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Underwater noise from human activities is recognized as a world-wide
problem, with important repercussions on the acoustic communication of
aquatic mammals. During the COVID-19 pandemic, the government of
Panama went into a nationwide lockdown to limit the spread of the virus.
This lockdown resulted in the closing of tourism infrastructure and limited
mobility in both land and coastal areas. We used this “natural experiment” as an
opportunity to study the impact of tour-boat activities on dolphin
communication by using passive acoustic monitoring data collected before
and during the lockdown at Dolphin Bay, Bocas del Toro, Panama. During the
lockdown, tour-boat activity was absent, but boats transporting people and
supplies were allowed to circulate. The shift in type of boat activity within the
lockdown resulted in lower ambient noise levels and more frequent detections
of dolphin sounds. We also detected a more diverse whistle repertoire during
the lockdown than in the pre-lockdown period, even when accounting for
variation in sample coverage. A Random Forest Analysis classified whistles
between the two periods with high accuracy (92.4% accuracy, x = 0.85)
based primarily on whistle modulation and duration. During the lockdown,
whistles were longer in duration and less modulated than pre-lockdown. Our
study shows that a shift in boat traffic activity can generate significant changes in
dolphin habitat, and in their communicative signals, an important consideration
given ongoing unregulated ecotourism in the region.
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1 Introduction

Underwater noise from human activities is recognized as a
world-wide problem (Radford et al., 2014; Williams et al., 2015;
André, 2018). Over the past 60 years, ocean ambient noise levels
have increased at both low and high frequencies, largely due to an
increase in commercial shipping and coastal boat traffic
(Hildebrand, 2009; Frisk, 2012). The detrimental impact of
increasing noise levels from these human activities have been
shown experimentally and in observational studies on the
physiology, development, and behavior of a variety of marine
taxa (Hawkins & Popper 2017; Erbe et al., 2019).

The impact of anthropogenic noise has been studied
extensively in cetaceans. Both baleen and toothed whales
respond acoustically to boat noise exposure by adjusting
signal emission rate (Guerra et al,, 2014). Bottlenose dolphins
(Luis et al., 2014), humpback dolphins (Hu et al., 2022), and right
whales (Parks et al., 2007a) are reported to decrease mean call
rates in the presence of vessels. Changes in signal amplitude and
frequency are also reported in various cetacean species. For
example, bottlenose dolphins have been shown to increase
signal amplitude in the range of 0.1-0.3dB per 1dB
increase in ambient noise (Kruskal and Wallis, 1952).
Adjustments in signal frequency have been reported in
Under
conditions of elevated low and high frequency ambient

several populations of bottlenose dolphins.
noise, bottlenose dolphins produce high frequency signals
(Churchill et 2016)
respectively (Morisaka et al., 2005; Gospi¢ & Picciulin
2016; Perez-Ortega et al., 2021). Those adjustments can be

important to minimize auditory masking (Cunningham &

al., and low frequency signals,

Mountain, 2014), compensate for a reduced communication
range (Clark et al., 2009; Erbe et al., 2019), and communicate
stress and alertness to conspecifics (Esch et al., 2009; Perez-
Ortega et al., 2021).

Dolphins have a diverse repertoire of communicative signals.
Among the most studied are narrowband and frequency-
modulated tonal sounds called whistles, that can be classified
into signature and non-signature whistles based on their function
and pattern of emission (Caldwell et al., 1990; Janik and Sayigh,
2013). Signature whistles are stereotypic sounds that encode
information about individual identity and, thus, are used as
contact calls (Caldwell et al, 1990), whereas non-signature
whistles are non-stereotypic sounds produced in a wide range
of social contexts (Sayigh et al., 1990; Macfarlane et al., 2017;
2017 Rachinas-Lopes et al., 2017). However, most studies of the
impact of anthropogenic noise on dolphin whistles do not take
into account whistle function, and limit descriptions to overall
changes in frequency, contour complexity, and temporal
characteristics (Morisaka et al, 2005a; May-Collado &
Wartzok 2008; Perez-Ortega et al, 2021). These changes
include lengthening or shortening of whistle duration,
increasing or decreasing whistle frequency, and simplification
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of whistles contours when ship noise increases (Fouda et al.,
2018; Morisaka et al., 2005a).

In Latin America and the Caribbean, marine ecotourism has
become a major catalyst of the local economy (Tambutti &
Goémez, 2020). For example, between 1996 and 2006, boat-
based whale watching activities in Latin America grew at a
rate three times higher than the rate of world tourism and
five times higher than the rate of all Latin American tourism
over the same period (Hoyt and Iniguez, 2008). In several
countries, the rapid increase in the number of tour-boats and
operators occurred without concurrent training for compliance
with national whale watching guidelines, inevitably resulting in
disturbances in cetacean behavior (New et al., 2015). Although
many countries have adopted the International Whaling
(IWC, 1996),
enforcement remains limited. As a result, cetaceans in these

Commission’s whale watching guidelines
contexts might be particularly susceptible to altered soundscapes.

