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ABSTRACT:

Passive acoustic monitoring (PAM) offers considerable potential for density estimation of cryptic cetaceans, such as
beaked whales. However, comparative studies on the accuracy of PAM density estimates from these species are
lacking. Concurrent, low-cost drifting PAM, with SoundTraps suspended at 200 m depth, and land-based sightings,
were conducted off the Canary Islands. Beaked whale density was estimated using a cue-count method, with click
production rate and the probability of click detection derived from digital acoustic recording tags (DTags), and dis-
tance sampling techniques, adapted to fixed-point visual surveys. Of 32 870 detections obtained throughout 206 h of
PAM recordings, 68% were classified as “certain” beaked whale clicks. Acoustic detection probability was 0.15
[coefficient variation (CV) 0.24] and click production rate was 0.46 clicks s~! (CV 0.05). PAM density estimates
were in the range of 21.5 or 48.6 whales per 1000km? [CV 0.50 or 0.44, 95% confidence interval (CI) 20.7-22.4 or
47-50.9), depending on whether “uncertain” clicks were considered. Density estimates from concurrent sightings
resulted in 33.7 whales per 1000km? (CV 0.77, 95% CI 8.9-50.5). Cue-count PAM methods under application pro-
vide reliable estimates of beaked whale density, over relatively long time periods and in realistic scenarios, as these

match the concurrent density estimates obtained from visual observations. © 2023 Acoustical Society of America.
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I. INTRODUCTION

Accurate and precise estimates of animal density are criti-
cal to inform wildlife management and conservation, and for
effective real-time mitigation of anthropogenic disturbance on
wild populations. Traditional methods to obtain such estimates
typically involved visual methods based on detecting or cap-
turing the animals (e.g., Buckland et al., 2015; Williams et al.,
2002; Borchers and Efford, 2008). Visual survey methods are
labor-intensive and can be challenging when animals occur at
low density (Marques et al., 2013).

An alternative is an indirect method, cue counting, where
“cues” produced by the animals, like nests, dung, or sounds,
are counted and converted into density estimates (Buckland
and Handel, 2006; Marques et al., 2009). Marques et al.
(2013) provided an extensive overview of available cue-
based methodological approaches. Passive acoustic monitor-
ing (PAM) constitutes a cost-effective indirect method when
sampling acoustically active taxa, particularly in habitats
where human access is limited or that have poor visibility
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conditions (Marques et al., 2009; Deichmann et al., 2017,
Aodha et al., 2018). Additionally, autonomous PAM record-
ing platforms can be left in the field for extended periods,
allowing studies to be conducted at larger temporal and spa-
tial scales (Hagens et al., 2018) than if dependent on human
observers. Furthermore, acoustic cue detection and classifica-
tion from PAM data can be calibrated and automated, reduc-
ing time needed for data collection and processing. When
estimating animal density using cue counting, multipliers are
needed to convert counts of detected cues to animal density,
including cue production rate, proportion of false positive—
negative detections, and probability of cue detection or effec-
tive sampling area. However, we are aware of only one case
where PAM-based density estimation has been validated by
comparison with a simultaneous reliable non-acoustic
method; Phillips (2016) used a small, shallow bay in Florida
to compare several PAM density estimates for the common
bottlenose dolphin (Tursiops truncatus) with complete counts
made by visual observers.

Beaked whales are a widespread family of inconspicu-
ous and relatively unknown odontocetes, particularly sensi-
tive to anthropogenic disturbance (Cox et al., 2006). They
perform long deep dives, with maximum dive depths and
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durations of 1890 m and 85 min for Cuvier’s beaked whale
(Ziphius cavirostris) and 1250 m and 57 min for Blainville’s
beaked whales (Mesolplodon densirostris) (Tyack et al.,
2006), during which they are vocally active around 20% of
the time (Arranz er al., 2011). They emit characteristic
frequency-modulated echolocation clicks, which facilitates
detection and species identification from acoustic recordings
(Johnson et al., 2006; Zimmer et al., 2005). Beaked whale
density estimation based on visual methods has proven diffi-
cult due to their typical oceanic distribution and low detec-
tion rates during visual line-transect surveys (Barlow et al.,
2013). Several studies have derived density estimates using
acoustic detections of beaked whales (Marques et al., 2009;
Moretti et al., 2006; Ward et al., 2011; Hildebrand et al.,
2015; Barlow et al., 2022).

Resident populations of Blainvillés (Mesoplodon den-
sirostris) and CuvierS (Ziphius cavirostris) beaked whales
can be found year-round off El Hierro, Canary Islands,
Spain (Reyes, 2018). A deep-water bay on the leeward side
of the island can be simultaneously monitored with PAM
recorders and by observers located on land-based platforms
on the sea cliffs (Arranz et al., 2013). This provides a

unique opportunity to estimate visually the number of ani-
mals present in the bay and hence compare visual- and
acoustic-based density estimates from concurrent PAM
recordings. Here, we quantify acoustic parameters required
for beaked whale density estimation using PAM data and
use these to provide acoustic density estimates that are
contrasted against concurrent visual land-based survey
data.

