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Pre-spill and post-spill passive acoustic data collected by multiple fixed
acoustic sensors monitoring about 2400 km? area to the west of the
Deepwater Horizon oil spill in the northern Gulf of Mexico (GoM) were
analyzed to understand long term local density trends and habitat use by
different species of beaked whales. The data were collected in the Mississippi
Valley/Canyon area between 2007 and 2017. A multistage algorithm based on
unsupervised machine learning was developed to detect and classify different
species of beaked whales and to derive species- and site-specific densities in
different years before and after the oil spill. The results suggest that beaked
whales continued to occupy and feed in these areas following the Deepwater
Horizon oil spill thus raising concerns about (1) potential long-term effects of
the spill on these species and (2) the habitat conditions after the spill. The
average estimated local density of Cuvier's beaked whales at the closest site,
about 16 km away from the spill location showed statistically significant
increase from July 2007 to September 2010, and then from September 2010
to 2015. This is the first acoustic study showing that Gervais' beaked whales are
predominantly present at the shallow site and that Cuvier's species dominate at
two deeper sites, supporting the habitat division (ecological niche) hypothesis.
The findings call for continuing high-spatial-resolution long-term observations
to fully characterize baseline beaked whale population and habitat use, to
understand the causes of regional migrations, and to monitor the long-term
impact of the spill.
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1 Introduction

Beaked whales are elusive deep-diving marine mammals.
They are known to be the most extreme divers among air-
breathing marine mammals, capable of diving down to depths of
3000 m and remaining underwater for over 2 hours during a
single dive (Tyack et al., 2006; Schorr et al., 2014). With their low
profile above water and with the majority of the day spent
diving, visual observations are challenging, with the likelihood of
sighting animals most favorable in sea states lower than 3 (Tyack
et al., 20065 Robbins et al, 2022). Thus, the species’ densities and
habitat use information are limited and difficult to obtain via
traditional visual transect surveys. Four species of beaked whales
have been identified visually and through strandings in the
northern Gulf of Mexico (GoM): Cuvier’s (Ziphius cavirostris)
and three species of Mesoplodon (Gervais, M. europaeus
Blainville’s, M. densirostris (Johnson et al., 2006); and
Sowerby’s, M. bidens (Wiirsig, 2017; NMES, 2021; NOAA,
2022). The GoM stock status is defined as unknown by
NOAA, with the best visual abundance estimates being 18 for
Cuvier’s beaked whales and 98 for the Mesoplodon species
combined. (NOAA, 2022). However, the most recent synthesis
of available transect survey data into the habitat-based cetacean
density model estimated the mean abundance of beaked whales
in the GoM as 2019 individuals with the associated coefficient of
variation (CV) of 0.16 and the model-predicted mean GoM
densities range from 0.5 to 6 individuals per 100 km?, with the
highest density near 1000 m isobaths (Roberts et al., 2016). Such
discrepancies in the published stock abundance estimates
indicate a need for systematic, high temporal- and spatial-
resolution data collection and the use of complementary
methodologies to provide higher accuracy estimates of the
beaked whale population in the GoM.

Due to unique echolocation foraging clicks produced by each
species of beaked whale, Passive Acoustic Monitoring (PAM)
techniques offer a robust and cost-efficient solution for studying
these stocks (Marques et al., 2009; Marques et al., 2013; Kiisel
et al., 2011; Hildebrand et al., 2015; Moretti et al., 2010). The first
acoustic recordings of the northern GoM beaked whale species
were made in July 2007 by the Littoral Acoustic Demonstration
Center-Gulf of Ecological Monitoring and Modeling (LADC-
GEMM) during a two-week visual-PAM survey in the
Mississippi Canyon/Valley area in the vicinity of the future
site of the Deepwater Horizon (DWH) oil spill (April 20, 2010 -
September 19, 2010). Both Cuvier’s and Mesoplodon’s species of
beaked whales were visually observed and later identified in
acoustic recordings. That was the only pre-spill acoustic baseline
dataset of the regional presence of beaked whale species. The
beaked whale habitat was largely impacted by DWH oil spill
(Love et al., 2015; McNutt et al., 2012; Takeshita et al., 2017).
Starting in 2010, acoustic monitoring projects were conducted in
the region and across the GoM. to understand the long-term
impact of the spill on regional populations of marine mammals
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(Ackleh et al., 2012; Hildebrand et al., 2015; Dyer et al.,, 2015;
Hildebrand et al.,, 2019; Sidorovskaia, 2019; Guilment et al.,
20205 Li et al,, 2021). Unlike other datasets providing coarse
spatial resolution observations across large regions of the GoM,
the LADC-GEMM data collection methodology focused on
habitat use on the regional scale (Mississippi Canyon (MC)
area). The locations were in the proximity of another long-term
acoustic survey (Hildebrand et al., 2015), but the Scripps system
was placed in shallower water and was recording in a single
location in the region (Figure 1), whereas the study discussed
here had three sites (referred for brevity as Northern, Southern,
and Western). The objective of this paper is to analyze acoustic
data collected by the LADC-GEMM consortium before and after
the spill, using acoustic activity as an indicator of changes in
habitat use and local density of beaked whales.

2 Materials and methods
2.1 Experiment and dataset collection

The LADC-GEMM consortium began collecting acoustic
data in 2001 in order to study potential anthropogenic impacts
on GoM marine mammals, with emphasis on sperm and beaked
whales and deepwater dolphin species. The results presented in
this paper are based on data collected near the DWH spill site, as
part of the overall data collection effort. The data used for this
study were collected in 2007, 2010, 2015 and 2017 at three sites,
henceforth referred to as Northern (N), Southern (S), and
Western (W) sites (Figure 1) that were about 16, 40 and
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FIGURE 1

EARS buoys deployment sites (Northern, Southern, and Western).
500, 1000, 2000 m isobaths are shown. The distance between the
Northern and Western sites is 55 km, the distance between the
Southern and Western sites is 35 km, and the distance between
the Northern and Southern sites is 27 km. The red star symbol
represents the DWH spill site (28°C44.65'N, 88°C21.10'W). Dark-
blue overlay represents the extent of imaged surface oil plume.
The blue star symbol represents the deployment site of the
SCRIPPS HARP system (Hildebrand et al., 2015).
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80 km away from the DWH spill site, respectively. As a
comparison, the location of a PAM unit deployed by the
Scripps HARP system (Hildebrand et al., 2015) is also shown
in Figure 1. The N and S sites are 1500 m deep and were
originally chosen in 2007 because of the high concentration of
beaked whales from the NOAA’s National Marine Fisheries
Service visual surveys (Waring et al, 2011). The W site is
1000 m deep and is densely populated by sperm whales
(Waring et al., 2011; Ackleh et al., 2012).