A case study of the impact of unregulated whale watching is
the bottlenose dolphin (Tursiops truncatus) population of
Dolphin Bay, in the archipelago of Bocas del Toro, Panama.
These dolphins belong to the coastal ecotype and live in a small
and genetically isolated population (Barragdn-Barrera et al,
2017).  Although dolphins the
archipelago, Dolphin Bay is their main habitat for foraging

are found throughout
and social activities, as a result, the bay has become the
hotspot for dolphin watching activities (May-Collado et al.,
2012; Kassamali-Fox et al., 2020). When multiple boats are
present, interactions with dolphins can be intense due to the
lack of compliance with national regulations for approaching
tactics and distance (Sitar et al.,, 2016). During these encounters,
dolphins produce whistles with significantly higher modulation
than in the absence of boats (Perez-Ortega et al, 2021),
potentially indicating changes in their behavioral and
‘emotional’ states (Esch et al., 2009).

In March 2020, during the COVID-19 pandemic, the
government of Panama declared a state of emergency and
went into a nationwide lockdown to limit the spread of the
virus. From March to July 2020, all tourism infrastructure closed,
and from August to December 2020, tourism remained minimal
due to a combination of curfews and international and national
travel restrictions. According to the CEIC Global Economy
Database,
remained below 25,000 tourists until February 2021 (CEIC,

2022). Although tour-boat activities were thus restricted, boat

tourist arrival to Panama after the lockdown

presence in Dolphin Bay was permitted for transport of people
and supplies during the lockdown. Here we study the impact of
unregulated tour-boat activity at Dolphin Bay by comparing the
soundscape and dolphin acoustic activity before versus during
the COVID-19 lockdowns. We hypothesized that the shift from
tour boats to transport boats during most of 2020 resulted in a
quieter and subsequently a less stressful habitat for dolphins.
Based on our previous work (Perez-Ortega et al., 2021) we
predict that a quieter environment will result in an increase in

frontiersin.org
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FIGURE 1

Archipelago of Bocas del Toro, Panama. The green dot shows the location within Dolphin Bay where the autonomous recorders were deployed
during pre-lockdown and lockdown periods (latitude and longitude in decimal degrees).

dolphin acoustic detections, a richer and more diverse whistle
repertoire, and a decrease in whistle modulation during
lockdown.

2 Materials and methods

2.1 Study site

This study took place in Dolphin Bay, located in the
archipelago of Bocas del Toro in the western region of
Panama. This site consists of coral reef, mangrove, and
seagrass habitats (Guzman et al, 2005; Figure 1). The
archipelago is home to a small resident population of
bottlenose dolphins with high levels of both male and female
philopatry (Barragan-Barrera et al., 2017). Resident bottlenose
dolphins are primarily found in Dolphin Bay, a semi-enclosed
bay that is particularly important for mothers with calves (May-
Collado et al., 2014; Do Nascimento et al, 2020). Dolphin
presence, activity, and calf presence does not vary seasonally
(Sitar et al., 2017). Because of this dolphin population’s high site
fidelity, the bay has become a hotspot for dolphin-watching
activities occurring throughout the year, with boats arriving
every day primarily between 9 a.m. to 12 p.m. (noon), but
also in the afternoons depending on the season (Perez-Ortega
et al,, 2021). The boats used for this purpose are small (typically
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10 m in length) and are fitted with one or two engines that can
range between 50 and 110 hp (Hu et al., 2022).

Once a group of dolphins is spotted by the tour operators, the
group is often approached by multiple tour boats at distances of
50 m or less and the group is then followed on average for 36 min
(SE = 3.6, range: 3-87 min) (Kassamali-Fox et al., 2019). Since
boats continue to arrive to the bay, dolphins are cumulatively
exposed to these activities for hours. Tour-boat captains often
make rapid changes in speed and direction during dolphin
encounters, sometimes resulting in separation of group
members and mothers from calves (Kassamali-Fox et al.,
2020). Although Panama has established national whale-
watching guidelines (Resolution N° Dm-0530-2017, 2017),
they are not enforced. In addition, efforts by national NGOs
to provide boat captains/operators training have proven fruitless
due to the high turnover of captains in the area (May-Collado
et al.,, 2018).

2.2 Recordings

Recordings of the soundscape were made using autonomous
underwater recorders at a sampling rate of 48 kHz. Recordings
from 2017, 2018 and 2019 are herein referred to as “pre-
lockdown” and from July to September 2020 as “lockdown.”
Details of the recording effort and data used for each analysis is
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TABLE 1 Summary of recording effort and datasets used for each analysis.

Sampling rate RUDARmk-2
48 kHz
Year 2017

Recording schedule  Continuously in segments

of 30 min

Hours analyzed 12 am. to 11 p.m.

