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Simple Summary: The COVID-19 pandemic caused a decrease in human activity in many areas
across the globe due to stay-at-home orders and the cessation of non-essential work activities. This
dramatic decrease in human activity became known as an anthropause which created an opportu-
nity for scientists to study the effects of decreased anthropogenic (human-made) noise. Bermuda
did not host cruise ships or allow non-essential activities from early in the pandemic through to
20 May 2021. We presented three anthropogenic sound types (cruise ship, personal watercraft, and
Navy low-frequency active sonar) to dolphins housed at Dolphin Quest Bermuda in 2018 and again
during the COVID-19-related anthropause in 2021. We played each dolphin three anthropogenic
sound types via an underwater speaker. The dolphins’ behavioral and acoustic responses were
recorded. We found that decreased anthropogenic noise levels around Bermuda were associated with
altered attention in the dolphins. The dolphins increased look durations and changed vocal response
behaviors to playbacks during the anthropause and the dolphins responded to cruise ship playbacks
up to fourfold more in 2021. These changes in response to this sound type may have implications on
how dolphins habituate and dishabituate to sounds ever-present in their environment.

Abstract: The effects of anthropogenic noise continue to threaten marine fauna, yet the impacts of
human-produced sound on the broad aspects of cognition in marine mammals remain relatively
understudied. The shutdown of non-essential activities due to the COVID-19-related anthropause
created an opportunity to determine if reducing levels of oceanic anthropogenic noise on cetaceans
affected processes of sensitization and habituation for common human-made sounds in an exper-
imental setting. Dolphins at Dolphin Quest Bermuda were presented with three noises related to
human activities (cruise ship, personal watercraft, and Navy low-frequency active sonar) both in
2018 and again during the anthropause in 2021 via an underwater speaker. We found that decreased
anthropogenic noise levels altered dolphin responses to noise playbacks. The dolphins spent sig-
nificantly more time looking towards the playback source, but less time producing burst pulse and
echolocation bouts in 2021. The dolphins looked towards the cruise ship sound source significantly
more in 2021 than 2018. These data highlight that different sounds may incur different habituation
and sensitization profiles and suggest that pauses in anthropogenic noise production may affect
future responses to noise stimuli as dolphins dishabituate to sounds over time.

Keywords: anthropause; anthropogenic noise; attention; cognition; noise pollution; cetaceans;
dolphins
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1. Introduction

As humans continue to expand across the globe, anthropogenic noise levels have his-
torically increased, especially in urban areas [1]. Determining the impact of anthropogenic
noise has become an essential aspect of conservation as human-produced sounds are in-
creasingly recognized as a global problem [2–7] with litigation related to the mitigation of
marine anthropogenic noise reaching the United States Supreme Court [8]. These noise
levels are not only a potential danger to wild animal populations, but also a potential cause
of negative welfare states in managed-care marine species [9]. Major sources of oceanic
anthropogenic noise include private and commercial boat traffic, cruise ships, oil industry
activities, sonar, and personal watercrafts [1,10]. These oceanic noise sources affect resident
and non-resident marine mammal species including cetaceans, such as whales, dolphins,
and porpoises. As an indicator species exposed to numerous human-made sounds, com-
mon bottlenose dolphins, Tursiops truncatus [11], are an ideal species on which to conduct
cognition-related anthropogenic noise studies. From these studies, researchers can extrap-
olate general effects to critically endangered delphinid species that are too imperiled to
include in field research and who are not commonly found in managed care facilities.

1.1. Cetaceans and Anthropauses

In 2020, the COVID-19 pandemic interrupted normal operations and changed daily
life for the foreseeable future. Multiple countries went into lockdown, ceasing numerous
commercial and recreational activities across the globe. This COVID-19-related event was
coined as an anthropause [12], but this was not the first time such a thing had happened.
The event on 11 September 2001 presented scientists with a short-term anthropause that
lasted two days after the tragic events and was confined mostly to North American sea-
based shipping traffic. Due to this event, anthropogenic noise in the Bay of Fundy, Canada,
dropped by 6 dB with a significant decrease in low-frequency noise under 150 Hz [13]. This
change in noise levels was associated with decreased baseline stress levels found in the
fecal glucocorticoids of endangered North Atlantic right whales, Eubalaena glacialis [14],
suggesting anthropogenic noise could be a chronic stressor for the resident animals [13].
While this immediate drop in anthropogenic noise shed some insight into the effects of
reduced human activity on marine mammal physiology, the breadth of taxonomic focus in
this previous work was limited by time and resources. We have since learned more about
cetacean noise responses, which has opened the door for more granular cognitive studies
of the relationship noise has with other cetacean groups. Furthermore, as in 2001, 2020
has provided scientists with a natural experimental setup to return to the question of how
anthropauses affect cetaceans broadly.

With a longer duration anthropause and better technology, this most recent period of
decreased human activity has created an opportunity for scientists to study the effects of
global shutdowns on both terrestrial and marine organisms, and has provided insights on
how species respond to sudden abrupt changes in human mobility [12]. During lockdown
in areas where scientists were able to complete data collection, researchers found an
association between a reduction in human activity and improved air quality, cleaner
beaches, and decreased anthropogenic noise [15,16]. Studies completed during the COVID-
19 pandemic continue to be published and illuminate the positive and negative effects on
species of an extended decrease in human activity across the globe.