Each site had one or several bottom-anchored deepwater
PAM moorings. All short-term, approximately two-weeks in
duration (2007 and 2010), and long-term, over four-months in
duration (2015 and 2017), data were collected by the
Environmental Acoustic Recording System (EARS) buoys
which are bottom-anchored continuous autonomous recorders
sampling at 192 kHz (Ioup et al, 2016). Single or paired
hydrophones (1m apart) were positioned about 500 m above
the bottom at the N and S sites and 250 m above the bottom at
the W site. The hydrophone depths were chosen based on
propagation modeling results used to design the 2007 sensor
placement. The hydrophone depths were targeting the sperm
and beaked whale’s foraging depths to increase the probability of
detection of their directional echolocation clicks and to provide
sufficient temporal separation between direct and bottom
reflected signals for near-bottom sound sources. This allows
reflected arrivals to be excluded from counting in abundance
estimates (Sidorovskaia et al.,, 2004). The hydrophone depths
were kept the same across different deployments. Details of each
year and site deployment for the data used in this study are
presented in Table 1.

The hydrophones were calibrated at the manufacturing
facilities (Sensor Technologies LTD). The hydrophone
sensitivity was about -201 dB re 1V/uPa with a flat frequency

10.3389/fmars.2022.1014945

response curve across the frequency band of 200 Hz-70 kHz. The
gain was set to 39.5 dB. The analog-to-digital converter was 16-
bit with a full voltage range of 4V. The system calibration values
were used to convert digitized data to pressure (in microPascals,
uPa). The system was fitted with a high-pass filter with a corner
frequency of 200 Hz to reduce signal clipping and contamination
of the high-frequency spectrum due to very high industrial
activity in the area.

2.2 Density estimation of beaked whales

The local density estimates, based on the detection and
counting of acoustic cues at a fixed hydrophone, were
obtained following Marques et al., 2009:

nc(l_é)

D=—"" "
aw?P Tt

(1)

where 7, is the number of detected cues over a time period, T
, ¢ denotes the estimated proportion of false positive detections,
and w is the maximum cue detection range for a hydrophone.
P, is the estimated average probability of detecting a cue given
that the cue is produced within the detection radius, and 7 is the
estimated cue production rate (e.g., number of clicks per minute)
per individual beaked whale.

2.2.1 Number of detected and classified
beaked whale clicks

To detect and classify the acoustic signals of beaked whales,
we developed the multistage detection and classification
algorithm that was described in detail by Li et al., 2020. As the
first stage, a band-energy detector was used to compare energy
against baseline levels in the band of interest: low band (3-20

TABLE 1 Geographic locations of EARS buoy moorings and the start/deployment and end/retrieval dates.

Year/station Latitude Longitude Water depth Start date End date
2007 North 28°38.99’ 88° 31.56’ 1560 m July 6 July 16
2007 South 28°25.23’ 88°37.07’ 1465 m July 7 July 16
2010 North 28° 39.00° 88°31.53’ 1545 m Sept. 10 Sept. 24
2010 South 28°24.61 88° 34.26’ 1550 m Sept. 11 Sept. 23
2010 West 28° 23.06’ 88° 59.52’ 1000 m Sept. 12 Sept. 24
2015 North 28°39.07 88° 31.05 1570 m June 25 Oct. 26
2015 South 28°25.28’ 88° 37.11° 1500 m June 25 Oct. 26
2015 West 28°24.04 88° 59.69’ 1000 m June 25 Oct. 26
2017 North 28° 38.09’ 88°33.17 1500 m June 09 Oct. 10
2017 South 28°27.63’ 88° 36.16’ 1500 m June 10 Oct. 10
2017 West 28°23.84° 88° 59.23’ 1000 m June 10 Oct. 10
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kHz), medium band (25-55 kHz), and high band (60-90 kHz). A
potential beaked whale click was flagged when the energy was
above the background level by a user-specified threshold only in
the medium frequency band. The threshold was determined by
computing the mean and standard deviation of the sum of the
squared spectral amplitude for a given time series over 10-min
time intervals. A 10 standard deviation value above the 10-min
mean was chosen as the threshold in this study. The threshold
can change every 10-min depending on the acoustic background
variability. This approach allowed the initial discrimination of
beaked whale clicks from sperm whale calls (where energy would
be above the threshold only in the low band) and the majority of
dolphin clicks (where energy would be above the band-specific
thresholds in all three bands). The stated dynamic threshold was
chosen based on an experienced operator’s manual analysis to
exclude reflected clicks and prevent considerable overestimation
of the detected clicks. The second-stage detector performed a
sequential multi-attribute analysis of the spectra of the detection
events flagged at the first stage. The attribute sequence included
a peak frequency, bandwidth, click temporal duration, and
sweep slope intervals (Li et al., 2020). The reduced set of
detection events was then passed to the third stage detector
that performed unsupervised clustering (Li et al., 2020) to
classify the different species of beaked whales. The third stage
detector output provided the detections of beaked whale species.
Three different species of beaked whales were automatically
identified at all three sites: Cuvier’s, Gervais’, and BWG
(Beaked Whale of the Gulf, following the nomenclature
proposed by Hildebrand et al., 2015).