2018

Continuously in segments of 30 min
from 12 am. to 11 p.m.

12 am. to 11 p.m.

Soundtrap 300SD
48 kHz

2019

Continuously in segments of

5-30 min from 9 am. to 2 p.m.

9 am. to 2 p.m.

10.3389/frsen.2022.934608

2020

10 min per hour from 12 a.m. to
11 p.m.

8 am. to 3 p.m.

Deployment dates September January 27-30 February 1-6, 28 June  June 3-12 July 9-14 September 18-30 October
13-18 November 8-13 1-7 1-31 November 1-30

RMS calculations 5 days June 5 days July

Dolphin and Boat September November June June July, September, November

detection

Whistle acoustic September November All June All

structure

Contours for All June All

ARTwarp

shown in Table 1. In 2017, 2018, 2019, and 2020 autonomous
recorders were bottom mounted by attaching the recorder on a
pole 1.5 m above the seafloor and anchoring it with a concrete
block (approx. 30 kg) at 12 m depth. The site of deployment was
located at 9.230°N/-82.246°'W (green dot in Figure 1) and it was
surrounded by various types of substrates, including a muddy
area, seagrass, and a few patches of coral reef (Perez-Ortega et al.,
2021). This location is also the area where most of the dolphin-
boat interactions occur within the bay (May-Collado pers. obs.
2022). Recordings from 2017 to 2018 were made using the model
RUDAR-mk (sampling rate up to 96 kHz -169 dB re:1V/uPa)
from Cetacean Research Technology (www.cetaceanresearch.
com) and from 2019 to 2020 with a SoundTrap 300 STD
(frequency range 20 Hz-150 kHz +3 dB; self-noise of less than
sea-state in the bandwidth 100 Hz-20 kHz, and sensitivity
of =203 dB re V/uPa) from Ocean Instruments (http://www.
oceaninstruments.co.nz/).

2.3 Ambient noise levels

To calculate broadband ambient noise levels at Dolphin Bay,
we used the recordings obtained with the calibrated SoundTrap
300 STD recorder in 2019 (pre-lockdown) and 2020 (lockdown)
(Table 1). Broadband ambient noise levels were calculated as the
average root-mean-square (RMSyp) by taking the first minute of
every hour between 9 am. to 12 p.m., when we expected the
highest presence of dolphin-watching boats. RMS calculations
covered a range of frequencies from 100 to 40 kHz and were done
using the acoustic analysis software dBWav from Marshall-Day
Acoustics  (https://www.marshallday.com). RMS calculations
were weighted using NOAA criteria to represent the hearing
range of dolphins (NMFS, 2018).
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2.4 Dolphin and boat presence

To determine if dolphin and boat detection acoustic rate
changed between pre-lockdown (2017-2019) and lockdown
(Sprogis et al., 2020) a 10-min sample was manually taken per
hour and uploaded to the online platform RFCx ARBIMON
(arbimon.rfcx.org). ARBIMON only accepts 1-min long files.
Therefore, we uploaded the 10 continuous minutes in separate 1-
min files. Using the spectrogram in the Visualizer tool, a
spectrogram was created using a Hann window -w parameter,
256 frequency bins -y parameter, 172-time bins per second -x
parameter, and 105 dB dynamic range -z parameter. Each 10-
min sample was manually annotated in a separate excel file with
1 for the presence of dolphins when at least one of four types of
sounds was present: echolocation clicks, buzzes, calls, and
whistles; and for boats when broadband noise was present in
any point within the 10-min period. A 0 was assigned when
dolphins or boats were not detected. It is important to note that
there are no other cetacean species inhabiting Dolphin Bay,
therefore, we are confident these sounds are coming from
bottlenose dolphins only. The presence-absence data matrix
was then used to determine the proportion of recordings
containing boat and dolphin detections for each hour for pre-
lockdown and lockdown.

2.5 Whistle acoustic structure

Tables 1, 2, show the recordings used to search for dolphin
whistles and extract contours for frequency and time
measurements. To locate whistles, recording files were opened
in RAVEN PRO 1.5 build 37 (Center for Conservation
Bioacoustics, 2014) and a spectrogram was generated with a

frontiersin.org
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TABLE 2 Recording and analysis effort during pre-lockdown and lockdown periods in Dolphin Bay, Bocas del Toro, Panama (S, signature whistles, NS,

non-signature whistles).