The COVID-19-related anthropause was inconsistent across the globe. Longden et al. [17]
found that two areas in Sarasota, FL exhibited different amounts of anthropogenic activity
during COVID-19 protocols, with one area receiving 80% higher amounts of vessel activity
than pre-pandemic levels. Dolphin whistle detection remained the same at sites with
high levels of vessel traffic, indicating that dolphins were not avoiding the area despite
increased human presence. However, the detection of dolphin whistles decreased by up
to 25% in areas with less vessel traffic [17]. Many urban species in areas with decreased
anthropogenic presence experienced positive changes as they moved about differently in
their habitat, increased daily activity levels, and rapidly responded to this anthropogenic
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presence change [18]. Some examples of urban species who increased their movement
include wild boars, Sus scrofa [14], who descended onto the city of Barcelona, Spain and
many Italian towns [19], mountain goats, Oreamnos americanus [20], from the Great Orme
headland who took over a Welsh seaside resort town when the streets became deserted [18],
and Roe deer, Capreolus capreolus [14], in Poland who went into cities and towns they had
previously avoided [18]. In some urban waterways, anthropogenic noise decreased as
much as threefold and created an opportunity for fish and dolphins to increase the distance
of their communications by up to 65% [21]. This indicates that the species did not have
to increase their call output volumes (the Lombard Effect) [22] and that the decreased
masking of noise may have created higher communication efficacy in populations in areas
of reduced anthropogenic noise during the anthropause [21].

Bermuda followed suit with many countries regarding COVID-19-related regulations,
quarantines, and stay-at-home orders [23]. On 28 March 2020, the first mandatory national
lockdown order came into effect [24]. Travel to the island stopped until 1 July 2020. After
the island reopened, strict travel and quarantine restrictions remained in place, limiting
tourism activities. Most tourist destinations remained closed and cruise ships did not
return until the end of May 2021. This dramatic drop in tourism and boat traffic across the
globe created quieter oceans, but only in areas with strict quarantine orders [15,16,25,26].
The cessation of these anthropogenic sounds created an opportunity to study the effects of
an anthropause on attentive responses in a population that frequently hear anthropogenic
noise given they are housed in an open-ocean-type environment.

1.2. Noise and Cetaceans

Due to a highly specialized auditory system that amplifies sound through mandibular
fat channels [27], a brain adapted to process auditory information of the environmen-
tal soundscape [28], and the physical optimization of long-range acoustic propagation
in an oceanic environment [27,29–32], dolphins are at risk to be perpetually impacted
by anthropogenic sound [33]. Thus, they are potentially at an increased risk of physi-
ological harm, negative welfare states, and cognitive effects as anthropogenic noise in-
creases. Depending on dosage [10,30,34], anthropogenic noise effects vary from sub-lethal
to lethal. Physiological changes to cetaceans resulting from anthropogenic noise exposure
include hearing loss (temporary or permanent), echolocation changes, stress effects, and
death [10,13,30,34–37]. Hearing loss related to traumatic anthropogenic noise events may
even cause consequences as severe as strandings [38]. Communication changes are marked
by the Lombard effect as well as modulations of whistle frequency parameters [22,39,40].
Recently, researchers found that dolphins under managed care had to increase their whis-
tle volume in the presence of anthropogenic noise playbacks during cooperation tasks.
Furthermore, the success rate of cooperation tasks decreased by up to 20% in tasks per-
formed under the highest noise levels [41]. Behavioral effects in wild settings include
avoidance behaviors, and alterations of distributions across space and time [42–44]. Stud-
ies on physiological changes, distribution changes, and auditory threshold shifts amidst
anthropogenic noise pollution are robust, with exposure criteria and recommendations
revised frequently [10,34,37,45]. However, studying a multi-year cessation of the mod-
ern levels of anthropogenic sound faced by cetaceans has not been possible until the
COVID-19 pandemic.

1.3. Habituation and Sensitization

The dual process pathway of habituation and sensitization shapes cognitive responses
to excitement or fear-provoking stimuli [46,47]. Sensitization and habituation responses
may be deleterious or beneficial depending on behavior and context. For example, dol-
phins strongly habituated to vessel sound may be at an increased risk of boat strikes [48]
but continue to perform survival critical behaviors. Contrarily, dolphins sensitized to
anthropogenic sound levels may be at a lower risk of boat strike, but they may decrease the
performance of survival critical behaviors, creating a state of elevated metabolic stress [35].
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In the presence of noise, the way in which animals habituate or sensitize to sounds can
predict the consequence and severity of anthropogenic noise response. Anthropogenic
noise sources vary in frequency, duration, and intensity. Due to these variations, habitua-
tion and sensitization responses may fluctuate depending on the specific sound stimulus.
Habituation responses manifest as a marked decrease in response each time an individual
is exposed to a stimulus [47,49]. While many species rapidly habituate to increased human
disturbance [50–53], sensitization may also occur. Sensitization responses are marked by
an increase in response to repeated exposures of a stimulus [46,49]. Some migratory bird
species have shown increased flight initiation distances with increased human presence [54].
Penguins in New Zealand that previously had a negative exposure to humans (were bled
for testing purposes) displayed increased heart rate recovery times when seeing humans
compared to their counterparts that did not have such an experience [50]. When measured
across a period of two years, resident wild adult dolphins from New Zealand who were
exposed to consistent tourism programs exhibited increased avoidance responses to human
contact attempts [55]. Yet, inexperienced juveniles did not exhibit the same increased avoid-
ance to these attempts, indicating that the wild adult resident dolphins were sensitizing to
the human presence while the wild juveniles had not yet sensitized or habituated [55].

