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The genus Cephalorhynchus contains four dolphin species, of which three are classified as Near Threatened or
Endangered and one subspecies is close to extinction. Understanding the species’ abundance, distributions and
habitat preferences is necessary for effective management to prevent further population declines. Heaviside’s
dolphin C. heavisidii is endemic to the Benguela ecosystem off southwest Africa, and like other Cephalorhynchus
species these dolphins produce narrowband high-frequency (NBHF) echolocation clicks with a centroid frequency
around 125 kHz. We conducted dedicated visual and acoustic line-transect surveys within and adjacent to the
Namibian Islands Marine Protected Area in 2012-2014. Acoustic data were processed in the passive acoustic
monitoring software PAMGuard, using the default porpoise click detector and classifier to identify NBHF
echolocation clicks. Click detection and classification in PAMGuard included a large excess of false positives,
which were easily identified by manual verification of events, and ultimately provided 52 definite detections. The
acoustic methods provided data in offshore areas and during overnight periods, but were imperfect and not suitable
for ecologically important shallow coastal areas. While demonstrating the utility of passive acoustic monitoring in
line-transect surveys targeting Cephalorhynchus species, the study shows that both visual and acoustic methods
were needed to collect data throughout the range of Heaviside’s dolphin.

Keywords: click detection and classification, echolocation, encounter rate, line-transect survey, narrowband high-frequency clicks, PAMGuard,
southwestern Atlantic

Introduction

Four species of dolphin comprise the genus Cephalorhynchus partly because of uncertainty regarding its overall population

and are distributed in cool-temperate coastal waters of the
Southern Hemisphere (Pichler et al. 2001). The Chilean
dolphin C. eutropia is classified as Near Threatened
(Heinrich and Reeves 2017) and Hector’s dolphin C. hectori
as Endangered (Reeves et al. 2013a). The subspecies
C. hectori maui (Maui’'s dolphin) is assessed as Critically
Endangered (Reeves et al. 2013b) and is close to extinction
(Slooten et al. 2006; Baker et al. 2013). Although arguably
the least well-known of the genus, Heaviside’'s dolphin
C. heavisidii appears comparatively abundant, particularly in
the southern part of its range (Elwen et al. 2009; Gopal et al.
2016). However, this species was recently reclassified from
Data Deficient to Near Threatened in global assessments,

structure, abundance and anthropogenic threats (Elwen and
Gopal 2018).

Understanding the abundance, density, distribution
and habitat preferences of dolphins in the genus
Cephalorhynchus is necessary for effective management to
prevent further population declines. However, the small body
sizes and group sizes (Dawson 2018) of all Cephalorhynchus
species can make them cryptic to detection with visual
surveys. Passive acoustic monitoring (PAM) of naturally
occurring echolocation clicks offers an alternative detection
mode (Gillespie and Chappell 2002; Mellinger et al. 2007).
PAM has several advantages over visual detection in that
animals can be detected 24 hours a day, in poor weather
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conditions and when submerged (Zimmer 2011). For cryptic
marine mammals whose vocal behaviour is understood,
acoustic monitoring can increase the number of detections
when compared with visual-only detection methods (Barlow
and Taylor 2005). Consequently, PAM is increasingly used
to generate information on rare and endangered cetacean
species (e.g. Gerrodette and Rojas-Bracho 2011; Richman
et al. 2014).

All Cephalorhynchus species produce narrowband,
high-frequency (NBHF) echolocation clicks (Dawson and
Thorpe 1990; Gétz et al. 2010; Kyhn et al. 2010; Morisaka
et al. 2011; Martin et al. 2018), with a waveform, centroid
frequency, bandwidth and duration strikingly similar to the
echolocation clicks produced by most porpoises (genus
Phocoena) (Mghl and Andersen 1973; Au 1997; Morisaka
and Connor 2007). This makes them particularly amenable
to PAM using click detection and click classification criteria
originally developed for the harbour porpoise P. phocoena
(Gillespie and Chappell 2002). Static (moored) acoustic-
monitoring devices designed for odontocete detection
(T-POD and C-POD monitors; Chelonia Ltd, UK) have
been used successfully to investigate the occurrence and
density of Heaviside’s and Hector's dolphins (Rayment
et al. 2009b; Leeney et al. 2011). Although capable of
monitoring continuously for long periods, static devices
have limited spatial resolution unless they are deployed in
extensive arrays.