II. METHODS
A. Field data collection

Four drifting passive acoustic sensors (SoundTrap ST
300, Ocean Instruments, New Zealand) were deployed daily
for 45 survey days between August 28, 2016 and May 8,
2017 on the leeward side of El Hierro, following a depth-
stratified sampling design, with two in shallower and two in
deeper waters [Fig. 1(a)]. The survey area is a deep-water
bay facing southwest, protected from prevalent wind and
ocean currents. SoundTraps were initially located ~3km
apart and suspended at 200 m depth from a weighted rope
connected to a surface buoy equipped with a 3G
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FIG. 1. (Color online) Combined PAM and land-based visual field experiments off El Hierro island, Canaries. (a) Hourly location of SoundTraps #1—4 on
October 18, 2016 from 8:30 AM to 3 PM local time. White hatched area shows area used to determine detection probability for the single SoundTrap at the
center of this area; red line shows maximum detection radius. Colored background shows assumed animal density, used in calculating acoustic detection
probability (see Methods); white lines show bathymetry contours. (b) Drifting sensors used in this study. (c) Observer on the land survey platform overlook-
ing the deep-water bay. (d) Dive profile (a single dive cycle is framed in the green dashed box) of a Blainvillés beaked whale recorded using DTag in El
Hierro showing periods of start (yellow dots) and end (red dots) of clicking. Daytime is indicated by a sun 1coN and nighttime by a half-moon and blue back-

ground. Whale drawn by Chloe Yzoard.
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global positioning satellite (GPS) (Tractive, Austria) and a
very-high frequency (VHF) transmitter antenna (ATS,
Minneapolis, MN) for tracking and recovery [Fig. 1(b)].
SoundTraps recorded at a sampling rate of 288 kHz [16 bit,
flat (£2dB) frequency response from 0.02-100kHz, clip
level 175dB re 1 uPa, high gain], and the GPS location of
each of these was recorded every hour.

Concurrently, visual surveys overlooking the same
area were conducted from coastal cliffs using two identi-
cal platforms (119m above sea level, 100m apart,
27.67482° N, —18.02535° W, and 27.6732° N, —18.02400°
W), with a field of view spanning true bearings between
160° and 294° [Fig. 1(c)]. Visual effort typically started at
8:30 AM local time (WEST), once the four SoundTraps
were placed and had started recording, and ended at 3 PM
local time, once the first SoundTrap was recovered. Mean
combined survey effort was 6.2 h/day [standard deviation
(SD) 1.9h/day]. This diurnal sampling pattern was
selected to avoid the sun glare from the late afternoon
(when solar incidence angle decreased) which drastically
reduces visibility from the observation platforms. At each
observation platform, two observers used 7 x 50 binocu-
lars, which included both compass and ocular reticules, to
cover visually half of the compass area each with a
10° overlap (hereafter referred to as a ‘“scan”).
Simultaneously, a central observer covered the full visible
horizon with 15 x 80 Fujinon binoculars, also equipped
with compass and ocular reticules, tripod-mounted to
enable more accurate reticle distance estimation (Arranz
et al., 2013). Each observer dedicated 2 min on average
per scan and shifted position with the next observer posi-
tion every 30 min, with a “resting/data logger” position
every 1.5h. The data logger recorded the following envi-
ronmental data at the start of their 30 min shift: sea state
within the study area (0—4 on the Douglas scale), swell
(<0.5, 0.5-1, >1m), weather conditions (sunny, cloudy,
light rain, rain, foggy, haze, night), visibility (1-3 from
low to high) and boat presence, number, and type (fishing,
diving, yachts, and ferries). In addition, visual sightings
data (start and end time, bearing, reticule, number of ani-
mals in the group, social composition, and behavior) were
recorded for each beaked whale detection. Bearing and
reticule of recorded groups were used to georeference the
sightings (Lerczak and Hobbs, 1998).

A subset of sampling days was considered for further
analysis, based on the following criteria: sea state <2, high
visibility, drift of the acoustic sensors <1 nm. This resulted
in 8 from 45 total survey days (~ 20%) being selected for
the analysis.

B. Field data analyses

Acoustic data were analyzed using Matlab R2017a
(Mathworks, US) and PAMGUARD (Gillespie et al., 2009)
with a specific configuration that simultaneously ran two
beaked whale click energy band ratio classifiers. The first
classifier was set using the PAMGUARD default for beaked
whales, which is based on the number of times the wave-
form crosses zero in the x axis (i.e., the sign of the mathe-
matical function changes from positive to negative or vice
versa), the signal’s peak, and mean frequencies. The second
was a custom classifier, built based on the waveform’s num-
ber of times crossing zero and the signal’s peak frequency
and length (Table I). To minimize false-positive detections,
four PAM operators visually checked the full detectors’ out-
puts, manually assigning the category of “certain” or
“uncertain” to each beaked whale click automatically
detected by the classifier, based on the inspection of each
click’s waveform, spectrum, and Wigner plot (Johnson
et al., 2006). Clicks that did not qualify were considered
“non-beaked whale” clicks and were therefore discarded
from the final analysis.

Visual sighting data were divided into 2min
“snapshots.” This time window is consistent with the aver-
age surfacing time of beaked whales (Arranz et al., 2011),
reducing the possibility of double-counting the same group
within a snapshot. The number of snapshots was therefore
considered the measure of effort when estimating density
from visual surveys.

A “visual sighting” from land-based surveys was
defined as the observation of a beaked whale group at the
surface (i.e., one or more beaked whales swimming in close
spatial and temporal association). A rule-based “duplicate”
categorization (Schweder and Hjort, 1996) was applied to
suspected duplicate sightings across the two visual plat-
forms. If the start time of suspected duplicate sightings
matched (* 2min), these were considered as ‘“‘certain”
duplicates if the bearing (= 5°), reticules (£ 2), and individ-
uals (£ 2) also matched, considered as “probable” if only
two of these three criteria matched, and considered as “non-
duplicates” if only one criterion matched. Sightings were
not analyzed at a species level to avoid potential errors in
species identification at long distances and variable ambient
conditions.

C. PAM density estimation

Considering passive acoustic data from the Soundtraps,
density of beaked whales, pooled-across species, was esti-
mated using a cue-counting method, which uses detected

TABLE I. Configuration parameters for each of the energy-ratio classifiers used for classifying beaked whale clicks from passive acoustic recordings. This
table shows the settings used in PAMGUARD for default and custom click classifiers (Caillat, 2018).