Sensitization and habituation are not fixed processes. Changes in levels of noxious or
startling stimuli can initiate the disruption of habituation and sensitization effects. Disha-
bituation is an increase in response to previously habituated stimuli while sensitization
involves previously unhabituated stimuli [56]. Additionally, dishabituation involves an
“old” stimulus being represented as “new.” Dishabituation to stimuli results in the need
for the animal to re-habituate back down to baseline levels to avoid constant disruption
and negative impacts on survival critical behaviors. We were able to opportunistically
assess whether dishabituation occurs as a function of the extended cessation of organically
occurring anthropogenic noise in a real oceanic soundscape using controlled methods
afforded by work with animals under human care. Thus, we hypothesized that dolphins
re-exposed to anthropogenic sounds that were absent during the pandemic would respond
with more attention (investigative behaviors) to experimentally reintroduced presentations
of previously familiar anthropogenic noises due to dishabituation effects. Specifically, we
hypothesized that dolphins would respond in a similar fashion both before and during the
pandemic to the sound of an idling personal watercraft due to the continued presence of
this watercraft at their home facility. Similarly, we hypothesized that the dolphins would
respond to Navy low-frequency active sonar in the same manner as before the pandemic
due to little to no change in sonar exposure in the oceans surrounding Bermuda during
the anthropause. Conversely, we hypothesized that dolphins would investigate cruise
ship stimuli more due to the sudden absence of cruise ship sound stimuli present near the
facility, facilitating a dishabituation effect.

2. Materials and Methods
2.1. Setting

The Dolphin Quest Bermuda (DQB) facility was chosen for the close proximity of the
animal holding pools to the port in Royal Navy Dockyard, Bermuda. DQB consists of pools
with open water access to the ocean by a gate allowing sounds from the port to enter the
pools. Cruise ships dock beyond the rock walls at the Kings Wharf in direct line with the
opening to the ocean (see Figure 1). Pools consist of natural substrate and depths fluctuate
with the tide.

2.2. Subjects

To assess the amount of disruption in dolphin attention, 13 bottlenose dolphins (n = 13;
11 females and 2 males, F ages 1–45, M aged 1 and 12) were exposed to anthropogenic
sounds at DQB in 2018 and 2021 (n = 10 in 2018, n = 12 in 2021). There were three dolphins
born between 2018 and 2021 and the transfer of one dolphin out of the facility during
the same time period limiting data collection on them to only 2018. Two dolphins were
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born at the beginning of the COVID-19 pandemic and one dolphin was born the summer
before the pandemic. This limited their sound exposure to a few months before a strict
quarantine disrupted normal anthropogenic sound levels. The new dolphins received the
same number of tests as all other dolphins in 2021 (n = 9 per dolphin). All other dolphins
were tested individually 18 times (n = 18 per dolphin).
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2.3. Noise Exposure

As a result of anthropogenic activities in the ocean waters that feed into their lagoon,
the dolphins at DQB hear common anthropogenic sounds, such as docking and departing
cruise ships, commercial boat traffic moving through the sound, and personal watercrafts.
Cruise ships port and leave multiple times per week with a day in between docking. In
2018, five different contracted cruise ships docked for a combined total of 106 docking
events across the year while 41 other non-contracted cruise ships docked for a combined
total of 74 events with as many as three cruise ships at port at once [57]. During the busy
2020 pre-COVID season, cruise ships docked between 23–26 times [57] and the subjects
were exposed to personal watercraft eight times per day as an island touring company
operated on the wharf in Royal Navy Dockyard. Additionally, the dolphins were exposed
to DQB personal watercraft operations, however, speed was limited to idling when the
personal watercraft was returning to the facility each time. Cruise ships stopped docking
at the island in March of 2020 and did not return until the end of May 2021 [58]. Their
absence served as an indicator of the length of the anthropause. During the anthropause,
the dolphins were exposed to DQB’s personal watercraft on the days it needed to be moved
to a mechanic, no cruise ships, minimal marine traffic, and few visitors.

The ambient noise levels of the lagoons as well as anthropogenic noise activities were
recorded. The ambient noise levels of the dolphin habitat during the anthropause were on
average 47.76 dB and 51.815 dB under normal anthropogenic conditions. Anthropogenic
noise stimuli were recorded at distances in which they would hear the sounds. One of the
contracted cruise ships, Celebrity Summit, was recorded at the Royal Navy Dockyards
in Bermuda with a maximum sound level volume of 76.21 dB at the dolphin’s habitat.
We presented the cruise ship sound at an average maximum of 73.66 dB intensity which
closely matched the amplitude of sound experienced by the dolphins in their habitat. The
idling personal watercraft was recorded at a maximum of 85.35 dB in the dolphin’s lagoon,
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and we presented the sounds at 83.76 dB from 1 m away (see Section 2.4 for recording
procedures). To our knowledge, no Navy activity occurred near Dolphin Quest that would
necessitate the use of Low-Frequency Active Sonar (LFAS) of the type we used as a playback
stimulus. Past Navy sonar playback studies have played at sound intensities between
115 dB and 185 dB, however, these studies used a mid-frequency active sonar and one
study was measuring the endocrine responses of bottlenose dolphins [59]. In order to not
cause a response due to a sound intensity shift or initiate a stress response, we played the
Navy LFAS sound at levels that were congruent with the other playbacks at an average
sound intensity of 75.29 dB. All source level intensities were calculated with Praat 6.1.48
from a hydrophone placed at the underwater speaker sound source (see Section 2.4 for
recording equipment).

