the Whistles recorded on AMARs 18C, 18D, and 19D 

(Table 15). These three AMAR locations have lower recall values (greater number of 

missed Whistles), but this is true for all the ship presence categories at these locations, 

since the recall value was a random evaluation of the AMAR recordings and not one 

aspect with respect to ship presence.  The call count comparisons and GLM analyses 

(Tables 22-27) were conducted for the individual locations and years and not between 

locations.  Thus, the ratios of detected and undetected calls would similarly influence the 

statistical results per location.  For the three instances of low recall value (<0.60) for 

Whistles (18C, 18D and 19D) and the single low recall value for Knocks (18C), the 

statistical results must be interpreted with caution, however. 
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Chapter Four. General Discussions and Conclusions 

 
The findings of my study are important within the greater context of 

understanding the current and future health of the Arctic Ocean soundscape. Soundscapes 

are important to all marine life but especially marine mammals as they are very vocal and 

any changes in the auditory environment can impact their ability to communicate. For 

example, humans choose not to live by traintracks or airports because of the noise 

pollution they cause. Marine organisms do not get that choice as humans use the ocean 

for our needs. By utilizing what we know about call types, we can determine when 

changes in calling rates may occur. It is important to make changes now before we cause 

lasting impacts on Arctic species that are irreversible. These changes can be for example, 

slowing down ship speeds, modifying the propeller to decrease cavitation, or moving 

shipping lanes when possible. 

 

A study of beluga vocal behaviour during the summer in the shallow (1 - 8 m 

deep) Mackenzie River Estuary found that the calling rates were lower when tugboats 

approached within 5 km but the rates after the disturbance were not statistically different 

from either the before or during category (Halliday et al., 2019). When a tug was 1 km 

away from a recorder, the boat noise, measured in 1/3 octave bands, was higher than the 

ambient noise and slightly above the detection threshold (audiogram) of belugas. Thus, 

the belugas were probably responding to the low amplitudes of the underwater noise of 

the tugs (Halliday et al., 2019). This behavioural response was also seen in the narwhals 

in this study. In response to the background noise and occasional vessel traffic, the beluga 
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vocalizations increased as the broadband (unweighted) SPL increased. In these measures, 

however, the SPL was unaffected by the distance to the nearest tug (Halliday et al., 

2019).   

 

My study found that changes in calling rates occur based on perceived ship 

presence by the narwhal (line of sight) and are not based on perceived sound levels (HFC 

adjusted levels). Heide-Jørgensen et al. (2021), found that narwhals will alter their paths 

and change their behaviours in the presence of ships and seismic airgun activity. 

Repeatedly tagging other herd members, they found that changes in vocal activity are not 

lasting. Narwhals tend to return to what might be considered their “normal” calling rates 

once a disturbance has passed and these disturbances do not deter them from returning to 

the same summer habitat yearly (Heide-Jørgensen et al., 2021). Both my study and 

Heide-Jørgensen et al. (2021) found that the calling rates are similar between years 

suggesting disturbance is temporary and does not currently show lasting impacts such as 

permanent changes in their vocal behaviour. It is possible that other changes such as 

frequency shifts in amplitude or time are occurring but that would not have been possible 

to detect within the limits of this study. Narwhal can adapt to exposure to multiple 

disturbances over multiple years as shown in Heide-Jørgensen et al. (2021), which 

suggests that the Eclipse Sound stock can as well. Behavioural response is context driven 

in cetaceans (Gomez et al., 2016). However, why exactly the narwhals use Koluktoo Bay 

is not known, and they do swim in and out of the inlet regardless of the shipping activity 

and do not appear to be confined in Koluktoo Bay or Milne Inlet if they do not want to 

be. Increasing warming of the Arctic allows for humans to access the Arctic earlier and 
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longer than previously possible. This is because the ice breaks apart earlier and forms 

later in the year. Better access will lead to increased vessel disturbance, therefore 

knowing the potential effects this could have on narwhal earlier rather than later allows 

us to put in regulations earlier to protect them.  
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Appendix 
 

Table 22. Means, standard deviations and sample size values of the call counts and presence/absence 
results of the call types per 14-min recordings at AMAR 18A.  The data are from recordings that 
contain at least one narwhal call to ensure that there were narwhals within the recording range 
during the sampling time. The direction of post hoc Tukey tests (p values, α = 0.05) on the call counts 
and Chi-square test results (p values with a Bonferroni correction factor, α = 0.017) on the 
presence/absence of the No-Ship values versus the Before, During, or After data are indicated by ^ to 
indicate a higher value, - to indicate no change and ˅ to indicate a lower value. 
 