2.2.2 False-alarm estimation

All final species-specific detections were manually examined
through reviewing raw signal temporal and spectral signatures to
remove all false clicks and to correct misclassified beaked whale
species. Due to low rates of false positive detections and species
misclassifications after the described above three-step algorithm,
all false detections were removed. In the subsequent analysis, the
estimated proportion of false positive detections in Eq. (1) was
set to zero, ¢=0.

2.2.3 Probability of detection

The probability of detection was estimated by using the
methodology discussed in Kiisel et al., 2011, and the
terminology/notations aligned with the international standards
(ISO, 2017; Ainslie et al., 2022). The method consists of two
parts. The first part is to simulate the signal-to-noise power ratio
(Rsn ) of a received beaked whale click following the passive

sonar equation technique:
10log;9R,,(dB)=Ls~Lp; (6)~Np,~L, ,+ALpg , (2)

where Lg is the source level (SL, in dB re 1pPa2m2), Lpy is the
click directivity (loss which is corresponding to the off-axis
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attenuation of the source level at a given angle, 6, from the
animal’s acoustic axis), Np; is the propagation loss, Ly, , is the
sound pressure level of noise, and ALpg is the processing gain
(set to zero for simulations). Each parameter in Eq (2) was
characterized by a relevant statistical distribution from
previously published literature and was used in the Monte
Carlo algorithm. To estimate Rg,, the whale location and
orientation with respect to a receiver is also simulated
following Kiisel et al., 2011.

The source levels, Lg, of 225 dBre 1 },LPazm2 and 220 dBre 1
uPa’m? for Cuvier’s and Gervais’ beaked whales (Hildebrand
et al,, 2015), respectively, were used. The off-axis attenuation of
source level/click directionality (source level direction
dependence) was taken into account by using the flat circular
piston model (Au, 1993; Zimmer et al., 2005; Au and Hastings,
2008; Guilment et al., 2020):

s(6.9) = 25,1 ®)
oo 2nfasin(0) 7 @)

c

where S represents the angular-dependent power spectral
density of the source, Sy is the reference spectral density, J; is the
Bessel function of the first kind, fis the given frequency, a is the
model piston radius, 6 is the angle between the source acoustic
axis (corresponding to the maximum emitted level direction)
and the direction towards a receiver, and c is the reference mean
sound speed in the regional waters. The reference sound speed of
1500 m/s was chosen to be used in the piston model.

The piston model was used to calculate the broadband beam
pattern, which could be estimated by integrating S(6, f) with
respect to the frequency. The broadband beam pattern was given
by (Zimmer et al., 2005):

|_s.nwpar
[ wiar

B(®) = ; (5)

where W(f) was the Gaussian weighting function. It was

el ())

where f, and b were the center frequency and rms

given by:

(6)

bandwidth, respectively.
Then, the off-axis attenuation of source level was finally
given by (Zimmer et al., 2005):

Lp;=10logB(0), , (7)

Figure 2 shows the attenuation of the source level as a
function of off-axis angle for Cuvier’s and Gervais’ beaked
whales. Note that the source level at off-axis angles greater
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than 90° (6€[90°,180°] ) is set to the minimum value (at 6=90°)
when a whale is echolocating away from the hydrophone.
(Zimmer et al., 2008).

Table 2 summarizes the parameters used in this study for the
beaked whale directivity loss calculations.

The propagation loss was modeled by taking into account
spherical spreading and absorption loss (Urick, 1983):

Np(r) =201og(r) (8)

o ——,
1000

where r was the distance between a hypothetical source
(whale) placement and a receiver and oy was the frequency-
dependent absorption coefficient expressed in dB/km. The
values of 10.05 dB/km (corresponding to a frequency of 40.2
kHz) and 11.30 dB/km (corresponding to a frequency of 43.8
kHz) were chosen for Cuvier’s and Gervais’ beaked whales for
the propagation loss calculation (Hildebrand et al., 2015).

The ambient noise levels were estimated by calculating the
ambient noise power spectral density (PSD) of the data over the
frequency band between 25 and 55 kHz within a representative
8-min period on each hydrophone for each survey year. The 8-
min period was chosen to be the same as the period with
manually annotated clicks. The ambient noise power was
measured by computing the power spectral density for each
signal segment between consecutive clicks (considered to be only
noise) individually, and then the average of ambient noise level
was given by calculating the mean of these segments. The
ambient noise level, L, ,, was given by:

fy
L,, = Iolog(/ PSDdf),
fy

where f; (=25 kHz) and f;, (=55kHz) were lower and upper
frequency, respectively, PSD represents the power spectral

&)
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FIGURE 2

Attenuation of source levels as a function of off-axis angle for
Cuvier's and Gervais’ beaked whales, estimated by using a piston
model with radius of 16 cm.
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density of the ambient noise when no clicks are
present (annotated).

Once the parameters in the sonar equation were introduced,
they were fed into the Monte Carlo Model (MCM), which samples
parameter distribution space, including an animal’s position and
orientation, and simulates a click. For example, whale’s position in a
horizontal plane was simulated by using a uniform distribution
within a radius of 10 km under the assumption that whales are
randomly distributed in the horizontal plane around a deep
hydrophone (Kiisel et al, 2011). A click produced larger than
10 km from the hydrophone was assumed to be undetectable. In
this study, 100,000 clicks were randomly simulated using
hypothetical whale placement within a radius of 10 km and
acoustic axis orientation. 500 iterations of the simulations were
conducted to incorporate the parameter uncertainty into MCM.
The depth positions were divided into three dive phases. The ascent,
descent and foraging phases with click proportion, mean depth and
pitch distribution used in the simulation are presented in Table 3.

The distribution of pitch angle of a whale was modelled by a
beta distribution for the descending and ascending phases, and
pitch angle for the foraging phase was modelled by a Gaussian
distribution with mean of 0° and standard deviation of 5°
(Hildebrand et al., 2015) from the horizontal plane to allow a
whale echolocating in a horizontal direction to be oriented up or
down with a small angle.