2.4. Playback Presentation

To assess the effects of reintroduced anthropogenic noise after a long-term anthropause,
dolphins at DQB, Royal Naval Dockyard, Bermuda were presented with control and
anthropogenic sounds via an established underwater playback methodology [60,61] (see
Figure 2). Procedures consisted of setting up an underwater speaker and a two-hydrophone
array. Playbacks were initiated when the target dolphin self-separated from conspecifics
while moving, and crossed an invisible playback triggering line (Figure 2). This procedure
makes the behavioral responses overt and easy to score. During the playbacks, the dolphins
were recorded with a camera until 20 s after they ceased to respond to the initial sound
stimuli source by look.
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Figure 2. Underwater playback schematic. In the playback paradigm, the sound source is played from
an underwater Lubell Labs™ LL16 speaker 0.5–1.0 m from the dolphin’s head to ensure appropriate
playback sound levels to the subjects. The sounds are initiated when the target dolphin self-separates
from conspecifics and crosses the playback line. Swim direction is indicated with the arrow.

We performed playbacks three times per day, every allowable weather day, across two
weeks per year of the study. Playbacks were calibrated to be audible without causing harm
and match source levels of anthropogenic noise from outside the dolphin enclosures [60,61].
The team presented trial sets composed of two control sounds designed to habituate the
response levels to a zero-response baseline and then an experimental sound (anthropogenic
noise stimuli) from 0.5 m to 1 m. Control sounds included a cut piece of a whistle fragment
(control A) and a 10 kHz pure test tone (control B). The control sounds were played in
a specific order with the 10 kHz control B test tone played initially. This is a sound that
is the same frequency as a trainer bridge/whistle. Control B was played first then we



Animals 2023, 13, 1269 7 of 18

played the control A whistle fragment sound (see [56,57] for calibration procedures). These
controls have been used with this group of dolphins for 15 years, and they allow us to
gauge the animal’s interest before the experimental playback. Additionally, we are able
determine if baseline dolphin response levels to sounds are generally the same in each trial
from these controls [60,61]. If the target dolphin did respond with look to these control
playbacks, then an attempt was made to habituate the individual to speaker sound by
repeated presentations of the eliciting control sound spaced apart by 5 min. This was
ultimately successful in all cases, however, the response given to the first presentation of
a control sound was used in the analysis with control A serving as the intercept for our
models (see Section 2.7).

After control presentations, each dolphin was presented with one of three anthro-
pogenic noise types per playback session (for a total of three sessions per dolphin): a
mid-sized cruise ship leaving port (Celebrity Summit: one of the five contracted cruise
ships that returns to the island frequently; 100 Hz–1 kHz), Navy low-frequency active sonar
(Navy LFAS; 100 Hz–0.5 kHz), and a Sea-Doo GTI (hereafter referred to as idling personal
watercraft; 100 Hz–10 kHz) (see Figure 3). Noises were presented at the same output
level to match normal environmental levels for these subjects as they experienced them
(see Section 2.3). The sequence of the anthropogenic noise presentations was randomized
per dolphin to limit the possibility of order effects. Each anthropogenic noise except the
Navy LFAS was recorded via a SENSOR Technology Ltd. (Collingwood, ON, Canada)
Sea Phone SQ26-08 omnidirectional hydrophone (sensitivity −168.8 dB re 1 V/µPa; flat
frequency response from 100 Hz to 30 kHz, ±3 dB), with a bandwidth between 20 Hz and
50 kHz recorded to a ZOOM H1N-VP recorder (Hauppauge, NY, USA). The cruise ship
and idling personal watercraft sounds were recorded at the wharf in Royal Navy Dockyard,
Bermuda, until the vessel was absent and then cut down into 3 s increments. The cruise
ship was recorded from approximately 100 m from the source and 3 m in depth and the
idling personal watercraft was recorded at a distance of 1 m away and 1 m in depth. The
final sound, Navy LFAS, was obtained via a sound sharing website online (https://dosits.
org/galleries/audio-gallery/anthropogenic-sounds/surtass-lfa-sonar-sound/ (accessed
on 20 April 2018)). One exemplar per sound type was used as the playback stimuli.

As the target dolphin self-separated from conspecifics and crossed the threshold or
playback line, playbacks were initiated by a seventh generation Apple Inc. iPod Touch™
(Los Altos, CA, USA) (Figure 2). Each trial was video recorded above and below water
with underwater audio directly channeled to a Canon™ (Ohta-ku, Tokyo, Japan; FS200)
camera until 20 s after the target dolphin stopped responding to the playback. Underwater
footage was recorded on a GoPro 6 (San Mateo, CA, USA). We recorded vocalizations
during the trials via two SENSOR Technology Ltd. (Collingwood, ON, Canada) Sea Phone
SQ26-08 omnidirectional hydrophones (sensitivity −168.8 dB re 1 V/µPa; flat frequency
response from 100 Hz to 30 kHz, ±3 dB), with a bandwidth between 20 Hz and 50 kHz
recorded to a PreSonus (Baton Rouge, LA, USA) 2-channel AudioVox® USB (frequency:
48 kHz) connected to a 2018 Apple Inc.® Macbook Pro (Los Altos, CA, USA) or a 2020
HP Inc.® Envy x360 convertible (Palo Alto, CA, USA) running Audacity version 2.3.3 [62]
software. The playbacks were projected from a Lubell Labs™ (Columbus, OH, USA; LL916)
underwater speaker (0.6–21 kHz ± 8 dB) connected to a Hertz® amplifier (Electromedia;
Potenza Picena, Italy; HCP 2) powered by a 12 V battery. The audio was calibrated to be
audible without initiating a startle response [63].