Call Category Before  During  After  No-Ship 
Whistle count 3.9±6.4 ˄ 0.5±1.5  ˅ 3.2±5.0 - 3.4±5.0 
Knock count 15.8±39.9   - 8.0±24.8 ˅ 11.8±28.2 ˅ 18.6±45.5 
Buzz count 14.6±18.7 ˄ 2.1±4.9 ˅ 12.0±15.0 ˅ 14.3±17.6 
        
Whistle Presence 0.69±0.037  - 0.19±0.039 ˅ 0.62±0.04 - 0.65±0.014 
Knock Presence 0.59±0.04 - 0.83±0.037 ˄ 0.60±0.04 - 0.65±0.014 
Buzz Presence 0.86±0.028 - 0.37±0.048 ˅ 0.85±0.029 - 0.89±0.009 
n 153 102 149 1149 
P values    
Whistle count 0.0408 <0.0001 0.9991 
Knock count 0.5430 <0.0001 <0.0001 
Buzz count <0.0001 <0.0001 0.0184 
    
Whistle Presence 0.4654 <0.0001 0.5507 
Knock Presence 0.1801 0.0003 0.2708 
Buzz Presence 0.2223 <0.0001 0.1137 
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Table 23. Means, standard deviation and sample size values of the call counts and presence/absence 
results of the call types per 14-min recording at AMAR 18C. The data are from recordings that 
contain at least one narwhal call to ensure that there were narwhals within the recording range 
during the sampling time. The direction of post hoc Tukey tests (p values, α = 0.05) on the call counts 
and Chi-square test results (p values with a Bonferroni correction factor, α = 0.017) on the 
presence/absence of the No-Ship values versus the Before, During, or After data are indicated by ^ to 
indicate a higher value, - to indicate no change and ˅ to indicate a lower value. 
 
Call Category Before  During  After  No-Ship 
Whistle count 6.9±12.7  ^ 1.8±3.9 - 3.8±5.2 ^ 2.8±4.6 
Knock count 30.3±72.6  ^ 5.5±21.7  17.8±32.1 - 19.4±45.2 
Buzz count 23.8±36.1  ^ 8.5±14.9 - 16.8±28.3 ^ 11.5±16.5 
        
Whistle Presence 0.77±0.047  ^ 0.47±0.046  0.66±0.049 ^ 0.59±0.017 
Knock Presence 0.56±0.055  - 0.53±0.046 - 0.56±0.051 - 0.58±0.017 
Buzz Presence 0.93±0.028  ^ 0.67±0.043 - 0.80±0.041 ˅ 0.86±0.012 
n 81 119 95 869 
P values      
Whistle count <0.0001 0.4759 0.0003  
Knock count <0.0001 <0.0001 0.0907  
Buzz count <0.0001 0.9755 <0.0001  
     
Whistle Presence 0.0151 0.0074 <0.0001  
Knock Presence 0.3815 0.7814 0.8261  
Buzz Presence <0.0001 0.0531 <0.0001  
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Table 24. Means, standard deviation and sample size values of the call counts and presence/absence 
results of the call types per 14-min recording at AMAR 18D. The data are from recordings that 
contain at least one narwhal call to ensure that there were narwhals within the recording range 
during the sampling time. The direction of post hoc Tukey tests (p values, α = 0.05) on the call counts 
and Chi-square test results (p values with a Bonferroni correction factor α = 0.017) on the 
presence/absence of the No-Ship values versus the Before, During, or After data are indicated by ^ to 
indicate a higher value, - to indicate no change and ˅ to indicate a lower value. 
 
Call Category Before  During  After  No-Ship 
Whistle count 6.0±23.6  ^ 1.2±4.6  - 4.7±7.7 ^ 3.0±4.7 
Knock count 19.5±66.5  ˅ 5.2±11.7  ˅ 27.6±82.4 - 36.5±79 
Buzz count 14.6±41.5  ^ 3.3±9.2  ˅ 11.7±16.5 - 11.4±16.6 
        
Whistle Presence 0.49±0.049  ˅ 0.27±0.062  ˅ 0.60±0.059 ˅ 0.62±0.017 
Knock Presence 0.52±0.049 - 0.69±0.064  - 0.50±0.060 - 0.65±0.017 
Buzz Presence 0.83±0.037  ˅ 0.50±0.069  ˅ 0.87±0.040 ˅ 0.88±0.012 
n 104 52 70 796 
P values    
Whistle count <0.0001 0.7111 <0.0001 
Knock count <0.0001 <0.0001 0.8088 
Buzz count <0.0001 <0.0001 0.3107 
    
Whistle Presence <0.0001 0.0006 0.0136 
Knock Presence 0.6074 0.0519 0.0587 
Buzz Presence <0.0001 <0.0001 <0.0001 
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Table 25. Means, standard deviation and sample size values of the call counts and presence/absence 
results of the call types per 14-min recording at AMAR 19A. The data are from recordings that 
contain at least one narwhal call to ensure that there were narwhals within the recording range 
during the sampling time. The direction of post hoc Tukey tests (p values, α = 0.05) on the call counts 
and Chi-square test results (p values with a Bonferroni correction factor α = 0.017) on the 
presence/absence of the No-Ship values versus the Before, During, or After data are indicated by ^ to 
indicate a higher value, - to indicate no change and ˅ to indicate a lower value. 
 