For each hydrophone location, the representative 8-min data
samples having Cuvier’s and Gervais’ beaked whale clicks for
each survey year were randomly selected based on the detection
datasets to characterize the detector performance at different
SNRs (between 0 and 25 dB). A total of 22 8-min data samples
were analyzed for the selected datasets. An analyst marked each
whale click in the 8-min segment based on the manual analysis
of the short-term spectrograms as ground truth. Each MCM
generated click with a known range to a receiver was assigned
the probability of detection based on the detector performance
curve (Kiisel et al., 2011). Due to the correlation of the detection
range and the SNR distribution, the probability of detection as a
function of range was obtained by converting the probability of
detection versus SNR into the probability of detection versus the
range (Kiisel et al., 2011). The estimated probability-of-detection
curves vs range for beaked whales are presented in the results
section. The average probability of detection was then obtained
by integrating the product of probability-of-detection function
and the distribution of horizontal object distances, h(y) , which
was given by h(y)=2y/w” (where y referred to the horizontal
distance, ye[1, w] , Marques et al., 2009).

2.2.4 Click production rate

The click production rate, which gives the average number of
clicks produced per unit time per beaked whale, is a key
parameter for the density estimation from passive acoustic
data. Several studies have proposed methods to estimate the
inter-click interval (ICI) of Cuvier’s beaked whales and Gervais’
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TABLE 2 Parameters for directivity model.

Parameters

Piston radius a

Sound velocity ¢

Normalized reference source level P,

Frequency range

Peak frequency

RMS bandwidth

10.3389/fmars.2022.1014945

Values References
16 cm Kiisel et al., 2011
1500 m/s
0dBrelyPaatlm
25-55 kHz Li et al., 2020

40.2 kHz for Cuvier’s

Hildebrand et al., 2015
43.8 kHz for Gervais rachrand eta

6.9 kHz Kiisel et al., 2011;

Johnson et al., 2006

TABLE 3 Parameters to generate animal locations and orientations for the Monte Carlo simulation.

Dive Click proportion

phase (in %)

Mean Depth (in meter + std)

Pitch distribution References

Descent 20 Gaussian  distribution  with Beta between —90° and 0° with a = 2, Kiisel et al., 2011
mean = 750 m + 50 m b=5

Foraging 72 Gaussian distribution with mean= Gaussian distribution with mean = 0° Kiisel et al., 2011; Hildebrand
1100* £ 50 m +5 et al., 2015

Ascent 8 Gaussian ~ distribution  with Beta between 60° and 90° with a = Kiisel et al., 2011

mean = 950* m + 50 m

* Foraging mean depth = 50-100 m above the sea floor and ascent mean depth = 850 m (Johnston et al., 2004) used for the W site.

3.5,b=09

beaked whales (Baumann-Pickering et al., 2013; Frantzis et al.,
2002; Hildebrand et al., 2015; Warren et al., 2017). An intuitive
estimation for the number of cues produced by an individual per
unit time can be roughly calculated by simply taking the inverse
of the mean ICI. However, the echolocation clicks detectable are
only produced during the deep part of a dive (>500m) and are
interspersed with occasional buzzes and short pauses (Zimmer
et al,, 2005; Tyack et al., 2006). Thus, using the inverse of the
mean ICIs as an estimate of the click production rate will result
in overestimated click production rate. In this study, the
following formula is used to estimate the click production rate:

_t,-ty L]
" FDC " ICI

=~

, (10)

where FDC= 121 min (s.d. = 36 min) represents the time of a
Full deep Dive foraging Cycle (FDC) for Ziphius (Tyack et al,
2006), which is the interval between the end of one deep dive and
the end of the next deep dive, £, represents the vocal duration of
the beaked whales as time spent primarily for foraging (Tyack
et al,, 2006), and £, represents the time spent for producing buzzes.
The vocal duration can be approximately calculated as aerobic dive
limit (ADL) by dividing total body oxygen stores by diving
metabolic rate (Quick et al., 2020). The vocal duration has been
reported for Cuvier’'s beaked whale as 33 minutes and for
Blainville’s beaked whale as 26 minutes per dive (Tyack et al,
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2006). The buzz producing time f, can be approximately
expressed as the product of the average number of buzzes per
dive, Nj, , and the average length of each buzz, L;, . The detected
buzzes can serve as a proxy for studies on beaked whale habitat use
and population health (Jarvis et al., 2022), and in this study, we
used Ny, and L;, from the reference literature. Ny, is estimated to be
27 per dive for Cuvier’s and 23 for Blainville’s (Johnson et al,
2004) acting as a proxy for Gervais’ beaked whale. L, was 2.9 s with
standard deviation of 1.2 s (Johnson et al., 2006) for Blainville’s
acting as a proxy for both Cuvier’s and Gervais’ beaked whales.
Due to the lack of tagged data on the vocal duration for Gervais’
beaked whales, we use £, (=26 min) and FDC (=139 min, Tyack
et al,, 2006) for Blainville’s beaked whales as the proxy for Gervais’
beaked whales due to the similarity in body size and
approximation in inter-click interval (ICI) (Hildebrand et al.,
2015). The ICI for each beaked whale species in this study was
estimated by calculating time intervals between two consecutive
detected clicks (if the separation between them was less than 1
second) and then calculating the average of these time intervals.

2.2.5 Time period

The processed time duration used in estimating the density
of individuals within a defined area was set to 121 min, which
corresponded with a typical full dive cycle in the foraging phase
for a beaked whale (Tyack et al., 2006).
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2.2.6 Variance of density estimates

To estimate the variance of the density estimations, there are
two methods discussed in the literature to obtain variances for
density estimation: 1) First Order Delta (FOD) method (Seber,
1982; Powell, 2007); and 2) the non-parametric bootstrap
method (Ackleh et al.,, 2012; Li et al., 2021).