The effects of the anthropause resulting from the COVID-19 pandemic on dolphin
attention were assessed by returning to the DQB facility in May 2021 and presenting
the same anthropogenic noises played in 2018 via the same playback methodology (see
Figure 2) and equipment as in 2018.

2.5. Behavior Scoring

After the data collection was completed, trials were scored for frequency and duration
of looks (see Figure 4). A total of 214 trials were completed (n = 214), however, sessions

https://dosits.org/galleries/audio-gallery/anthropogenic-sounds/surtass-lfa-sonar-sound/
https://dosits.org/galleries/audio-gallery/anthropogenic-sounds/surtass-lfa-sonar-sound/
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with video missing or interrupted by storms were not included for scoring (n = 204). Looks
were chosen because dolphins do not always approach a sound source and may investigate
without approaching closely. Three scorers independently and blindly tallied behaviors
for each recording in Boris behavioral software 7.12.2 [64]. Scorers were trained by the
same person before evaluating any videos on their own and each scored the entire data set.
Behavioral scores that differed by greater than 20% required all three of the observers to
come to a consensus on one score. If the scorers did not differ more than 20%, the three
observer scores were averaged for those data points. It was planned that any score not
agreed upon was sent to a fourth mediator for the final decision; however, this plan was
never utilized as all scorers were able to come to a consensus.
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2.6. Acoustic Analysis

A comprehensive audio analysis was performed for each trial by two independent
blind observers using Audacity 3.0.0 [62]. Given the volume of data, observers worked
on separate files after a training period and an interobserver reliability check. The two ob-
servers tallied the duration of echolocation and burst pulse vocalizations across
203 trials (n = 203) which equated to about 10.15 h of time. Echolocation and burst pulse
vocalizations both consist of broadband clicks that extend ultrasonically but differ by their
interpulse intervals [65] (see Figure 5 for echolocation and burst pulse vocalization spec-
trograms). Burst pulses were defined by interpulse clicks less than 10 ms apart with a
clearly defined start and stop [65,66] that were not a part of any echolocation click train.
Additionally, burst pulses are often delineated by harmonic features. Observers had to have
a 90% or better interobserver reliability for ten 10 min training files before they completed
any individual analysis on the acoustics. This reliability was calculated by dividing the
identified durations of burst pulse and echolocation bouts by the total time of the session
(which could not deviate by more than 10%). This led to two aggregate reliability measures
for the duration of bouts for both echolocation and burst pulse sounds. Echolocation was
chosen to gauge interest in and exploration of the sound stimuli. Burst pulse vocals are
a communicative signal between dolphins [67,68] and were initially used as a potential
measure of aggression.
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Figure 5. Echolocation bout and burst pulse spectrograms (Hz). (A) Spectrogram of an echolocation
click train. (B) Spectrogram of a burst pulse response with clear harmonic features. The vertical
bands shown in red are snapping shrimp present in the natural soundscape.

2.7. Statistical Analysis

To test differences in behavioral and acoustic responses by year and playback type,
we built Generalized Linear Mixed Models (GLMMs) in RStudio 2021.09.01 [69] using the
lme4 package to run [70] and the fitdistrplus package for distribution fitness [71]. For each
model, we used the test subject (target dolphin) as a random effect variable to allow for
interindividual variation across behavioral responses. Fixed effects for each model included
year and playback stimuli. Each model was first tested for fitness of data distribution via the
fitdistrplus R package and plotted with Q-Q plots and Cullen and Frey graphs to visualize
fitness. Subsequently, we used GLMM models with a gamma family and log function
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to test whether there was a significant difference in look, echolocation, and burst pulse
duration responses by year and playback type. Control A was used as the intercept control
for the GLMM tests so that all stimuli were compared to baseline levels. Additionally, we
checked for an effect of new dolphins on results by running a separate analysis without
the young and relocated dolphins that mirrored our results of zero dolphins taken out of
the study.

3. Results
3.1. Behavioral Results

Overall, the dolphins showed significantly more interest through look responses to
anthropogenic noise playbacks during the anthropause in 2021 than in 2018 (Generalized
Linear Mixed Model (look duration: (2018) x = 20.92 ± 1.54 s, (2021) x = 33.17 ± 2.75 s,
t = 18.232, p < 0.001; see Figure 6a)). Additionally, dolphins responded differently by
playback type. Relative to control A, look duration responses varied significantly for control
B, cruise ship, and Navy LFAS (GLMM (intercept x = 19.51 ± 2.78 s, z = 18.021 ± 0.154 s,
p < 0.001; control B x = 28.84 ± 3.67 s, z = 2.109 ± 0.161, p = 0.0349; cruise ship x = 41.22 ± 6.63 s,
z =2.488 ± 0.285, p = 0.0128; idling personal watercraft x = 25.23 ± 7.55 s, p = 0.36; Navy
LFAS x = 45.54 ± 8.86 s, z = 2.386 ± 0.294, p = 0.0107; see Figure 6b)). There was a significant
interaction effect between playback and the year of playback of the cruise ship sound on
look duration (t = 2.797 ± 0.552, p = 0.005).
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Figure 6. Look duration responses broken down by playback stimuli and year. (A) Boxplots rep-
resenting the interquartile range of look responses (seconds) by year. Outlier points are included
in red. The means of each group are represented by the white circles in each box. (B) Boxplots
illustrating the interquartile range of look duration responses across playback files and year. The
top line with an asterisk denotes significance across playbacks and the lower line without endcaps
denotes significance for a pairwise comparison across years. The dot that indicates the mean for
control A is outlined with a black line. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Idling PW = idling
personal watercraft.