Years Included Total Hours
Recorded
Pre-lockdown 2018, 2019 1,440, 16
Lockdown 2020 374
Total 1,830

fast Fourier transform (FFT) size of 1,024 points, an overlap of
50%, and a 1,024-sample Hann window. Once dolphin whistles
were found, we proceeded to manually select whistles for
extraction of acoustic characteristics. The selection process
was based on the following rules 1) a clear and visible
contour from start to end, with a signal-to-noise ratio (SNR)
above 6 dB (estimated using the RAVEN SNR protocol); and 2)
whistles with different contour modulations were selected using
Barzta-Durdn and Au (2002) categorization (constant, upsweep,
down sweep, sine, concave, and convex) to maximize
representation of the whistle repertoire. Overlapping whistles
were selected only if distinguishable from one another. For each
whistle, the following acoustic values were extracted: minimum
frequency (Hz) (the lowest frequency portion of the selection),
maximum frequency (Hz) (the highest frequency portion of the
selection), frequency range frequency (Hz) (the difference
between maximum and minimum frequency), duration (s)
(the difference between begin and end time of the selection),
and peak frequency (Hz) (frequency in the contour with greatest
energy). To better understand frequency modulation patterns, we
also extracted the number of inflection points along the peak
frequency contour (PFC Num Inf Pts) (Std;nescu et al., 2018).
The selection process yielded a total of 1.446 whistles, with 52%
from pre-lockdown and 48% from lockdown recordings. It is
important to highlight that for this section, whistles were not

classified according to their function as described in Section 2.6.

2.6 Whistle contours and repertoire

To extract the contours from the fundamental frequency, we
used a MATLAB routine called BELUGA (https:/synergy.st-
andrews.ac.uk/soundanalysis/) using the following settings: a FFT
of 4,096 points, frame length of 512, 87.5% overlap between frames,
and a Hamming window. For this part of the analysis, we used a
higher SNR threshold (above 8 dB), reducing sample size from the
1,446 whistles identified to 524 high quality contours (Table 1).
Whistles from 2019 did not have sufficient contour quality for
extraction. Selected whistles were classified into signature and
non-signature in two ways: 1) using the Signature Identification
(SIGID) method by (Janik and Sayigh. 2013). Whistles with more
than four repetitions within a 10's period of highly similar whistle
contours were considered signature whistles; and 2) using ARTwarp
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Total Hours

05

No. of No. of

Analyzed Whistles Analyzed Contours Extracted
1,440, 16 786, 24 139 (S = 120, NS = 19)
374 636 385 (S = 360, NS = 25)
1,830 1,446 524

grouping as described below. Two independent observers reviewed
the original recordings from which the 524 whistles were extracted to
determine if they were signature or non-signature whistles.

Files were analyzed using ARTwarp (Adaptive Resonance
Theory neural network and dynamic time-warping), a whistle
categorization software implemented in MATLAB (Clark et al,
2006). ARTwarp uses an unsupervised adaptive resonance theory
neural network combined with dynamic time-warping to group the
contours into distinct categories. Mammals and birds are more
sensitive to changes in the frequency domain than in duration
(Dooling, 1982). This means that changes in duration do not
affect how these animals perceived acoustic signals. The dynamic
time-warping algorithm in ARTwarp allows for contours to be
shortened or lengthened to maximize overlap in the frequency
domain during each pairwise comparison (Deecke & Janik, 2006).
Whistle contours are compared to a set of reference whistle contours
using a critical value or ‘vigilance’. If the contour similarity meets the
vigilance value, the observed signal is assigned to a reference category,
and if it is below the vigilance value, a new reference category is
created (Deecke and Janick, 2006). We used a vigilance value of 96%,
which has previously been demonstrated to reliably identify signature
whistles in bottlenose dolphins (Deecke and Janik, 2006). The
analysis was performed for the entire data set and by type of
whistle (signature and non-signature) including both periods to
examine repertoire overlap. After categorization analysis, if non-
signature whistles and signature whistles were assigned to the same
category, the original recordings were inspected to verify whistle type.
Sometimes, a high-quality signature whistle was produced, with
subsequent repetitions that varied due to poor signal-to-noise
ratio, resulting in misclassification of signature whistles as non-
signatures. Once observers agreed to and were confident of the
visual and automated categorization, we proceeded with the final
analysis.

3 Statistical analysis
3.1 Characterization of the soundscape

A matched pair Wilcoxon Signed Rank test was used with a
2 tailed sample test (S) to compare RMS and the mean proportion

of dolphin and boat detections per hour between pre-lockdown
and lockdown periods.

frontiersin.org


https://synergy.st-andrews.ac.uk/soundanalysis/
https://synergy.st-andrews.ac.uk/soundanalysis/
https://www.frontiersin.org/journals/remote-sensing
https://www.frontiersin.org
https://doi.org/10.3389/frsen.2022.934608

Gagne et al.

3.2 Characterization of dolphin whistle
acoustic structure

Dolphin whistle frequency and duration variables were not
normally  distributed even after Box-Cox transformation
(Shapiro-Wilk Test p < 0.05) (Shapiro and Wilk, 1965). In SPSS
version 28, we used a Mann-Whitney U test (Mann & Whitney,
1947) to test for differences in whistle frequency, duration, and
modulation (PFC Num Inf Pts) between recordings made during
pre-lockdown and lockdown. We used a p < 0.05 as the threshold
statistical significance for these analyses.