The FOD method requires the estimates of variances for all
parameters in formula (1), and then the variance of the density
estimation D is calculated as:

var(D) = E(IA))Z* var(i,) var(1-¢) var(P;) var(#)
E(a.)*  E(1-¢)*  E(P,)° EF)
, (11)

The variance of the density estimation could be obtained by
using the FOD method if the tagged data are available which
would allow direct estimations of variances of individual
parameters in Equation (11). Due to the lack of tagged data, a
bootstrap technique (Casella and Berger, 2001) was used for
estimating the variance of beaked whale density estimates in this
study. A total of 5000 iterations at each site and each survey were
repeated to generate the uncertainty of bootstrap resampling and
average local density estimates with a 95% confidence interval.

3 Results

3.1 Habitat division of beaked
whale species

Three species of beaked whales were detected each year
(2007, 2010, 2015 and 2017) at all three sites in the Mississippi
Canyon region of the northern GoM. Figure 3 shows the
representative acoustic signatures of echolocation clicks

BWG

Cuvier's bw

10.3389/fmars.2022.1014945

produced by the three species of beaked whales (Li et al,
2020). The frequency modulated (FM) upswept echolocation
pulses for these species can be clearly observed from Figure 3.
Table 4 gives the number of cues detected for the three species of
beaked whales at each site. To investigate seasonal acoustic
activity variability, the average number of combined beaked
whale clicks and the average number of each individual species’
clicks in every minute for each day, referred to as the average
daily click rates, were calculated and are presented in Figure 4 for
the N, S, and W sites, respectively. The acoustic activity from
June 26 to October 20, 2015, was derived from the detection and
classification results described in the method section. It can be
seen from Figure 4 that the acoustic activity of Cuvier’s beaked
whales does not change considerably between summer and fall
months at the surveyed sites. The acoustic activities at the S site
showed a similar pattern as at the N site. Figure 4 demonstrates
that Gervais’ beaked whales were mostly detected at the W site.
In contrast to the relatively even distribution of acoustic activity
of Cuvier’s beaked whales throughout the four months period,
Gervais” beaked whales tend to be more active during summer
months in the region. Similar seasonal and regional dynamics
was observed for the 2017 dataset.

3.2 Probability of detection

Figure 5 shows the estimated probability-of-detection curves
for Cuvier’s and Gervais’ beaked whales as a function of range
for the 2015 acoustic dataset. Figure 5 indicates that the
estimated maximum detection ranges for Cuvier’s and Gervais’
are about 6 km. The results show that Cuvier’s beaked whale
clicks below the range of 1.4 km are certain to be detected; for
Gervais” beaked whale, clicks are certainly detected within the
range of 0.7 km. The major factors impacting the maximum

Gervais' bw
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TABLE 4 Number and proportion (in %) of detected cues per species per site.

Average Depth

Cuvier’ bw Cues (proportion)

Gervais' bw Cues (proportion)

BWG Cues (proportion)

2007 North 1500 m 107 24%
2007 South 1500 m 654 83%
2010 North 1500 m 308 100%
2010 South 1500 m 648 84%
2010 West 1000 m 0 0%

2015 North 1500 m 8628 96.2%
2015 South 1500 m 4225 88%
2015 West 1000 m 140 4%

2017 North 1500 m 6277 90%
2017 South 1500 m 2073 84%
2017 West 1000 m 4 0%

333 74% 10 2%
102 13% 36 5%
0 0% 0 0%
121 16% 0 0%
1357 89% 169 11%
319 3.6% 21 0.2%
374 8% 205 4%
3431 91% 202 5%
384 5% 334 5%
190 8% 210 8%
1237 81% 279 18%

detection ranges and probability of detection curves shapes,
which are different from previously published ones, are the
hydrophone depths and a specific detection algorithm with a
dynamic detection threshold.

3.3 Click production rate

The estimated inter-click intervals (ICIs), click production
rate, and associated coefficients of variation (CV) per full dive
cycle are listed in Table 5. The different species of beaked whales
in GoM have different ICIs, and the ICIs and clicks production
rates of both species varied slightly with both time and location.
Cuvier’s beaked whale has a longer ICI (544 ms on average) than
Gervais’ beaked whale (280 ms on average). The average click
production rate for Cuvier’s beaked whale and Gervais’ beaked
whale are 0.484 clicks/s and 0.645 clicks/s, respectively. For
comparison, the average click production rate for Cuvier’s and
Gervais’ beaked whales reported by Hildebrand et al., 2015 were
0.488 and 0.473 clicks/s, respectively, and the production rate for
Blainville’s beaked whale estimated by Kiisel et al., 2011 was
0.649 clicks/s.

3.4 Density trend

To investigate the Cuvier’s and Gervais’ beaked whale local
density trends, it is assumed that the local densities in the studied
area were not affected by migration between the three sites
during the analysis period. The density estimation results for two
major species of beaked whales are presented in Tables 6 and 7.
Figure 6 shows the average density estimates of Cuvier’s and
Gervais’ beaked whales for each site for each survey year. Due to
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the extremely small proportion of the BWG beaked whales’ calls,
we do not make any comparison of the density for the BWG
beaked whales across the survey years. From Table 6 , we see that
the average density of Cuvier’s beaked whales at the N site
increased by 127% from 2007 (in July) to 2010 (in September) at
a temporal scale of two-week, and then increased by 176% from
2010 (in September) to 2015 (four-month period), and
decreased by 28% from 2015 to 2017 across the same
monitoring season. It is very likely that the density of Cuvier’s
beaked whales increased in the N site from 2007 to 2015 even
with consideration of the short-term temporal observations in
2007 and 2010. At the S site, the densities were slightly increased
by 5.4% from 2007 (in July) to 2010 (in September) and
increased by 10.3% from 2010 (in September) to 2015 (four-
month period), and then decreased by 51.2% from 2015 to 2017.
At the W site, the density estimates for Cuvier’s beaked whales
are low suggesting that they are not using the site in the foraging
dives. For Gervais’ beaked whales, the density at the W site
decreased by 54% from 2010 to 2015, and then decreased by 63%
from 2015 to 2017. The densities at the N and S sites were
relatively small compared to the density at the W site. Large
differences in the density estimates between two species are
indicative of the regional habitat separation, previously
discussed in Li et al. (2020).