3.2. Acoustic Results

We tested for acoustic responses by evaluating duration of echolocation bouts and burst
pulse durations. Echolocation and burst pulse duration responses were significantly differ-
ent between the years 2018 and 2021 (echolocation duration: 2018 x = 82.22 ± 4.79 s; 2021
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x = 44.86 ± 4.95 ss seconds, t = −7.576, p < 0.001; burst pulse duration: 2018 x = 52.00 ± 4.2 s,
2021 x = 19.927 ± 3.41 s, t = −8.670, p < 0.001; see Figures 7a and 8a). Playback type was a
significant factor for two echolocation duration responses including cruise ship and Navy
LFAS (2018: intercept x = 74.20 ± 7.49 s, z = 25.006, p < 0.001; control B x = 82.32 ± 7.49 s,
z = 1.289, p = 0.197; cruise ship x = 90.5 ± 12.57 s, z = 2.988, p = 0.002; idling personal
watercraft x = 71.35 ± 7.27 s, z= −0.947, p = 0.34; Navy LFAS x = 109.99 ± 23.64 s,
z= 2.175, p = 0.030; 2021: intercept x = 44.86 ± 4.95 s, control B x = 39.86 ± 6.13 s, cruise ship
x = 73.43 ± 27.87 s, idling personal watercraft x = 31.55 ± 10.67 s, Navy LFAS
x = 47.27 ± 11.49 s; Figure 7b). Furthermore, burst pulse duration responses were signifi-
cantly different for the cruise ship, and idling personal watercraft sounds relative to control
A (2018: intercept x =19.93 ± 6.98 s, z = 17.356, p < 0.001; control B x = 22.68 ± 6.48 s,
z = 0.588, p = 0.55; cruise ship x = 23 ± 10.47 s, z = 2.316, p = 0.021; idling personal watercraft
x = 17.5 ± 6.15 s, z= −2.537, p = 0.011; Navy LFAS x = 68.09 ± 20.97 s, z = 0.951, p = 0.341;
2021: intercept x = 44.69 ± 4.01 s, control B x = 16.64 ± 4.09 s, cruise ship x = 43.75 ± 16.89 s,
idling personal watercraft x = 10.53 ± 5.623 s, Navy LFAS x = 15.46 ± 4.83 s; Figure 8b).
There was not a significant interaction effect between playback type and year for either
echolocation duration or burst pulse duration.
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Figure 7. Echolocation Bout Duration Responses separated by fixed effect factors. (A) Box and
whisker plot representing the IQR and medians of echolocation duration responses in 2018 and 2021
visits. Means are represented by white dots. (B) Box and whisker plot representing data range of
echolocation durations by playback type with outliers denoted in red. * = p < 0.05, ** = p < 0.01,
*** = p < 0.001. Idling PW = idling personal watercraft.

3.3. Results of Dolphins Tested across Both Years

When tested with only dolphins tested across both years included, the results remained
significant across the same playback types for look duration response (GLMM (intercept
t = 13.312, p < 0.001; Year t = 2.134, p = 0.033; control B t = 3.208, p < 0.01, cruise ship
t = 2.020, p = 0.04, idling personal watercraft t = 0.434, p = 0.67, Navy LFAS t = 3.451,
p < 0.001)). Additonally, we found that echolocation duration were significantly different
across multiple playback files (GLMM (intercept z = 29.25, p < 0.001; Year z = −8.345,
p < 0.001; control B z = 2.264, p = 0.024; cruise ship z = 3.028, p = 0.002; idling personal
watercraft z = −0.668, p = 0.50, Navy LFAS z = 3.047, p = 0.002)). Finally, we found that burst
pulse duration responses were significantly different between the years tested (GLMM
(intercept z = 16.607, p < 0.001; Year z = −6.002, p < 0.001, control B z = 0.991, p = 0.32;
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cruise ship z = 0.949, p = 0.343; idling personal watercraft z = −0.727, p = 0.467, Navy LFAS
z = 1.086, p = 0.277)).

Animals 2023, 13, x FOR PEER REVIEW 12 of 19 
 

significant interaction effect between playback type and year for either echolocation du-
ration or burst pulse duration. 

 
Figure 7. Echolocation Bout Duration Responses separated by fixed effect factors. (A) Box and 
whisker plot representing the IQR and medians of echolocation duration responses in 2018 and 2021 
visits. Means are represented by white dots. (B) Box and whisker plot representing data range of 
echolocation durations by playback type with outliers denoted in red. * = p < 0.05, ** = p < 0.01, *** = 
p < 0.001. Idling PW = idling personal watercraft. 

  

Figure 8. Burst Pulse bout Duration Reponses separated by fixed effect factors. (A) Box and whisker 
plot of decreases in burst pulse duration responses across the years 2018 and 2021. (B) Burst pulse 
duration responses grouped by year and playback type. * = p < 0.05, *** = p < 0.001. Means are 

Figure 8. Burst Pulse bout Duration Reponses separated by fixed effect factors. (A) Box and whisker
plot of decreases in burst pulse duration responses across the years 2018 and 2021. (B) Burst pulse
duration responses grouped by year and playback type. * = p < 0.05, *** = p < 0.001. Means are
denoted with white circles and the Idling personal watercraft is given with a black outline around the
white circle. Outliers are denoted by red dots. Idling PW = idling personal watercraft.