A Random Forest Analysis (RFA) was used to identify the
acoustic variables that contributed most to the classification of
whistles into pre-lockdown and lockdown periods. This analysis
was fit using the randomForest package in R v. 413 (Liaw &
Wiener, 2002). The approach requires bootstrapped samples of a
training data set to create multiple decision trees with the final
classification based on a majority vote of the ensemble (Breiman,
1996). A random subsample was taken of the larger dataset (the pre-
lockdown period) to match the sample size of the lockdown period to
prevent bias in the model. Our dataset was split using the out-of-bag
procedure in randomForest, where two-thirds of data is designated as
training and one-third as test segments. The model was fine-tuned by
determining the optimal number of predictor variables considered at
each split, as well as the number of trees using repeated k-fold cross-
validation, with the optimal value determined as the model with the
largest area under the receiver operating characteristic (ROC) curve.
An analysis of Pearson’s correlation coefficients revealed high linear
correlation between delta frequency and high frequency (p = 0.94).
Because previous studies have shown the inclusion of highly correlated
variables impacts variable importance weightings in the model
(Gregorutti et al, 2017; Barkley et al., 2019), we removed variables
from the RFA if the Pearson’s correlation coefficient exceeded +0.8 as
recommended by Barkley et al. (2019). We used the Cohen’s Kappa
statistic (Landis & Koch 1977) to evaluate the model performance
(Cohen, 1960) which measures the strength of agreement as follows;
0.01-020  slight, 0.21-040 fair, 041-0.60 moderate,
0.61-0.80 substantial, and 0.81-100 nearly perfect. Finally, to
determine overall variable importance, we used the mean decrease
in accuracy, which measures the extent to which including each
variable improves the accuracy of the forest in classification, as well as
the mean decrease in Gini, which reflects the average decrease in node
impurity (based on Gini Impurity) for each variable.

3.3 Comparison of dolphin whistle
repertoires

To determine changes in whistle repertoire diversity between
pre-lockdown and lockdown periods, we used the R package
iNEXT (Hsieh et al., 2016). To compare whistle repertoire
between periods, based our

we analysis

completeness instead of sample size and linking with diversity.

on sample
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Sample completeness was analyzed by integrating rarefaction and
extrapolation (R/E) curves (Chao et al., 2014) of Hill numbers
(Hill, 1973), which represent the effective number of species or
‘species equivalents,” in this case, ARTwarp-generated categories
of whistles (Hsieh et al., 2016). A common solution to avoid
effects of sample size on diversity estimates is to down-sample the
larger sample to reach equal sample size. This down-sampling
might not give a fair comparison in communities with differing
number of species (in our case, whistle categories) since the
difference observed depends on sample size (Chao & Jost, 2012).
For this reason, we opted to use sample coverage (equal
completeness) to compare the diversity measures of each
period. Coverage-based diversity estimates were made using
the framework outlined by Chao et al. (2020). In smaller
samples, diversity can be inferred from standardized coverage,
which can then serve as a fair comparison for diversity estimates.
This inference is made up to a maximum, known as C,,x, which
reflects the minimum coverage obtained from an extrapolation of
double the reference sample (Chao et al., 2020). In this study, the
maximum sample coverage for the full repertoire was determined
to be at 82.5%. This yielded a repertoire size of 277 extrapolated
pre-lockdown samples and 247 interpolated lockdown samples
for analysis. These sample sizes were then used to estimate
repertoire richness and diversity using Hill numbers (Hsich
et al, 2016), and the process was repeated for the signature
and non-signature whistle repertoires. Hill number q =
0 estimates species richness and is particularly sensitive to
rare species, Hill number q = 1 is the exponential of Shannon
entropy, which equally weights rare and common species, and
q = 2 is the inverse of the Simpson concentration index, which
describes the expected number of dominant species in an
assemblage (Hill, 1973). For purposes of this study, we view
distinct whistle categories as the “species” in our populations.
Because under-sampling data can result in unique categories
across identical populations by chance alone, we used a
permutation test with 1,000 permutations to estimate the
expected number of unique whistle categories (full and
signature whistle repertoires) from random sampling of a
completely shared repertoire. To measure compositional
similarity for both richness and diversity, we calculated four
community similarity indices using the SpadeR package in R v.
4.1.3 (Chao et al., 2016). Indices were chosen based on
representation of each Hill number. The Sorenson and Jaccard
indices are derived from Hill number q = 0, and thus are more
sensitive to rare categories as they do not account for category
abundances (Jost, 2007). The Horn index is derived from Hill
number q = 1 and weights both rare and common categories
equally. Morisita-Horn index is derived from Hill number q =
2 and is sensitive to common categories (Jost, 2007). Because
ambient noise likely impacted the sample size of whistles
representing the repertoire of this dolphin population, we
incorporated indices that account for both rare and common
whistle categories. All statistical analyses were carried out in R
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pre-lockdown and lockdown. Box plots display medians, first and third quartiles, as well as standard error.

v.4.1.2 (Rey-Baquero et al, 2021) and RStudio v.2021.09.0
(RStudio 2021).
correspondence analysis were performed in JMP Pro 15.0
(SAS, 2019)
(concave, convex, constant, sine, upsweep, and downsweep)

Team, Finally, a contingency and

to determine if broad contour -categories

were associated with period.