Incorporating PAM into line-transect surveys (Buckland
and Turnock 1992) offers an alternative method for
understanding the distribution of cetaceans and for
generating estimates of abundance and density (Marques
et al. 2012). Most simultaneous visual and acoustic
line-transect surveys for NBHF species have targeted
porpoise species, notably harbour porpoises in European
waters (Gillespie et al. 2005; Booth et al. 2013) and the
vaquita P. sinus in the Gulf of California (Gerrodette
et al. 2011). These studies have commonly used the
open-source software PAMGuard (Gillespie et al. 2008;
www.pamguard.org) and its precursor RainbowClick
(International Fund for Animal Welfare, www.ifaw.org)
to automatically detect porpoise clicks in real-time and
post hoc. During detection, clicks are localised using
‘time of arrival differences’ (TOAD) of pulses detected on
two hydrophone elements arranged in a linear formation
and towed behind the research vessel. The perpendicular
distance of vocalising individuals or groups from the survey
track line can be estimated from multiple click detections
that occur close in time and space using target motion
analysis. Although this method has generated considerable
data on the occurrence of Phocoena species (e.g. Gillespie
et al. 2005; Gerrodette et al. 2011; Booth et al. 2013), to the
authors’ knowledge no studies have conducted dedicated
acoustic line-transect ship surveys for Cephalorhynchus
species.

This methodological report arises from a series of
dedicated visual and acoustic line-transect ship-based
surveys for dolphins in Namibia. Here, we focus on click
detection and classification for Heaviside’s dolphin, which
is endemic to the Benguela ecosystem off the west coast of
southern Africa (Findlay et al. 1992; Gopal et al. 2016). The
range of this species is limited to coastal and shelf waters

(primarily depths of <100 m: Elwen et al. 2006; De Rock
et al. 2019), where it is exposed to several unquantified
human threats, including bycatch and prey depletion
by fisheries and disturbance from unregulated marine
ecotourism (Elwen and Gopal 2018). Heaviside’s dolphins
produce directional echolocation clicks characterised by
a mean centroid frequency of 125 kHz, root-mean-square
(RMS) bandwidth of 15 kHz (-3 dB), duration (=10 dB) of
74 us, and mean apparent source level (ASL) of 173 dB
re 1 yPa,, (Morisaka et al. 2011). The echolocation click
and spectral parameters are similar to values previously
reported for harbour porpoises as well as other species of
Cephalorhynchus (Au et al. 1999; Kyhn et al. 2009, 2010,
2013). We investigated whether PAMGuard software with
the default ‘porpoise’ click detection and click classification
settings would detect Heaviside’s dolphins. We assessed
differences in detection range relative to detection mode
and the influence of environmental conditions (Beaufort
sea state and water depth) on detection. For abundance
estimates and a discussion of the distribution of Heaviside's
dolphins as revealed by the full series of NIMPA surveys,
see Martin et al. (2020).

Materials and methods

Survey design

Data were collected between March and May of 2012 to
2014 during simultaneous visual and passive acoustic
line-transect surveys within and adjacent to the recently
established Namibian Islands Marine Protected Area
(NIMPA) in southern Namibia (Figure 1). The NIMPA
comprises a coastal strip spanning approximately three
degrees of latitude with an average width of 30 km. It
includes 11 offshore islands and islets, extending from
Hollamsbird Island (24°38" S, 14°31' E) in the north to
Sinclair Island (27°40" S, 15°31" E) in the south (Currie
et al. 2009). Surveys were performed as a collaboration
with Namibia’s Ministry of Fisheries and Marine Resources
(MFMR), using their dedicated 22-m Luderitz-based research
vessel the RV !Anichab. All surveys departed and returned
to Luderitz, with data collection continuing overnight when
weather conditions allowed or with occasional overnight
stops to take shelter under adverse conditions. Our study
design incorporated systematic survey lines that ran from
areas with an expected high density of Heaviside’s dolphins
in the nearshore, to areas of expected low density offshore
(Best 2007; De Rock et al. 2019). Surveys were conducted
at a relatively constant speed of 8-10 knots and with survey
lines designed to head into (220°) and away from (40°) the
predominant swell, running from coastal waters to the 200-m
isobath. As this study compares detectability between two
survey modes, we used data from all survey effort (dedicated
transect lines, transit passages and opportunistic transect
lines) throughout the study, where the same survey protocols
were applied.

Visual-survey data collection

Visual surveys for all cetacean species were conducted
during daylight hours, generally between 06:00 and 17:00
(UCT+02:00). Prior to survey commencement, visual
observers were trained in estimating distance using
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Figure 1: During surveys of Heaviside’s dolphins in the Namibian Islands Marine Protected Area (NIMPA), survey effort on systematic,
transit and opportunistic lines (dark grey lines), shown by detection mode. (a) Visual-survey effort, with locations of visual detections.
(b) Acoustic-survey effort, with locations of acoustic detections
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objects at a known distance from the vessel. At the start
of each survey, standard information was collected on
the sighting conditions, including Beaufort sea state (BF,
0-6), wind direction and speed (knots), swell height (m),
cloud cover (out of 8) and sightability (an overall index of
the sighting conditions, out of 5). Information on sighting
conditions was updated every 30 min, and whenever
conditions changed. The visual-survey design consisted of
two observers, stationed on either side of the vessel and
searching from the transect line to 90° port or starboard.
Searches were conducted with 8x42 binoculars and
the naked eye, and observers rotated every 30 min to
minimise fatigue. Where possible, photographs were used
to confirm species identification. Observers used VHF
radios to communicate all sightings information to the data
logger, for real-time entry using Logger 2010 software
developed by the International Fund for Animal Welfare
(Gillespie et al. 2010). Observers reported the distance
and bearing to the dolphin group (distance estimated
by eye, and bearing with an angle board), and the group
sizes as ‘best,” ‘high’ and ‘low’ estimates of the number of
individuals present. Visual data were collected throughout
all daylight hours whenever survey conditions were
favourable (BF 1-5, no mist or fog).