Classifier type Control band (kHz) Test band (kHz) No. of zero crossings ~ Click length (ms) Peak frequency (kHz) Mean frequency (kHz)
Energy ratio default 12-24 24-48 7-50 — 25-48 25-48
Energy ratio custom 12-24 /45-60 24-45 6-100 0.04-70 25-45 —
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individual clicks as the cue of interest (Marques et al., 2009;
Marques et al., 2013). Density estimates (D) were obtained
for each sensor and hour as follows, and the results averaged
per sensor across recording periods to estimate an overall
density across sensors:

n

po— "
Kmw?# TP

(1)
where n is the number of detected clicks, K is the number of
sensors, w is the maximum detection distance at which it is
believed to be possible to detect a click, 7 is the estimated
click production rate, T is the survey time, and P is the esti-
mated average detection probability of a click within dis-
tance w of a sensor per sensor and hour [see Eq. (2)]. Below,
we describe how we estimated each of the random compo-
nents in Eq. (1). The variance of the average density was
estimated from the empirical variance of N = 1000 bootstrap
resamples of acoustic multipliers, and confidence intervals
were calculated via the percentile method.

1. Click production rate

The rate at which beaked whales produce clicks was
estimated from independent data from animal-borne motion
acoustic sensors and digital acoustic recording tags (DTags)
(Johnson and Tyack, 2003). Blainville’s beaked whale data
were collected in the same study area, from 2003 to 2010
[Fig. 1(d)] (Gkikopoulou, 2018) (See supplementary mate-
rial for raw data used to estimate Blainville’s and Cuvier’s
beaked whale click production, dive cycle length, and the
resulting click rate from DTag recordings in Table S1)." For
Cuviers beaked whales, click rates used were from DTag
data collected in the Liguria Sea (Italy) and the California
basin (United States) from 2003 to 2013 (See supplementary
material for raw data used to estimate Blainville’s and
Cuvier’s beaked whale click production, dive cycle length,
and the resulting click rate from DTag recordings in Table
S1)." A supervised click detector (bandpass energy detector
with a user-selected threshold) was used to identify individ-
ual clicks. Clicks from the tagged whale were distinguished
from those of conspecifics based on consistency patterns of
angle of arrival and click level (Arranz et al., 2011). A joint
mean “click production rate” was estimated for both species
by averaging their corresponding cue rates weighted by the
presence ratio of each species in the study area. This ratio
was estimated as the proportion of individuals, both tran-
sient and resident, captured using photo identification (ID)
techniques for each species over a 10-year period (48% and
52% of captures corresponding to Cuviers and Blainvillés
beaked whales, respectively; see Reyes, 2018). The variance
of this average cue rate was estimated from the empirical
variance of bootstrap resamples, and confidence intervals
were calculated via the percentile method. The sampling
units used were the deep dives within each tag, sampled
with probability equal to the proportion of each species in
the study area estimated from the photo ID data. For this,
we assume that baseline behavior of Cuviers beaked whale
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from different geographical areas is comparable, based on
the similar acoustic and dive behaviors that have been
observed from whales tagged in Liguria and in Azores
(Aguilar de Soto et al., 2020).

2. Acoustic detection function

The average acoustic detection probability P is defined
as the probability of detecting a beaked whale click given
that the click is emitted within a horizontal circle of radius
w from a given sensor. This was obtained by first estimating
a detection function, which is a function relating the proba-
bility of click detection to horizontal distance between ani-
mal and sensor, and then averaging the detection function
over the distribution of horizonal distances for each sensor.
We describe how the detection function was obtained in this
section, and how the averaging was done in Sec. II C 3.

The detection function was estimated from a regression
analysis on independent data gathered in El Hierro in spring
and autumn 2018 and 2019, where a sample of nine
Blainville’s beaked whales were fitted with DTags and
simultaneously recorded on a PAM sensor (SoundTrap)
placed at 200 m depth. Full details are given in Gkikopoulou
(2018) and summarized here.

Clicks arriving from the tagged whale on the PAM
recorder were identified using synchronized envelope plots.
The direct distance (slant distance) of the whale to the
hydrophone was estimated by computing the acoustic time
of flight (Cato, 1998), after correcting for the clock offset,
between DTag and acoustic receiver, using surface bounces
of a subset of clicks. A Kalman filter was used to smooth the
distance estimates and to predict distances at times when the
animals’ produced clicks that were not detected in the enve-
lope plot. The distances of each click were then translated
into horizontal distances using the depth measurement from
the DTag and the known depth of the PAM recorder. A
beaked whale classifier, comprising a correlation detector
using a signal template of a combination of on- and off-axis
clicks, was run on the PAM data and was used for estimat-
ing the acoustic detection function (Gkikopoulou, 2018).
The acoustic detection function was estimated using a gen-
eralized estimating equation (GEE) modelling framework in
R (R Core Team, 2022). The response was a binary variable:
whether each click was detected (1) or not detected (0) by
the classifier. This was assumed to follow a Bernoulli distri-
bution and was linked to explanatory variables via a logit
link function. The explanatory variable was the horizontal
distance between whale and PAM sensor. The fitted detec-
tion function was used to predict detection probability as a
function of horizontal distance.

3. Acoustic detection probability

To obtain the average acoustic detection probability for
each sensor in each hour, we averaged the detection function
over the distribution of beaked whale locations within dis-
tance w of the sensor location. Beaked whales are not dis-
tributed uniformly in horizontal space at El Hierro, and we
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TABLE II. Comparison of land- versus boat-based visual estimates of
beaked whale group size. A total of 195 sightings of Blainvillés and
Cuviers beaked whales recorded off El Hierro between 2003 and 2011 for
which paired data were available.

Boat-based Land-based
counting counting
Total beaked whale count 611 639
Beaked whale group size (mean, SD) 2.70, 1.77 2.84,1.77

made use of the density surface estimated from earlier visual
data by Arranz et al. (2013). Note that this dataset is inde-
pendent of the visual dataset used to generate visual abun-
dance estimates in the current study.