4. Discussion
4.1. COVID-19 Anthropause and Investigative Behaviors

Our study sought to measure the effects of the months-long cessation of anthropogenic
noise due to the COVID-19 pandemic on common bottlenose dolphin cognition, specifically
attention and habituation. We predicted that dolphins would present longer investiga-
tive behaviors during the anthropause in 2021 than in 2018 due to broad dishabituation
effects. Specifically, we predicted that cruise ship responses would exhibit the greatest
change because of the lockdown orders and the cessation of cruise ship porting. Overall,
the dolphins looked on average significantly longer during the anthropause than before
(Figure 6a). This indicates that the sudden onset of anthropogenic noise after a long-term
cessation may create a period where the dolphins must again habituate to the presence
of elevated levels of human noise. Habituation characteristically becomes a shorter pro-
cess with each recurrence of a non-startling stimuli [72]; thus, any successive habituation
training may take less time for the dolphins to get back to pre-pandemic levels. However,
the potential negative effects of dishabituating, such as increased responses to the eliciting
stimuli and decreased time spent executing survival critical behaviors may present after an
anthropause as animals readjust to human activity. These results could be combined with
stress and sound avoidance data taken from wild populations where we are not able to
perform habituation and dishabituation studies, to paint a broader picture of how cognition,
stress, and noise interact to affect the welfare of wild populations. Additionally, not all
areas around the world exhibited decreased anthropogenic noise [17], thus, there will be a
variation of consequences of re-introduced noise on populations across the globe.

As predicted, we found a significant association between look behaviors and the year
of data collection for cruise ship playbacks. Dolphins responded to the cruise ship stimulus
by looking at the sound source up to fourfold longer during the anthropause than in 2018
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(Figure 6b). The same was not true for personal watercraft (which had decreased but
had repeated presentations during the anthropause) or Navy LFAS (which likely saw no
change in its already decreased rate both before and during the anthropause). The studied
dolphins did not exhibit sensitization to any of the playbacks, but there was a dishabituation
pattern to cruise ships. Abrupt cessation of normal anthropogenic activity interrupted the
almost-daily conditioning during peak season of cruise ships by dolphins at DQB. It should
be noted that longer response durations do not imply increased stress responses. While
unstudied, the possibility of dishabituation possibly extends to other populations, such as
resident bottlenose dolphins in Galveston Bay off the coast of Texas that live in a high-traffic
shipping channel [73]. However, to our knowledge, these Galveston Bay resident dolphins
were unable to be studied during the anthropause. This type of dishabituation could
negatively impact dolphins as a lost habituation response may lead to greater distractibility
and stress at the reapplication of the potentially disruptive sound source. While the
anthropause related to COVID-19 was unprecedented and unexpected, these results allow
us to extrapolate the effects of abrupt noise cessation and its reintroduction on dolphins in
areas with strict quarantine orders. However, dolphins in areas with less severe quarantine
restrictions may not exhibit a dishabituation response. As humans move into previously
abandoned areas, more studies on post-anthropause anthropogenic noise responses are
necessary. With the introduction of uncertain and non-uniform responses to COVID-19 and
other potential factors resulting in anthropauses, it is critical to factor in wildlife responses
to abrupt changes in human activities at all scales.

Additionally, we found that behavioral responses varied significantly by playback
type. Dolphins spent significantly more time investigating the low-frequency noise types,
namely the cruise ship and the relatively uncommon (for them) Navy LFAS, than the higher
frequency sounds (Figure 6b). While this may be a function of the relative infrequency
of Navy LFAS in these animals’ lives along with the dishabituation effect of cruise ships,
this is one of the few studies to identify an increased response to low-frequency sounds
in a small cetacean relative to high-frequency sounds [9]. Low-frequency noise is one of
the most prominent and problematic anthropogenic noises due to the pervasive nature of
low-frequency sound propagation and the types of vessels and activities that produce low-
frequency noise [1]. While the dolphins tested in our study sought out the anthropogenic
noise source, not all dolphins respond similarly. The increased presence of cruise ships
over a decade have shifted Hector’s dolphin (Cephalorhynchus hectori [74]) distributions
towards the dolphin’s normal outer habitat away from the inner harbor where cruise
ships dock [75]. This may be due to the presence of cruise ships themselves more so than
the noise levels. Another common low-frequency anthropogenic noise, Navy LFAS, in
particular has been linked to consequences as severe as hearing loss [32,76] and stranding
deaths [38,77]. Higher frequency noises were either not as distracting as the Navy LFAS
and cruise ship sounds or not significant as was the case for an idling personal watercraft.
However, personal watercrafts moving at full speed have a greater modulation and a
higher upper-frequency range that may impact dolphin attentive responses differently.
Additionally, the DQB dolphins are not harassed by the proximity of personal watercrafts
in the same way as many wild dolphins in popular recreation areas. Thus, it would not
be fully appropriate to draw conclusions about the response profile of waterjet-propelled
personal watercraft without testing the sound of one accelerating at full throttle.