4 Results
4.1 Dolphin bay's soundscape

The soundscape of Dolphin Bay differed between pre-
lockdown and lockdown periods. Ambient sound levels (RMS)
were significantly lower during lockdown (S = 7.24, df = 26, p <
0.0001, Figure 2) than in pre-lockdown. The proportion of
dolphin sounds detected was higher during lockdowns than in
pre-lockdown (S = -15.252, df = 23, p < 0.0001, Figure 2) but the
proportion of recordings with boat sound detections did not
differ between the periods (p > 0.05).

4.2 Dolphin whistle acoustic structure

Dolphins in Dolphin Bay during lockdown produced, on
average, whistles with higher minimum and maximum
frequencies relative to pre-lockdown, (LF: W = 174,280, df =
1, p-value < 0.0001; HE: W = 224,351, df = 1, p-value < 0.0001;
PF: W = 233,420, df = 1, p-value < 0.0001, Figure 3) and with
lower modulation (PFC Num Inf Pts: W = 347,840, df = 1,
p-value < 0.0001 Figure 3) (Supplementary Table S2). Mean
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frequency range (kHz) and duration (s) did not differ between
periods (p > 0.05). Descriptive statistics of dolphin whistle
contour frequency and duration by period are provided in
Supplementary Table S1.

The RFA classified whistles between periods with an accuracy
rate of 92.4% with a kappa statistic of 0.85 (p < 0.0001) indicating
near-perfect agreement within the model (Supplementary Table
S2). The two whistle variables that contributed the most to the
classification model were modulation (PFC number of inflections
points) and duration (Table 3). The partial dependence plots
suggest that during the lockdown, dolphins produced whistles
that were longer and with less inflection points along the
frequency contour than in pre-lockdown (Supplementary
Figure S1). Because the RFA results on whistle duration
contrast those described above, we ran two additional RFAs
including only duration and modulation, respectively. These
yielded a much lower classification accuracy (55.2%) and
kappa statistic (0.1048, p = 0.02) for whistle duration than for
whistle modulation (77.4%, kappa = 0.55, p < 0.0001). This
suggests that the relationship between duration and other whistle
characteristics may play an important role in distinguishing
whistles from each period (as in the multi-predictor RFA),
despite being relatively similar across periods when considered
alone.

4.3 Whistle repertoire diversity
Table 4 shows the results of the richness and diversity

analysis for the full, signature, and the non-signature
whistle repertoires at 82.5%, 90.4%, and 21.5% sample
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TABLE 3 Variable importance measures from Random Forest Analysis, in descending order. Mean decrease in accuracy measures and mean decrease

in Gini effectively describe variable importance.

Variable

PFC Number of Inflection Points 305.8
Duration (s) 128.5
High Frequency (Hz) 81.8
Low Frequency (Hz) 63.3
Peak Frequency (Hz) 334

coverage (C,,,x), respectively. The number of whistles that
were re-classified as “signature whistles” following re-
examination were 46 for pre-lockdown and 79 for
lockdown. As a result, the sample size for the non-
signature whistle repertoire was too small for comparison
(n = 44). We then focus on of the full and signature whistle
repertoires (Table 2). The full and the signature whistle
repertoires were richer and more diverse during lockdown
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Mean
decrease in accuracy

08

Mean
decrease in gini

219.1
78.5
52.4
48.9
29.7

(relative to pre-lockdown), as indicated by the lack of
overlap in the 95% confidence intervals (Figure 4). The
permutation test showed that the proportion of whistle
types for each repertoire unique to either period was
than expected by (full
mean ermuted 63.2%, whistle
meaNpermuted = 06.9%). This result aligns with estimates

chance repertoire

higher

signature repertoire

for four compositional similarity indices shown in Table 5.
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TABLE 4 Asymptotic diversity estimates and estimates at 82.5%, 90.4%, and 21.5% sample coverage for the full repertoire, only signature whistles, and
only non-signature whistles, respectively. Values represent effective number of whistles. (q = 0 estimates species richness, q = 1 is the exponential

of Shannon entropy, q = 2 is the inverse of the Simpson concentration index).