A grid of cells with 100 x 100 m resolution was created
using the ArcMap 9.2 software (ESRI, Redlands, CA). The
horizontal distance of the SoundTrap to each cell’s center posi-
tion (m, obtained from the SoundTraps’ GPS location recorded
every hour), was estimated. Detection probabilities, weighted
by the density of beaked whales in the area, were obtained for
each acoustic sensor and hourly location. The weighted detec-
tion probability (P w) was estimated as follows:

> dp(r(i))
ir(i)<m

Py=——— 2)

Z d(i)

ir(i)<m

where m is the horizontal distance of the SoundTrap to each
cell’s center position, d is the whale’s density estimated for
the ith cell, p is the acoustic detection function, r(i) is the
horizontal distance of the ith cell location to the sensor, and
i:7(i) < m denotes the set of cell locations such that the
distance is less than or equal to m.

D. Visual density estimation

Density of beaked whales (D) was also estimated from
land-based visual observations using a Horvitz—Thompson
type estimator (Horvitz and Thompson, 1952), as follows:
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where § is an estimate of the mean group size, z is the num-
ber of groups seen per platform, « is the area monitored, & is
the number of visual snapshot periods, v is the probability of
a group being at the surface at least once in a 2 min period
(visual availability), and P is the probability of visually
detecting a beaked whale group at the surface (visual detec-
tion probability).

Below, we describe how we estimated each of the ran-
dom components in Eq. (3).

1. Mean group size

Concurrent land- and boat-based beaked whale observa-
tions of whale groups, taken during the tagging experiments
described in Sec. C 1, were used to correct average group
size estimates recorded from land-based observations (§).
We assume for these the number of animals within the group
were counted reliably from the tagging boat, and simulta-
neously estimated by observers located on land. The average
group size ratio between land- and boat-based observations
with group sizes ranging 1-11 individuals was used as a cor-
rection factor (Table II) [Fig. 2(a)].

2. Visual availability

The proportion of time that beaked whales spend at the
sea surface and were therefore “available” to be visually
detected by the observers (V), was estimated using indepen-
dent DTag datasets of both species (See the supplementary
material for Table S1).! Consistent with the effort units and
beaked whale surfacing periods, we computed the propor-
tion of 2min time windows during which the animal was
“available” for visual detection, defined by the animal being
at the surface (<1 m depth) for >4 s (this time threshold cor-
responds to the estimated average time a beaked whale
spends at the surface during a surfacing—breathing event).
We averaged values from both species to provide a
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FIG. 2. Estimated group size (a) and click production rate (b) for Blainvillés (Md) and Cuviers beaked whale (Zc) species. Click rate was estimated using a
bootstrap method with the deep dive cicle as re-sampling unit (N = 12 tagged Blainville’s beaked whales off El Hierro, N =15 tagged Cuvier’s beaked
whales tagged off California and Ligura). Average group size was estimated from boat-based beaked whale sightings off El Hierro during independent tag-
ging experiments (N = 2291 sightings).

J. Acoust. Soc. Am. 153 (4), April 2023

Arranz et al. 2473


https://doi.org/10.1121/10.0017921

combined v for Cuviers and Blainvillés beaked whales
sightings, weighted for the ratio of the species in the study
area.

3. Visual detection probability

We considered two different approaches to estimate
beaked whale group detection probability from the land-
based data. The optimal approach depends on the assump-
tions one might be willing to make about the underlying
observation and state processes. Model parameters were
estimated using R v4.0.0 (R Core Team, 2022). The best
model within each approach was selected based on Akaike
information criteria (AIC) (Akaike, 1973). Model goodness-
of-fit was evaluated using the X~ statistic. In all cases, detec-
tion function estimates [hereafter p(x)] were computed using
the full data set (N =45days), whereas density estimates
were computed individually for each selected day
(N =8days). The two approaches are described below.

a. Mark-recapture analysis We first conducted a mark-
recapture (MR) analysis to fit a detection function for a
double-observer point-transect survey, using distance from
the whale to the observers as a covariate (Borchers et al.,
1998). Unlike conventional distance sampling, MR analysis
does not assume a homogeneous density distribution of ani-
mals. However, it does assume that there is no un-modelled
heterogeneity in the detection function. Ultimately, due to
the poor fit of the detection function to the distribution of
the data, this approach was not further developed.

b. Distance sampling with non-uniform  whale
distribution Since beaked whales in El Hierro are known to
approach the sea-floor when feeding (Arranz et al., 2011)
and seabed depth is considered a key factor conditioning
their distribution (Arranz et al., 2013), a more robust
approach was undertaken here. This consisted of applying a
distance sampling analysis adapted to point-transects, in the
presence of non-uniform animal distribution (unequal num-
ber of animals available for detection at all distances,
expressed as the probability density function), that varies
with some observable environmental feature (Cox et al.,
2013). This probability density function conveys informa-
tion on the expected density of animal cues (i.e., surfacings)
as a function of habitat variables across the survey area. To
model the spatial relationship between beaked whale cue
density and depth, a grid of cells (100 x 100 m resolution)
spanning the survey area was created using ArcMap. Given
the study area’s steep bathymetry and the relatively large
distances covered by each binocular reticule, this depth res-
olution was considered sufficient. Bearings and Euclidean
distances to the observed beaked whale groups from land-
based platforms were determined for each group and used to
extract sighting locations. The projected grid cells were
georeferenced in a Cartesian coordinate system (x, y), with x
being the distance from the survey point parallel to the coast
and y being perpendicular to x in the offshore direction (see
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Arranz et al., 2013 for details). For every cell, we extracted
the seabed depth from a digital bathymetric map of the
Canary Islands, with a vertical resolution of 50m (IEO-
IHM, 2001). The depth at each sighting location was the
explanatory variable for the beaked whale cue density
model, and the radial distance between the sighting and the
observation platform was the explanatory variable for the
detection probability model. Assuming that whales were dis-
tributed uniformly with respect to distance to the coast, we
then adapted methods from Marques et al. (2010) and Cox
et al. (2013) for estimating animal density when there is
non-uniform cue density along the y axis direction and uni-
form along the x axis using Eq. S1 (See the supplementary
material for a description of the general method and equa-
tions used to estimate a probability density function and
visual detection probability for beaked whale groups from
land-based observations).' The visual detection probability
(i.e., probability of detection given one or more beaked
whales at the surface available to be seen) was modeled as a
function of radial distance alone using Eq. S2 (See the sup-
plementary material for Eq. S2).