4 Discussion and conclusions

In this study, the regional site-specific beaked whale density
dynamics were investigated using passive acoustic data sampling
at three fixed northern GoM sites several times in a decade
(2007-2017). This study is the first attempt to provide insights
into the long-term regional response of beaked whales to DWH
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FIGURE 4

(Top) Average daily click rates of beaked whales detected at the (A) northern (N), (B) southern (S), (C) western (W) sites from June 26 to October
20, 2015. (Bottom) Average daily click rates of BWG, Cuvier's, and Gervais' beaked whales at the N, S and W sites. Daily averages and associated
standard errors are shown. Colors indicate different months (dark blue, June; blue, July; red, August; yellow, September; green, October).

oil spill. The study identified three different species of beaked
whales in the region and showed different habitat preference
patterns. The results demonstrated that the dominant species in
the Mississippi Canyon/Valley area near the spill site (two
deeper sites (1500 m)) was Cuvier's beaked whales. Gervais’
beaked whale species occupied the shallower site (1000 m).
While the results support the notion that the two species may
have different deep-diving abilities, with Gervais’ beaked whales
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preferring shallower foraging sites in order to avoid competition,
the results also reveal challenges in the design of passive acoustic
monitoring surveys for beaked whale density estimates. Such
surveys should have a proper spatial resolution to reflect habitat
preferences and usage when several competing species are
studied. A previously published study (Li et al., 2020) showed
that BWG (Baumann-Pickering et al., 2013) beaked whale calls
were mostly produced during the night time. At this point, we do
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Estimated probability of detection with error bars as a function of range for (A) Cuvier's and (B) Gervais' beaked whale clicks based on Monte

Carlo simulation with the 2015 data set.

not have sufficient information to explain the rarity of these
calls. That may be due to the limitations of a fixed sensor’s
detection of highly mobile animals or due to the fact that these
calls may be uncommon call types produced by known species
(more probably by the Gervais’ species due to the highly
correlated detection times with the Gervais’ acoustic
encounters). The BWG-categorized sounds could be produced
by Gervais’ beaked whales exhibiting different acoustic
behaviour at night instead of a call of unknown species of
beaked whales. Similar results were discussed by Baumann-
Picking et al., (2014), based on the analysis of acoustic data
from the Cross Seamount using fixed sensors to assess the
geographic distribution for different species. Another unknown
species, described as BWC, could be produced by the ginkgo-
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toothed beaked whales present in the area. These two species are
occasionally sympatric in the central Pacific (Baumann-Picking
et al,, 2014). The distribution of M.ginkgodens overlaps with the
occurrence of the BWC. Better understanding of the habitat
separation among species suggested by our study may help
future understanding of the differences in responses of species
to ecological stresses.

The detection process used in the study is based on a
dynamic detection threshold at the detection step to rule out
the possibility of counting bottom reflected clicks which are
associated with weaker signals. Beaked whale clicks are highly
directional and beaked whales may tend to move between
locations to feed at different times of the day, therefore, a
beaked whale could swim relative to a fixed sensor in any
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TABLE 5 Estimated mean inter-click interval (ICl), click production rates and coefficients of variation (CV) for Cuvier's and Gervais' beaked whales
for each dataset.

EARS buoy Cuvier's Gervais’
uction rate (#/sec) ICl (ms) Production rate (#/sec)
2007 North 546.36 0.48 0.39 280.45 0.64 0.42
2007 South 605.66 0.43 0.40 287.18 0.62 0.43
2010 North 565.85 0.46 0.45 n/a n/a n/a
2010 South 591.04 0.44 0.41 276.98 0.65 0.42
2010 West n/a n/a n/a 282.87 0.63 0.44
2015 North 561.42 0.47 0.43 271.27 0.66 0.46
2015 South 550.29 0.48 0.43 263.31 0.68 0.50
2015 West 503.81 0.52 0.45 278.17 0.64 0.47
2017 North 542.52 0.48 0.43 276.78 0.65 0.44
2017 South 551.87 0.47 0.43 287.68 0.62 0.42
2017 West 429.34 0.61 0.38 289.19 0.62 0.43
A
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FIGURE 6
Mean and 95% confidence interval of the estimated density of (A) Cuvier's and (B) Gervais' beaked whales.
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TABLE 6

Northern Site

D (#/1000 km?)

Southern Site

D (#/1000 km?)

10.3389/fmars.2022.1014945

Estimated average density of Cuvier's beaked whales and associated CV obtained by the bootstrap method.

Western Site

D (#/1000 km?)

2007* 0.0280 0.33 0.0721 0.35 not applicable not applicable
2010 0.0635 0.33 0.0760 0.46 0 0

2015 0.1750 0.06 0.0838 0.09 0.0025 0.68
2017 0.1260 0.08 0.0409 0.16 0.00006 0.61
*The PAM system was not deployed at the Western site in 2007.

TABLE 7 Estimated average density of Gervais’ beaked whales and associated CV obtained by the bootstrap method.

Northern Site

D (#/1000 km?)

Southern Site

D (#/1000 km?)

Western Site

D (#/1000 km?)

2007* 0.0253 0.62 0.0105 0.66 not applicable not applicable
2010 0 0 0.0139 0.48 0.1613 0.37
2015 0.0065 0.25 0.0079 0.23 0.0740 0.12
2017 0.0081 0.41 0.0042 0.35 0.0274 0.18
*The PAM system was not deployed at the Western site in 2007.

direction. This will cause click’s amplitude to attenuate rapidly as
the oft-axis angle increases, which can lead to missed clicks in the
detection process.