Call Category Before  During  After  No-Ship 
Whistle count 3.7±5.4   ˅ 2.6±4.7 ˅ 5.3±14.5  ^ 3.8±8.4 
Knock count 18.4±37.4 ˅ 19.0±37.9 ˅ 16.7±32.4 ˅ 26.2±53.4 
Buzz count 6.3±13.1 - 4.1±7.7 ˅ 7.4±21.4  ^ 6.5±15.9 
        
Whistle Presence 0.72±0.029 - 0.63±0.042  - 0.70±0.027  - 0.65±0.011 
Knock Presence 0.62±0.031 - 0.56±0.043  - 0.59±0.029  - 0.65±0.011 
Buzz Presence 0.77±0.027 - 0.66±0.041  - 0.70±0.027  - 0.74±0.010 
n 243 131 291 1846 
P values     
Whistle count 0.0068 <0.0001 <0.0001  
Knock count <0.0001 <0.0001 <0.0001  
Buzz count 0.1086 <0.0001 <0.0001  
     
Whistle Presence 0.6613 0.137 0.0945  
Knock Presence 0.0748 0.6422 0.3399  
Buzz Presence 0.0592 0.5668 0.0474  
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Table 26. Means, standard deviations and sample size values of the call counts and presence/absence 
results of the call types per 14-min recording at AMAR 19C. The data are from recordings that 
contain at least one narwhal call to ensure that there were narwhals within the recording range 
during the sampling time. The direction of post hoc Tukey test (p values, α = 0.05) on the call counts 
and Chi-square test results (p values with a Bonferroni correction factor α = 0.017) on the 
presence/absence of the No-Ship values versus the Before, During, or After are indicated by ^ to 
indicate a higher value, - to indicate no change and ˅ to indicate a lower value. 
 
 
Call Category Before  During  After  No-Ship 
Whistle count 2.7±4.0 ˅ 2.4±4.3  ˅ 3.7±5.8 ^ 3.0±7.4 
Knock count 18.1±41.9 - 20.8±43.6  ^ 20.1±42.2 ^ 15.4±36.0 
Buzz count 3.8±5.9 ˅ 3.7±6.5  ˅ 5.6±8.7 ˅ 5.7±12.0 
        
Whistle Presence 0.63±0.033 - 

 
0.59±0.033 - 0.65±0.033 - 0.60±0.013 

Knock Presence 0.60±0.034  ^ 0.60±0.031 - 0.61±0.033  - 0.53±0.013 
Buzz Presence 0.69±0.032  - 0.70±0.031  - 0.79±0.028  - 0.71±0.012 
n 209          223 214 1519 
P values    
Whistle count 0.0002 <0.0001 0.0393 
Knock count 0.1575 0.0002 <0.0001 
Buzz count <0.0001 <0.0001 0.0019 
    
Whistle Presence 0.9112 0.2136 0.4556 
Knock Presence 0.0001 0.2226 0.131 
Buzz Presence 0.6969 0.0421 0.9742 
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Table 27. Means, standard deviations and sample size values of the call counts and presence/absence 
results of the call types per 14-min recordings at AMAR 19D. The data are from recordings that 
contain at least one narwhal call to ensure that there were narwhals within the recording range 
during the sampling time. The direction of post hoc Tukey tests (p values, α = 0.05) on the call counts 
and Chi-square test results (p values with a Bonferroni correction factor α = 0.017) on the 
presence/absence of the No-Ship values versus the Before, During, or After data are indicated by ^ to 
indicate a higher value, - to indicate no change and ˅ to indicate a lower value. 
 

Call Category Before  During  After  No-Ship 
Whistle count 1.0±1.7  ˅ 3.1±12.0  ^ 1.4±3.3  - 2.1±9.6 
Knock count 11.0±27.7  ˅ 9.7±23.6  ˅ 15.1±29.2  ˅ 32.2±70.4 
Buzz count 36.9±68.4  ˅ 45.0±63.2 ˅ 60.4±88.8  ˅ 72.0±107.6 
        
Whistle Presence 0.47±0.040  - 0.43±0.051 - 0.41±0.036  - 0.44±0.014 
Knock Presence 0.64±0.039  - 0.60±0.050 - 0.65±0.035 - 0.67±0.013 
Buzz Presence 0.72±0.036  - 0.74±0.045 - 0.69±0.034  - 0.73±0.012 
n 154 95 182 1282 
P values      
Whistle count <0.0001 <0.0001 0.1212 
Knock count <0.0001 <0.0001 <0.0001 
Buzz count <0.0001 <0.0001 <0.0001 
    
Whistle Presence 0.9005 0.8541 0.6726 
Knock Presence 0.223 0.5087 0.6596 
Buzz Presence 0.9293 0.4671 0.8966 



 

90 

 

 

 

 
Figure 20 Violin plots of the three call type counts per 14-min recordings at each ship presence 
category with all AMAR recordings pooled together.
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