E. Variance estimation
1. Visual data

The variance of the visual density estimates was esti-
mated via the delta method (Seber, 1982) using the follow-
ing equation:

var (D) = 7 (CV2(B,) + CV2(0) + CV2(5) + V() ).
4)

where D is the estimated density, 15w is the estimated visual
detection probability, v is the estimated availability bias, § is
the estimated mean group size, and z is the number of
beaked whale groups per platform. CV? (x) denotes the
squared coefficient of variation of x. Coefficient variation
(CV) of visual detection probability was estimated using a
non-parametric bootstrap (Arranz et al., 2013) with 1000
resamples, using the day as a sampling unit. Availability
bias CV was estimated from the standard error and the mean
availability at the surface obtained for each tag record and
species. Mean group size CV was estimated from the stan-
dard error and the mean of the beaked whale group size
recorded per sighting for each survey day. CV of the number
of beaked whale groups seen per platform was computed
from the ratio of the standard error by the mean of the num-
ber of groups per 2 min scan recorded for each survey day.

2. Acoustic data

The sample variance of the acoustic density estimates
was also computed using the delta method, with random
components being the acoustic detection probability (P,,),
beaked whale dive cycle click rate () and the number of
beaked whale click detections (n):
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TABLE III. Parameters used for the acoustic and visual beaked whale density
estimation. Expressed as the mean, coefficient variation (CV) and 95% confi-
dence intervals (95% CI). N, the number of detected clicks (all /certain); K, the
number of sensors; w, the maximum detection distance (km); ¢, the click pro-
duction rate (click sec™"); T, the survey time (h); P, the average weighted
acoustic detection probability*; §, the average group size (n whales); z, the
number of groups seen per platform per day (averaged for platform 1 and 2);
a, the area monitored (km?); k the number of scans per platform (n scans); v,
the availability; P, the visual detection probability. For presentation purposes,
we report here Iswypooled—across sensors and time periods. However, density
was estimated using P,, for each sensor and hour location.

Data source ~ Parameter Mean CV 95% CI
Acoustic n 1060/465  1.06/1.81  729-1391/278-652
K 1 0 0
w 2 0 0
c 0.46 0.05 0.42-0.50
T 6.67 0.14 6.32-7.03
P, 0.15 0.24 0.15-0.16
Visual s 2.15 0.09 1.68-2.61
z 30.87 1.05 10.91-50.83
a 178 0 0
k 216.87 0.11 196.07-237.67
v 0.25 0.05 0.023-0.29
P 0.20 0.15 0.08-0.49

var (D) :ljz(CVZ(PW) + CV2(#) +CV2(n)>. (5)

The CV of the acoustic detection probability was obtained
from standard error and mean of the detection probability
estimated per buoy for each survey day. The CV of beaked
whale click detections was obtained from standard error and
mean of the number of clicks detected per buoy for each sur-
vey day. The CV of the click production rate was estimated
dividing the standard error by the mean of the click rates
computed per dive and for each species using the bootstrap
method (see Sec. C.1) (Table S1).'

lll. RESULTS

A. PAM density estimates

The estimated click rate (¢) was 0.46 clicks s ! (CvV
0.05, 95% confidence interval (CI) 0.42-0.50); this is a
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pooled-across-species weighted average of the individual
cue rates for Cuvier’s and Blainville’s beaked whales, of
0.47 clicks s™' (CV 0.05), and 0.46 clicks s™' (CV 0.03),
respectively [Fig. 2(b)] (Table III). The acoustic detection
function computed for acoustic recorders is shown in Fig. 3.
The average estimated probability of detecting a beaked
whale click, pooled-across-sensors and hours (Isw) was 0.15
(CV 0.24) (Table III). A total of 32 870 beaked whale click
detections were recorded throughout the eight survey days
selected for analysis, resulting in 53.2 h of sampled acoustic
data from each SoundTrap (Fig. 4). The proportion of false-
positive detections was 0.53 (CV 0.69), varying greatly in a
non-discernible pattern across buoys within each day,
depending mainly on concurrent dolphin (mostly Tursiops
truncatus) presence in the study area. “Certain” click detec-
tion rates ranged from 37 to 199 clicks h™' and were
roughly comparable across sensors, although the proportion
of “certain” click detections ranged widely throughout days
(0.46-0.77) (Table IV). Overall, average PAM-based
beaked whale density estimates across survey days were
21.5 (CV 0.50, 95% CI 20.7-22.4) or 48.6 (CV 0.44, 95%
CI 47-50.9) beaked whales per 1000km?, depending on
whether uncertain clicks were included (Table V). The larg-
est contribution to the overall variance was from acoustic
detection probability (variance 0.06) followed by the acous-
tic cue counts (variance 0.02 using only “certain” detections
and 0.03 for all detections).

B. Visual density estimates

Availability bias (V) was estimated as 0.28 (CV 0.05,
95% CI 0.26-0.31) for Blainvillés beaked whales, and as
0.22 (CV 0.08, 95% CI 0.17-0.28) for Cuviers beaked
whales (Fig. 5). Combined beaked whale v in the survey
area, averaged across proportion of groups of each species,
resulted in 0.25 (CV 0.05, 95% CI 0.23-0.29). A total of
965 beaked whale group sightings were recorded during a
total of 45 survey days. From those, 291 sightings were
recorded by the primary platform, 310 by the secondary,
and 364 (37%) by both platforms (Table VI). Among the
duplicate sightings, 97 (27%) were considered “certain” and

FIG. 3. (Color online) Estimated
detection function for a drifting acous-
tic receiver placed at 200m depth in
waters southwest off El Hierro. 95%
confidence intervals are shown in gray.
Distance is in meters.
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FIG. 4. (Color online) Tracks of the four SoundTrap deployed during PAM experiments in waters southwest off El Hierro. The location of each sensor, sus-
pended at 200 m depth from a drifting buoy, was recorded with a GPS (colored dots) during daytime hours in eight survey days, between October 18 and 31,
2016. Buoys were deployed for periods ranging 4.7-7.8 h in the leeward side of the island within the 1000 and 2000 m isobaths. Buoy drift within a single

survey day was <2 km.