The animal’s position and orientation for estimating the
probability of detection were modelled based on the beaked
whale’s diving behaviour during vocal periods following the
approach suggested by Kiisel et al. (2011). The animal’s position
in horizontal plane (x, y) was derived from the assumption that
beaked whales are randomly distributed within a circular area of
the radius of 10 km centered at the receiver. The animal position
could be selected using the uniform probability density function
inside the assumed circular area (Buckland et al., 2001) since
there is no preferred location bias at our sites within 10 km
radius, no considerable environmental/depth changes. This
random distribution implies that the distribution of animal
distances in horizontal plane is a triangular distribution
meaning that more animals are available at a given distance as
distances from the hydrophone increases, suggested by Buckland
etal, 2001 , and conventionally used for a single hydrophone to
estimate the probability of detection from cetacean calls (Kiisel
et al,, 2011; Kiisel et al.,, 2016). Similar research conducted by
Hildebrand et al., 2015 also assumes a uniform distribution of
animals in the circle around a sensor since no information on
preferred direction of travel is available for studied sites. The
position in vertical plane (depth/z) was modelled by Gaussian
distributions at the preferred foraging depth derived from
published literature (Johnston et al., 2004; Kiisel et al., 2011;
Hildebrand et al, 2015). The animal’s heading (azimuth) was
drawn from a uniform distribution (0°-360°) within the assumed
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circular area. It is noted that the simulation relies on the
assumed distributions of these animal’s calls. Within the
monitored area, the animal distributions are assumed not to
be strongly influenced by oceanographic and geographic
features, such as bottom topography, water depth,
temperature. However, the complete information is never
known in practice, therefore, the modelled distributions could
be different from the true animal distributions resulting in
potential error for calculation of the probability of detection
due to the spatial variability. Alternative approach is to estimate
animal’s locations for detected calls and investigate the impact of
oceanographic features and prey distribution subject to the
availability of both data types. Non-uniform animal’s
distributions should be incorporated into the future simulation
and their effects should be studied to reduce bias introduced by
the assumption of the uniform distributions. Additionally, the
multiple fixed sensors deploy in the monitored area on a grid
could help understanding the probability of animal’s presence in
space. However, this survey type would be more costly. For
simulation purposes, due to the long-term period monitoring in
our study area, we assumed that the animal positions could be
drawn from the uniform probability density function over the
monitored area. Future efforts will be conducted to seek for more
accurate representation of animal distributions combing with in
situ observations to improve the accuracy of the model-based
simulation framework.

Our estimated probability-of-detection functions show that
clicks from both species can be detected for ranges closer than
0.7-1.4 km with the highest probability (=1). The estimated
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probability-of-detection functions decline with range. The
whales can be detected with a small probability of 0.07 (for
Cuvier’s beaked whale) and 0.03 (for Gervais’ beaked whale) at
4 km. The clicks will not be detected beyond 6 km for both
species. Several publications have presented different maximum
detection ranges and probability-of-detection functions
(Zimmer et al., 2008; Marques et al., 2009; Ward et al., 2011;
Kiisel et al., 2011; Hildebrand et al., 2015). Zimmer et al. (2008)
reported the probability of detection for Cuvier’s beaked whale
near value of one between 0.7 km and 2.4 km with the maximum
detection range of 4 km by using near-surface hydrophone (at a
depth of 100 m). The maximum detection range of 6.5 km for
Blainville’s beaked whales was previously measured by Ward
et al. (2008) using a digital tag (DTag) and distributed bottom-
mounted hydrophones. A similar study for Blainville’s beaked
whales (M.densirostris) presented by Ward et al. (2011) reported
the maximum detection range of approximately 7.8 km for the
hydrophone at 1630 m water depth in Bahamas. The study
modelled detection difference with increasing ambient noise
levels from wind. The probability of detection decreased with
increasing ambient noise levels. The detection probabilities were
reduced to less than 0.1 for off-axis clicks and 0.18 (at 10.8 m/s
wind speed) for on-axis clicks at 4 km. Marques et al. (2009)
reported the maximum detection distance of 6.5 km. Hildebrand
et al. (2015) reported the beaked whale probability of detection
functions with the highest probabilities approximately at ranges
below 0.5 km and maximum detection ranges up to 3.2 km and
3.5 km for Gervais’ and Cuvier’s beaked whales, respectively.
The distribution of detection probabilities and limits for
maximum detection ranges depend on several factors, such as
source level of a whale, ambient noise level, depth of the
hydrophone, propagation conditions, and automatic algorithm
detection threshold (Zimmer et al., 2008). In this study, an 8-
min data sample on each hydrophone from each survey year was
used to calculate ambient noise level. The ambient noise level
may change over time and vary within each year. Considering
the potential variations in ambient noise levels, a longer time
period of samples from the datasets would be chosen to estimate
ambient noise levels for predicting detection probability in
future work.

To compare the local density estimates prior and post the
DWH oil spill, it is important to address the variability due to the
fact that the data collection periods in 2007 and 2010 lasted only
two weeks while the data collection periods in 2015 and 2017
were of four months duration. In addition, the experiment in
2007 was in July, and the experiment in 2010 was in September.
Furthermore, the W site was not monitored in 2007. The results
showed that the change in local density for Cuvier’s beaked
whale exhibited an increase near the oil spill site after the spill.
That may have led to increased consumption of the polluted
prey near the oil spill site and supports future long-term
ecological concerns. The reason for the observed increase in
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local density from 2010, after the oil spill, to 2015 is more likely
that there was inter-annual variability in the underlying
oceanography which could result in changes in beaked whale
migration for prey and food resources within the monitored
area. In addition, there are many other factors that may affect
beaked whale density in the study area, such as the
anthropogenic noise level to which beaked whales are known
to be sensitive, fishing activities in the area, long-range seasonal
migrations (Cox et al., 2006; Aguilar et al., 2006), and other
changes in the environment.