Full repertoire

Repertoire size: total asymptotic estimate

Repertoire size at 82.5% coverage (Cayx)

q=0 q=1 q=2 q=0 q=1 q=2
Pre-Lockdown 147.9 48.0 14.7 85.6 36.8 14.0
Lockdown 171.0 84.2 512 87.5 59.4 426
Signature Whistle Repertoire
Repertoire size: total asymptotic estimate Repertoire size at 90.4% coverage (Cpnax)
q=0 q=1 q=2 q=0 q=1 q=2
Pre-Lockdown 74.3 303 13.9 56.2 26.0 13.2
Lockdown 142.6 69.5 425 97.6 57.6 38.7
Non-signature Whistle Repertoire
Repertoire size: total asymptotic estimate Repertoire size at 21.5% coverage (Cpnax)
q=0 q=1 q=2 q=0 q=1 q=2
Pre-Lockdown 154.9 156.9 17.2 339 33.0 31.2
Lockdown 61.0 56.9 50.0 10.8 10.4 9.8
A Method === interpolated = * extrapolated Guides E] Lockdown g Pre-Lockdown |
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FIGURE 4

Coverage-based rarefaction/extrapolation curve of whistle diversity for each Hill number determined for the full (A) and signature whistle (B).

The curve represents both interpolated (solid) and extrapolated (dashed) estimates with a confidence interval of 95%.
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TABLE 5 Estimated similarity indices for comparing classic richness-based similarity and whistle relative abundances.

Measure

Full whistle repertoire

estimate * s.e.

C02 (q = 0, Sorensen) 0.29 + 0.10
U02 (q = 0, Jaccard) 0.17 + 0.06
C1U12 (q = 1, Horn) 0.56 + 0.16
CU22 (q = 2, Morisita-Horn) 0.12 + 0.03

Finally, we found that whistle contour type was
significantly associated with the period (x’= 76.62, df = 5,
p < 0.005). Whistles with sine and constant contours were
primarily produced in pre-lockdown while a diversity of
broad whistle types
lockdown (Supplementary Figure S2).

contour were

produced during

5 Discussion

Comparisons between the pre-lockdown and COVID-19
lockdown periods at Dolphin Bay revealed significant changes
in the soundscape, dolphin acoustic detectability, and in dolphin
whistle repertoires. These changes highlight the impact that
unregulated tour boat activity can have on dolphin habitat
and communication.

5.1 Differences in soundscapes and
dolphin acoustic presence

As predicted, the shift in boat traffic within Dolphin Bay
from primarily tour boats to transport boats resulted in a
quieter and likely more favorable acoustic habitat for dolphins
(given reduced signal masking). In the pre-lockdown period,
tour boats congregate inside the bay, where they follow
dolphins at close distances (<50 m) and for long periods
(36-87 min) (Sitar et al., 2016; Kassamali-Fox et al., 2020).
Maneuvering around the animals involves frequent changes in
boat speed (May-Collado and Wartzok 2008; Cranford and
Krysl, 2015), an additional contributor to noise which has
been shown to impact other dolphin species (Trevorrow et al.,
2008; Houghton et al., 2015). Boats are the main mode of
transport within the archipelago, and during the pandemic,
boat mobilization was allowed to transport people and
supplies between islands. This explains the similarity in
proportion of boat detections between periods and show
how differently transport and tour boat activities noise
levels contribute to the soundscape.

During the lockdown, we observed a twofold increase in
dolphin acoustic detections in the bay which is likely the result
of a combination of factors. These include: 1) a less ‘stressful’
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Signature whistle repertoire
estimate * s.e.

0.46 + 0.17
0.30 £ 0.19
0.56 + 0.15
0.13 + 0.03

habitat attracting more dolphins. Alternatively, dolphins
might just prefer areas with less signal masking. Areas with
masking might be stressful but also might just be less
preferred, without inducing a significant stress response; 2)
an increase in communication range due to lower ambient
noise levels resulting in increased detectability from our
and 3)
communication, with dolphins emitting more whistles.

hydrophones, an increase in  acoustic
Support for an increased communication range was found
in Hauraki Gulf in New Zealand during COVID-19
lockdowns. The study found that ambient noise levels
dropped nearly threefold, resulting in an increased in
dolphin and fish communication ranges to up to 65% (Pine

et al., 2021).

5.2 Differences in whistle frequency
modulation and duration

We also observed differences in the whistles that dolphins
used during the lockdown, compared to the pre-lockdown
period. Random Forest Analysis identified the number of
the that
contributed the most to the classification of whistles by

inflection points and duration as variables
period. During the lockdown, the number of inflection points
along the frequency contour (PFC Num Inf Pts) dropped
fourfold. It is important to highlight that this variable is
sensitive to background ambient noise levels, and spikes in
the
Throughout our selection of whistles, we tried to minimize
this effect by selecting only whistles with high SNR, but it is
possible that at least some of the variation in this variable could

contour can occur when overlapping with noise.