262 (73%) “probable” duplicates. Average size of observed
groups was 2.15 beaked whales (CV 0.09). Regarding the
detection probability, the density gradient model with a
half-normal distribution was selected as the best model to
estimate the detection function (Fig. 6) (Table VII); while a
beta distribution was selected to estimate the depth-
dependent density function of the whales at the surface,
AAIC of 30.13. Resulting average estimated observers
detection probability (13) 0.20 (CV 0.15) and associated
8 day visual density estimate of 33.7 (CV 0.77, 95% CI
8.98-50.56) beaked whales per 1000 km? (Table V). The
variance for each component was largest for visual cue
counts (variance 0.07), followed by visual detection proba-
bility (variance 0.01), mean group size (variance 0.008), and
the whale availability (variance 0.002).

TABLE IV. Summary of beaked whale acoustic detections. Record time
and total number of clicks recorded by four drifting SoundTraps deployed
in the leeward off El Hierro island during a subsample of 8 days in October
2016 with click detection rate and proportion of certain beaked whale
clicks. Values are means.

IV. DISCUSSION

To evaluate the performance of an animal abundance
estimation method, an independent true value for density or
abundance is needed. Such scenarios are rare and challeng-
ing to find for most wildlife populations. Lacking true den-
sity or abundance, concurrent estimates of a species’
density—abundance obtained simultaneously using alterna-
tive methods, represent a possible approach to evaluate and
validate the reliability of PAM surveys. Here, we evaluated
a method currently under development for PAM-based
beaked whale density estimation, using drifting autonomous
recorders deployed at a predefined depth, comparing acous-
tic estimates to independent concurrent data based on visual
density estimates obtained simultaneously from land-based
point-transects. The results of this comparison provide key
evidence of the reliability of low-cost PAM surveys to study

TABLE V. Summary of detection probability and density estimates from
passive acoustic monitoring and from visual surveys and reported as num-
ber of beaked whales in the survey area. Cue count “all,” all beaked whale
clicks are considered; cue count “certain,” only certain beaked whale clicks

Date Record Total Detection rate Certain were considered; P, average detection probability and associated standard
(October) time (h) clicks (n) (click ™" detections (%) error; y°, chi-square goodness-of-fit significance value. Density estimate:
average density estimate (N =9 days), 95% confidence intervals (95% CI),

18 6.5 5056 167.5 0.75 and associated coefficient variation (CV).
21 7.2 4433 131.7 0.68
22 6.7 1557 37.1 0.53 ) Density estimate
25 47 3704 105.6 0.62 Data . . .

’ ’ ’ source Analytical approach ~ P(CV)  p-value mean (95% CI) CV
28 6.4 4057 98.6 0.46
29 7.8 8499 199.6 0.76 Acoustic Cue count “certain” 0.15(0.24) —  4.02(3.7-3.9) 0.50
30 7.2 2804 74.2 0.68 Cue count “all” —  8.65(8.3-8.9) 0.44
31 7.0 2760 131.0 0.77 Visual Distance sampling 0.20 (0.15) <0.001 5.8 (1.6-9.0) 0.77
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FIG. 5. (Color online) Beaked whale visual availability at the surface for
tagged Blainvillés (N=12 tags, 35 dives) and Cuviers beaked whales
(N =15 tags, 41 dives). For each tag record, whale availability as the num-
ber of 4 s periods spent at water depths <1 m over the total number of peri-
ods. Whale drawn by Chloe Yzoard (not at scale).

cryptic taxa, such as beaked whales, over relatively long
time periods and in realistic scenarios.

There is a widespread increased application of PAM
techniques for estimating animal density, although there are
few studies in which the true number of animals in the study
area is known (Phillips, 2016), to provide a means of verifi-
cation of the accuracy of such estimates (reviewed by
Marques et al., 2013). PAM surveys have traditionally been
used as either a complement or alternative to visual surveys
when studying sound-producing taxa. Some cetacean spe-
cies have, however, low visual detectability and, especially
in these cases, acoustic methods are preferably used as they
can routinely detect more animals per unit of effort than
visual methods (Sebastian-Gonzalez et al., 2018; Thomas
and Marques, 2012).

A. Acoustic density estimates

The proposed PAM method here presented provided an
estimate of 21.5 or 48.6 beaked whales per 1000km?. The
most conservative values (the lower estimate which consid-
ers only “certain” click detections) are not inconsistent with

TABLE VI. Summary of the visual beaked whale detections from double
platform observers located in a coastal cliff in El Hierro. The number of
detections is reported as the sum for both platforms. The mean beaked
whale group size is reported as the average of the two shore platforms.
Effort time is reported as to the number of 2min time snapshots (see
Methods) per platform.
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FIG. 6. Estimated detection function for land-based visual observers located
on a cliff (119 m above the sea level) southwest off El Hierro. Half-normal
model tested. Models were built from 935 double-observer sightings within
45 survey days. Distance is represented in meters.

concurrent visual density estimates (33.7 beaked whales per
1000km?). Daily detections for visual and acoustic
approaches showed high variance. This was expected a pri-
ori due to the natural variation in the number of beaked
whale groups present in the area on a given day (Table VI),
the environmental conditions, and the characteristics of the
animals’ biosonar signals; leading to a sharp decrease in
detectability at distances larger than 2km (Gkikopoulou,
2018). Increased swell height in three over eight of the
selected survey days could explain the decrease in the
observer’s sighting rate (October 25, 28, and 29), leading to
a lower abundance estimate from visual surveys in those days,
compared to PAM estimates. The resulting estimates are simi-
lar to beaked whale densities obtained elsewhere using deeper
static hydrophone arrays, like the ones in AUTEC (Atlantic
Undersea Test and Evaluation Center, Bahamas); 22.5 or 25.3
beaked whales per 1000 km?, depending on assumptions about
false-positive detections (Marques et al., 2009) and 24.76
beaked whales per 1000km2, when estimated >65h after
sonar exposures (see Moretti et al., 2006). Such comparable
results; however, do not provide information about the accu-
racy of the method per se, support similar species’ density pat-
terns across regions.