In our study, we observed two patterns in the acoustic
activity of beaked whales. First, there is always a clearly
dominating beaked whale species at each site. Second, Cuvier’s
beaked whales tend to occupy deeper sites, while Gervais’ beaked
whales tend to be present in the shallower site. Following the
ecological dietary niche hypothesis, Gervais’ beaked whales tend
to eat smaller prey and may avoid regions abundant in Cuvier’s
beaked whales to reduce competition pressure for prey
(MacLeod et al., 2003). Our results indicate that Cuvier’s
beaked whales are the dominant species in the region (MC) in
terms of acoustic activity and density. That is different from the
conclusions presented by Hildebrand et al. (2015) when using
similar measures of acoustic activity. The fact that Hildebrand’s
single deployment site in the Mississippi Valley area was at the
approximate depth of 980 m may have led to different
conclusions (Figure 1). In our opinion, the differences in the
estimated localized densities are mostly due to Gervais’ species
dominating the shallower water site. The differences in the
modelled probability of detection as a function of horizontal
range are driven by mooring design, particularly by the
hydrophone in our study being placed at the preferred
foraging depths. The measurements by a sensor placed close to
the compact glass platform (as done in the Scripps mooring)
may be affected by scattering from the platform. Click counting
in our study was based on the dynamic threshold used at the
detection stage to eliminate weak and faint calls associated with
reflected arrivals to avoid overcounting clicks produced by a
single animal. Also, there was uncertainty of the beam pattern
effect for off-axis clicks. The question as to whether the beaked
whale maintains the upsweep spectral structures for off-axis
clicks is still open and was only investigated by a single peer-
reviewed article by Guilment et al., 2020. All these factors could
explain significant differences in regional densities estimates
across different research groups. An additional investigation is
required to make a direct comparison of the density estimates
across different PAM platforms, which is outside the scope of
this paper.

Cue production rate can vary by behavioral state of the
whales, resulting in the fact that two species (Cuvier’s and
Gervais’ beaked whales) should have spent different portions
of times clicking during the deep dive, therefore, the production
rates for these two species should be calculated separately using
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their diving profiles. Due to the lack of tagged data on the vocal
duration for Gervais’ beaked whales, we used properties of
Blainville’s beaked whales as the proxy for Gervais’ beaked
whales due to the similarity in body size and approximation in
inter-click interval (ICI). It is noted that our estimated
production rate for Cuvier’s beaked whale is consistent with
the rate reported by Hildebrand et al., 2015, however, the click
production rate for Gervais’ beaked whale was greater than the
production rate of Cuvier’s beaked whale. The production rate in
our study was similar to the value estimated by Kiisel et al., 2011
for Blainville’s beaked whale as we use Blainville’s vocal duration
and dive cycle as proxies. The differences come from the
estimation of proportion of time clicking during the dive. Due
to the unavailability of tagged data for Gervais’ beaked whale,
one of the potential errors in estimating the densities of Gervais’s
beaked whale result from the need to know the accurate vocal
duration, time of a full deep dive foraging cycle, and time of buzz
production to obtain accurate estimates of production rate.
Gervais’ beaked whale click rates were estimated by
Hildebrand et al., 2015 using tag data from a Blainville’s
beaked whale recorded in Bahamas as the best available proxy
for Gervais’ beaked whales (Hildebrand et al., 2015). For Gervais’
beaked whales, no measurements of diving profiles have been
reported in the literature, so the proxies used for Gervais’ beaked
whale could be inaccurate, leading to a biased production rate in
both GoM studies. One of future efforts should be directed at
tagging GoM whales to increase the accuracy of the production
rates and region-specific local density estimates.

Roberts et al. (2016) aggregated historical datasets of 16
years (1992-2007), combining both aerial and shipboard surveys,
and predicted the maximum density for all beaked whales in
GoM was 0.5-6/100 km? (total abundance in the Gulf of Mexico
=2019). The averaged beaked whale densities previously
estimated by Hildebrand et al., 2015 at the MC site during the
2010-2013 were 0.57/1000 km* for Cuvier’s beaked whale and
3.29/1000 km” for Gervais’ beaked whale. The recent surveys
and abundance estimates were conducted by the NOAA’s
National Marine Fisheries Service in the northern Gulf of
Mexico in 2017 and 2018 (Garrison et al., 2020; NOAA, 2022).
The best density and abundance estimate for Cuvier’s beaked
whale in 2017 (from July to August) and 2018 (from August to
October) were 0.032/1000 km? (11.87 animals) and 0.064/1000
km? (23.56 animals). For comparison, our results show that the
estimated average densities of Cuvier’s beaked whale across all
three sites (N, S, and W) for two long-term survey years (2015,
2017) were 0.087/1000 km? (32.1 animals), and 0.056/1000 km?
(20.7 animals), respectively. These results are corroborated by
the report from the NOAA’s National Marine Fisheries Service
abundance estimates. For Gervais’ beaked whale our estimated
average densities across all three sites for two long-term survey
years in 2015 and 2017 were 0.029/1000 km? (10.89 animals) and
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0.013/1000 km? (4.8 animals) respectively. Per NOAA’s report,
the best abundance estimates for Gervais’ beaked whale were 0/
1000 km?® (0 animals) in 2017, and 0.11/1000km” (40.39
animals) in 2018. The average estimated abundances across
the entire Gulf of Mexico during 2017-2018 for Cuvier’s and
Gervais’ beaked whales were 18 (CV=0.75) and 20 (CV=0.98),
respectively. Therefore, it appears that the results reported in our
study provide reasonable estimates for local densities at the
monitoring sites.

Future efforts to understand and reconcile the considerable
differences in the beaked whale local density estimates reported in
the literature are needed. Special attention in future monitoring
efforts should be in four areas: 1) collecting long-term continuous
PAM data with spatial resolution allowing for habitat separation
and regional and long-range migrations; 2) developing new analysis
methods to predict the response of different marine mammal
species to changes in oceanographic conditions, deep water prey
distribution, and anthropogenic noise level via synthesis of different
data types from the same region and time period; 3) tagging
regional marine mammals to increase the accuracy of the region-
specific local density estimates and 4) benchmarking recording
systems and processing tools used by different research teams.
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