be a product of noise. However, we did find the most modulated
whistles, sines, were more commonly detected during pre-
lockdown than in lockdown (Supplementary Figure S2). This
result is also supported by the whistle repertoire analysis (see
Section 5.3). Changes in whistle modulation, could indicate a
change in dolphin behavioral activities and levels of alertness
during the lockdown (Caldwell et al., 1990; Janik et al., 1994;
Sayigh et al., 1995; Esch et al, 2009; Corrias et al.,, 2021).
Kassamali-Fox et al. (2019) found that dolphins in Dolphin
Bay are less likely to stay socializing and foraging in the
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presence of tour boats, and tend to increase avoidance behaviors
(i.e., traveling) as an effect of tour boat presence. Without
interference from tour boats, dolphins could have an
opportunity to invest more time in social and foraging
activities, which could lead to changes in whistle contour. In
addition, it is important to highlight that while overall noise
levels were reduced, transport boats were still present. A
simplification of whistle contours would allow these dolphins
to minimize masking from passing transport boats, as simpler
whistles propagate better in noisy environments (Lesage et al.,
1999; Fouda et al., 2018). This is supported by our previous work
in the archipelago, where we have documented dolphin
producing simpler whistle contours in areas where transport
boats are more common than tour boats (Perez-Ortega et al.,
2021).

Whistle duration was the second-most important factor
when classifying whistles by period. Classification studies of
dolphin species have found whistle duration as an important
contributor to the classification model (Hernandez et al., 2010).
We found that shorter whistles were more likely to be classified to
pre-lockdown than to the lockdown period. In two previous
studies, dolphins in Dolphin Bay were reported to whistle on
average 30 ms longer in the presence of tour boat than when
found in areas dominated by transport boats (0.96 + 0.71 vs
0.63 + 0.55 in Perez-Ortega et al., 2021) and when only the
research boat was present (1.12 + 0.58 vs. 0.88 + 0.58 in May-
Collado and Wartzok, 2008). Previous studies have associated
whistle duration with context and group size (Janik et al., 1994;
Wang et al., 1995; Morisaka et al., 2005b). For example, in
Croatia and Sardinia bottlenose dolphins increased whistle
duration with increasing group size regardless of boat traffic
(La Manna et al., 2020). Unfortunately, we do not have data on
the number of dolphins present at Dolphin Bay during the
lockdown. Therefore, we are unable to determine if the
increase in whistle duration during lockdown is the result of
larger group sizes (but see Section 5.3).

5.3 Differences in whistle repertoire

Overall, we found that differences in whistle repertoires between
periods were driven by dolphin signature whistle diversity during the
lockdown. Signature whistles broadcast an individual identity
(Caldwell et al, 1990) and are used to mediate dolphin group
formation and activity patterns (Wang et al., 1995; Azevedo and Van
Sluys, 2005; Hawkins, 2010). A more diverse signature whistle
repertoire during the lockdown could suggest an increase in
dolphin presence. Because Dolphin Bay is a critical habitat for
dolphins (May-Collado et al., 2017; Kassamali-Fox et al., 2020), it is
possible that in the absence of tour boats, more groups were present
resulting in a richer repertoire (Melos-Santos et al, 2019). In
addition, the permutation test and similarity indices revealed that
different signature whistles were detected during the lockdown,
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suggesting the possible presence of “new” dolphins within the bay.
The archipelago of Bocas del Toro’s dolphin population is estimated
to be around 100-150 that vary in their level of residency. Of these
48 dolphins are regularly seen inside Dolphin Bay (May-Collado
et al., 2018). The presence of distinct signature whistles during the
lockdown could be due to dolphins from other parts of the
archipelago entering the bay, new calves, or a combination of
both. These results further highlight the importance of
distinguishing between non-signature and signature whistles
when comparing dolphin whistle repertoires. Signature whistles
often contain segments that are repeated, and the number of
repeats can vary between bouts due to context (Janik et al,
1994), and ARTwarp might classify them into separate whistle
categories, significantly impacting the estimates of repertoire size
and diversity. Although we selected whistles with high SNR and used
estimation techniques that control for differences in sample size, it is
still possible that we underestimated the repertoire size during the
pre-lockdown.

6 Conclusion

The shift in boat activity within Dolphin Bay during the COVID-
19 lockdown allowed us to study what happens when tour boats are
eliminated from dolphin habitats. Our results reveal a clear change in
ambient noise levels, as well as in proportion of dolphin detections,
and their whistle acoustic structure and diversity during the
lockdown. As lockdown restrictions are lifted, tour boat presence
is expected to grow in Dolphin Bay. In addition, the only airport in
the archipelago is being expanded to accommodate more flights, and
this development will inevitably result in a higher demand for tour
boat activities. The lack of resources to enforce whale-watching
regulation and the prospect of an even higher presence of tour
boats at Dolphin Bay paint a difficult scenario for this small
bottlenose dolphin population. This study shows the substantial
impacts of unregulated boat-based whale watching activities on
habitats
consideration for mitigation efforts and government investment in

dolphin  acoustic and behavior, an important

the enforcement of whale-watching regulations.
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