The large proportion of “uncertain” clicks detections
found in the recordings led to up to 40% variation in density
estimates. This is a consequence of the wide variability of

TABLE VII. Model parameter estimates describing the probability density
function (pdf), 7, (z; ¢) of beaked whale sightings with respect to seabed
depth, and half-normal detection function, g (r; €). Density models are

Date Visual beaked whale Beaked whale . . . N . N

. ‘ i Earameterlzed in terms of their means (ft) and standard deviations (¢), and
(October) Effort time detections (n) group size (n) 0 is the half-normal detection function parameter estimate.
18 224.75 23 2.17 — - -
71 223,59 76 242 fl’rol:gbﬂny denstny ]?etectgon

unction parameters unction

22 215.48 7 2.09 Model (pdf) ¢ parameter 0 AIC A AIC
25 164.75 8 3.39
28 209.97 10 1.77 Beta ip=324;,0=1.15 2973.12 5473.36 0
29 254.49 44 1.75 Normal 1 =2061.11; ¢ = 654.48 2992.58 5503.49  30.13
30 223.25 35 1.88 Uniform — 4293.17 5851.59 378.23
31 218.70 44 1.75 Log-normal n=70=05 2500 5953.59 480.23
J. Acoust. Soc. Am. 153 (4), April 2023 Arranz etal. 2477


https://doi.org/10.1121/10.0017921

detected clicks’ waveforms and power spectra, which
depends on the animal-sensor distance and orientation, and
the random presence of other vocally active species—
namely, dolphins—near the sensors (Caillat et al., 2013),
resulting in a lower density estimate accuracy. Gkikopoulou
(2018) reported little effect of using five different detectors
in the click detection rate, and therefore, here, we did not
explore the effect of using different detection and classifica-
tion algorithms. To improve the accuracy of density esti-
mates without having to manually scrutinize the whole
dataset (as performed in this study), particularly when it is
large, it would be possible to estimate the false positive rate
and proportion of “uncertain” detections from random or
periodic audio samples manually analyzed throughout the
recordings and use it to apply a correction to specific tempo-
ral windows.

B. Acoustic multipliers

Click production rate and click detection probability
were calculated here using auxiliary DTag data from related
studies and used as multipliers to convert click counts into
animal density. To estimate the correct weighted mean click
production rate pooled-across species present in the area,
the proportion of clicks being produced by each species
should be considered. In this case, mean click rates resulted
very similar for each of the two species (0.46 clicks s ' CV
0.03 and 0.47 clicks s~' CV 0.05 for Blainvillés and
Cuvier’s beaked whales, respectively) and the species’ pro-
portion could have been ignored in practice. However, mak-
ing explicit the calculation highlights that this is
fundamental under scenarios where cue rates might differ
between species. Calculations were performed assuming
that there were no differences among the studied species per
location and over time and using weighted averages of tag
data per each recording location. Individual click rates of
tagged whales has been suggested to be independent of
group size for both beaked whale species (Alcazar-Trevino
et al., 2021). Therefore, click rates seem not to be density
dependent, nor change in relation to other social parameters
in this area. However, Warren et al. (2017) found changes
over space and time in click production rate in Cuviers
beaked whales studied in Liguria and California. Potential
differences in vocal behavior of this species between the
Canary Islands and these areas can bias density estimates.
Cue rate data from the same place and period of that of the
primary survey is always preferable (Marques et al., 2013);
however, such concurrent ad hoc tag data are challenging to
obtain since tags are only deployed in exceptional condi-
tions (i.e., good weather, certain locations) and, so far, only
on a limited number of species. Here, we considered mea-
surements (N =41 dive cycles) from two different locations
(California and Liguria) to capture, given the data available,
at least some of the natural variability in cue rates from
Cuviers beaked whales. Further studies that estimate cue
rates and evaluate the variability in cue rates induced by
external factors, like location, are required to evaluate the
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potential bias that might remain when tags from elsewhere
are used to estimate a given cue rate.

Given the characteristic vocal synchrony for these spe-
cies (Aguilar de Soto et al., 2020), where all individuals of
the group start and end clicking within a few seconds of dif-
ference, larger groups of beaked whales do not necessarily
imply variable individual click rates (driven by intra-group
competition or interference) but could nonetheless result in
an increase in the group’s acoustic footprint, due to (i) the
concurrent clicking activity of all group members, (ii) the
individuals’ independent movements during their deep
dives’ foraging phase (Aguilar de Soto et al., 2020), and (iii)
the distinctive high directionality of odontocete clicks
(Branstetter et al., 2012). However, such expanded acoustic
footprint would only be registered when using various
acoustic receivers covering enough radial space to effec-
tively detect most of the clicks emitted by all group mem-
bers while they forage independently, as Marques et al.
(2019) recorded by using the AUTEC system off the
Bahamas. These authors reported an increased group
detected click rate as a function of group size for
Blainville’s, using it to estimate group size and estimating
density from dive count methods. This approach has not
been considered in this study, given the challenge to identify
individual dives from click bouts that were found almost
continuously throughout most acoustic records.