4.2. Anthropause and Acoustic Response

Under the normal anthropogenic noise conditions of 2018, cruise ships and personal
watercrafts periodically and frequently raised the ambient sound levels by ~30 dB, whereas
the pool soundscape was not raised by anthropogenic noises during the anthropause. Our
acoustic results showed that dolphins produced shorter bouts of echolocation and burst
pulse durations in 2021 than 2018 (Figures 7a and 8a). Another communication study with
dolphins conducted during the COVID-19 pandemic found anthropogenic activity levels
in areas of Sarasota Bay, FL remained consistent or even increased as much as 80% with
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dolphin whistle detection remaining consistent in areas of increased vessel activities [17].
Yet, whistle detection rates decreased in areas of less vessel traffic [17]. From Buckstaff [78],
we know that vessel traffic leads to increased dolphin vocalizations on vessel approach.
The decreased detection of dolphins’ whistles in areas of less vessel presence may be
due to reduced whistle presence rather than decreased dolphin presence. With regard to
masking, in New Zealand waterways, dolphin communication ranges increased during the
anthropause by 1 km [21]. This means that in low noise environments we should expect
clearer sound transmission channels and, if all things are equal, the detection of more
vocalizations. We found that echolocation bouts were significantly shorter in duration
during the anthropause than before. Therefore, our subjects were vocalizing less in low
noise environments, as would be expected from the aforementioned studies. The decreased
echolocation durations of DQB dolphins during 2021 may be due to decreased masking
effects resulting in more efficient acoustic exploration rather than decreased interest. They
did not investigate via echolocation as long, but they displayed increased behavioral
interest as measured by longer look durations.

Burst pulse click trains have been linked to aggressive interactions between bottlenose
dolphins [68,79], hence we expected to see an increase in burst pulse production during
the 2021 playbacks as we expected to see an increased rate of aggression as a function of
more salient anthropogenic noise playbacks. Across multiple species, increased aggression
resulted from additional anthropogenic noise. Anemone fish (Amphiprion chrysopterus [80])
exposed to intermittent motorboat noise stayed closer to their anemone and responded
with increased territorial aggression toward heterospecifics [81]. When anthropogenic
noise increased in rural territories, the European Robin (Erithacus rubecula [14]) displayed
an increase in aggression [82]. Urban robins responded with more behaviors that are
aggressive to simulated intrusions. However, urban robins did not display an increase
in aggression when anthropogenic noise levels increased as their rural counterparts did.
When tested during the COVID-19 anthropause, our subjects decreased the duration of
their burst pulses (Figure 8a), which may be a parallel to the processes seen in urban
robins. More likely, however, is that this reduction in burst pulse signals may be a better
measure of conspecific attention away from each other and towards the playbacks. Future
studies could focus on the effects of anthropogenic noise levels on aggression between
dolphin conspecifics in environments across high and low levels of anthropogenic noise.
Additionally, research on displaced and conspecific aggression during an anthropause
could illuminate potential social effects for facilities that are open ocean or wild dolphins
living in areas with large variations in anthropogenic noise levels across seasons. However,
it is likely that dolphin aggression may not be shaped by noise as readily as we expected.

4.3. Limitations

We are confident that we have experimentally identified a dishabituation effect to
anthropogenic noise occurring in a natural soundscape, however, there are some caveats
to our study. One area of interest not addressed by this study is the duration of dishabit-
uation vulnerability. We cannot say how long a wild dolphin might be vulnerable to a
resumed noxious sound source after their previous habituation. Nor can we determine
how anthropauses of various lengths affect dishabituation responses. Future studies may
address the former by evaluating mortality or cortisol changes directly after an anthropause
where noise varies. Another limitation of this opportunistic study is that the stimuli chosen
in 2018 were for another hypothesis and therefore do not represent a large cross-section
of the potential sounds a dolphins may experience in the wild [9]. Therefore, while we
highlight low-frequency noise responses as interesting in this study, we do not have the
cross-section of different types of playback sounds (nor the sample size for various repli-
cants of these sounds) to make broader assessments on how sound characteristics relate to
overall responses or how sound type might affect dishabituation profiles. Furthermore, it
should be noted that the facility transferred one dolphin from 2018 and had three births in
between retesting pre-COVID. Two more calves were tested in 2021 than 2018 due to these
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changes, but the mean age of the population remained about the same in both years. With
subjects as a random effect, we are confident that our model has captured the phenomena
in question. However, we ran an additional statistical test with the only the dolphins that
received playbacks across both years with subjects as a random variable as well. This test
presented similar significance across all variables; thus, we retained the dolphins in the
data presented.

5. Conclusions

Studies over the long-term anthropause related to COVID-19 are continuing to be
published, but the effects of human absence and the sudden reintroduction of human noise
are still understudied. This is due to the difficulty of accessing study subjects during times
of society-wide limits on human activity. The strict lockdown orders by the Bermudian
government provided an opportunity to gather baseline data on anthropogenic noise
responses after a months-long cessation of widely encountered noises, such as the sounds
of cruise ships. This revealed that abrupt changes in ambient anthropogenic noise levels
may affect previously habituated responses by dolphins. These data are some of the first to
address the effects of various anthropogenic noise types on dolphin attention, how dolphin
responses change during the cessation of anthropogenic activity, and how particular low-
frequency anthropogenic noise sources may instigate stronger responses from dolphins in
some scenarios. Our results highlight that we must consider how we re-enter the world
after a period of isolation both at the scale of the COVID-19 global disruption, but also at
local levels where habitats that humans have abandoned become re-populated again.
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