The probability of detecting a click on a hydrophone
may vary depending on factors such as depth of the sensor,
ambient noise, off-axis attenuation, transmission loss, and
source level (SL) of the signal. Ambient noise was assumed
comparable between recordings performed during the cur-
rent study and the tagging experiments as the study site con-
stitutes an area of low human impact, with little shipping
activity, and both surveys were conducted in similar sea
state conditions (<2) and seasons (spring and autumn).
Comparison of CTD (conductivity, temperature, density
recorder) casts across survey periods also suggests a similar
transmission of sound within ~150 and 850 m depth, corre-
sponding to the average depth of the seasonal and permanent
thermoclines, respectively. This depth range also comprises
the depth of production of most Blainville’s beaked whale
clicks in this area (200-800m) (Arranz et al., 2011) and
deployment of the sensors in this study (200 m). The SL and
proportion of clicks emitted in an off-axis angle at different
distances to the sensor are determinant of the distance at
which these can be detected. The acoustic properties of
clicks and the probability of detecting clicks on-axis and
off-axis, because of the whale’s head orientation relative to
the sensor, were assumed to be comparable across surveys,
given that samples come from the same beaked whale popu-
lation and sensors were located at similar seabed depth and
distance from the coast (Reyes, 2018; Gkikopoulou, 2018).
The detection function was estimated as a function of hori-
zontal distance, where clicks detected on the receivers are
recorded as presences and the clicks not detected as absen-
ces, with an empirical detection function calculated by
dividing the number of clicks detected by the total number
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of clicks produced (Gkikopoulou, 2018). As is recommend-
able in distance sampling applications, the horizontal dis-
tance was used instead of the slant distance, integrating all
the possible slant distances for animals vocalizing at differ-
ent depths.

Non-acoustical factors affecting the click detection
probability involve the probability that a whale is in the area
within the effective detection distance of the PAM system.
If beaked whale spatial density (non-uniform distribution)
was not considered, acoustic density estimates averaged 70
whales (range 55.3—84.8), a value an order of magnitude
larger than results obtained from visual observations in the
same area, and more than double of those reported in other
areas with comparable resident beaked whale populations
(see Moretti et al., 2006; Marques et al., 2009). This under-
lines the importance of considering non-uniform animal dis-
tributions when estimating the acoustic detection probability
on PAM surveys and collecting prior information on animal
distribution, particularly in areas with steep bathymetry or
sudden changes in habitat conditions where a density gradi-
ent is likely to occur. Cuvier’s beaked whales have been
reported to perform extreme dives amongst all breath-hold
divers (Schorr et al., 2014), and noticeably the likelihood of
detecting beaked whale clicks is likely to decrease with the
difference between the depth of the whale and sensor depth
(Barlow et al., 2013; Gkikopoulou, 2018). On the other
hand, track line acoustic detection probability for Cuviers
beaked whales seems to be higher compared to Blainville’s
beaked whales (Barlow et al., 2013), probably due to its
shorter dive cycles (Warren et al., 2017). Given that the
point transect acoustic detection function applied here is
based on trials with tagged Blainville’s beaked whales, our
density estimates of detectability (applied to the combined
data for both beaked whale species) might be biased low,
and hence, density estimates could potentially be biased
upwards.

C. Visual validation approach

While conducting the acoustic surveys, the study area
was simultaneously monitored by two land-based visual
platforms to obtain a concurrent independent estimate of
abundance—density. Conventional visual distance sampling
techniques assume (i) uniform animal density with respect
to the samplers based on a random sampling design, (ii) ani-
mals being detected at their initial locations, and (iii) certain
detection on the track line or point-transect, that is g(0) =1
(Buckland et al., 2001; Chen, 2000; Laake et al., 2011).
Such techniques are not appropriate to estimate detection
probability of beaked whales from fixed points on land
(Buckland et al., 2006) for two reasons: (i) beaked whales
spend most of the time underwater and not available for
detection even when they are at close distance, and (ii) they
exhibit a depth preference leading to a non-uniform distribu-
tion relative to the coast (Arranz et al., 2011; Tyack et al.,
20006).
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The Chi-square goodness-of-fit test (p-value < 0.001)
suggested that sightings do not fit the predicted density
model proposed by Arranz et al. (2013). One possible expla-
nation for this is that the species have a seasonally depen-
dent distribution, as the dataset used by Arranz et al. (2013)
spanned three seasons over 5 yr (N = 1789 sightings) and in
this study, data were collected in October 2016 (N =191
sightings). This model provided an abundance estimate of
5.9 (95% CI 1.6-9.0) beaked whales in the study area, the
greatest similarity with PAM density estimates, considering
“certain” detections. Despite this similarity, we acknowl-
edge some bias in density estimates derived from this model
may be present, due to failure of the assumption of perfect
detectability at distance O from the observer. Nonetheless,
the density gradient model allowed data to be collected with
relatively low effort, since a single observer platform is
needed and provided more accurate density estimates com-
pared to MR methods. Further ongoing efforts combining
MR and density gradient approaches will certainly improve
estimates of beaked whale density from land-based point-
transect visual surveys.

V. CONCLUSIONS

The PAM method presented here provides estimates of
whale density using low-cost mobile recording platforms
and match concurrent density estimates obtained using inde-
pendent visual data. While two independent simultaneous
methods do not necessarily definitely constitute mutual vali-
dation, the most parsimonious explanation for providing
comparable results is that overall, they are reliable, assum-
ing there are no major assumption violations in the estimates
from the two different methods. Further work that focuses
on generating depth-dependent spatial density distribution
data using PAM to correct detection probability would
improve density estimates of point-transect PAM surveys
when animal distribution is not uniform. Obtaining in situ
detection functions and sound production rates is fundamen-
tal for real-time monitoring studies and would contribute to
the progress of PAM methodology. These results have
implications, not only on the long-term monitoring of poten-
tial anthropogenic disturbance on beaked whales, but also
on the evaluation of the number of animals at risk to prevent
or minimize possible accidental exposures during naval
operations.
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