Acoustic-survey data collection

When possible, acoustic data were collected using a
custom-built linear hydrophone array, which recorded
continuously when deployed. The array was deployed
when surveying in waters exceeding a depth of 30 m
and it was extended 380 m behind the vessel, positioned
approximately 10 m deep in the water column when the
vessel was underway. The hydrophone array consisted
of a 3-m oil-filled streamer section containing three
hydrophone elements (HS150; Sonar Research and
Development Ltd, Beverley, UK), with sensitivities of
-204 dB re 1 V/uPa and a flat frequency response
(¥2 dB) from 1 Hz to 160 kHz. Data collected from the
first and second hydrophones separated by 25 cm in the
linear configuration were used. Amplified signals were
digitised at a 500-kHz sampling rate through a National
Instruments Digital Acquisition sound card (USB-X6356,
http://www.ni.com), with a high-pass filter (2-pole
Butterworth) at 400 Hz and a low-pass filter (1-pole
Butterworth) at 200 kHz. All recordings were made using
PAMGuard 1.13.03, which limited file sizes to 655 MB
(equivalent to 5 min 35 s of recording time), and were
saved at a 16-bit resolution directly to the hard drive of a
Dell XPS laptop.

Acoustic classification in PAMGuard

Acoustic-data analysis took place offline following initial
data screening. Files influenced by extreme electrical
noise on one or both channels were removed from
subsequent analyses. Analysis was conducted in the
PAMGuard mixed mode using a high-pass pre-filter at
10 kHz (4-pole Butterworth) and a bandpass trigger filter
set between 100 kHz and 160 kHz (4-pole Butterworth).
Clicks were detected using a standard trigger threshold set
at 10 dB. Click classification took place in the PAMGuard
viewer mode using the default ‘porpoise’ settings to

classify Heaviside’s dolphin clicks based on pre-defined
click parameters. Clicks were automatically classified
as porpoise—hereafter referred to as NBHF clicks—if
there was a difference of >5 dB in energy between the
100-150 kHz ‘test band’ compared with the 40-90 kHz
‘control band,’ together with the peak and mean frequency
occurring within the test band.

Acoustic events were defined as all classified clicks
occurring within a time-window of 4 min 5 s. This time-window
was identified using the speed of the vessel (8 knots) and
a maximum radial detection distance of 500 m, estimated
for an animal echolocating at a stationary location on
the horizontal plane (Rayment et al. 2009a; Gerrodette
et al. 2011). Based on these values it would take 4 min
5 s for the research vessel to approach and fully pass
through the radial detection distance of echolocating
dolphin(s). Encounters separated by more than this
time-limit were assumed to be from separate dolphin
groups. In practice, most events were discrete and
concluded within a much shorter time-frame. All events
and standard information concerning the time, number
of clicks and inter-click interval (ICl) per event were
automatically stored in a linked database. Based on the
PAMGuard click classification, acoustic events were
scored as (1) definite Ch (‘Ch’), (2) probable Ch (‘PrCh’)
or (3) possible Ch (‘PCh’), by the analysts (MM, TG, JS),
according to the PAMGuard criteria shown in Table 1.
Therefore, although the detection and classification of
clicks was automated, information on the total number of
clicks in each event, click-energy distribution across both
hydrophone channels, and the respective click-bearing and
click-waveform characteristics, were reviewed through the
built-in features of PAMGuard and used by the analysts
to classify acoustic events. ‘Definite Ch’ and ‘probable
Ch’ events were assigned based on the number of NBHF
clicks identified in PAMGuard, where five clicks was used
as a threshold between the two categories (Gerrodette
et al. 2011). Two additional categories were created for
false-positive click classification, attributed to either the
wrong species (‘FP-WS’) or noise interference (‘FP-N’).
Broadband dolphin clicks, such as those produced by the
dusky dolphin Lagenorhynchus obscurus (Au and Wirsig
2004), can extend up to and beyond the characteristic
frequency band of NBHF clicks (Au 1993) and occasionally
they can be misclassified as NBHF (i.e. porpoise) (Gillespie
and Chappell 2002). However, such events have a very
small proportion of overall clicks classified as NBHF when
compared with broadband clicks within the encounter
(Gillespie and Chappell 2002). Confident assignment of
false-positive events that were attributed to noise was also
necessary, as even after preliminary data-screening there
were still intermittent recording periods with excessive
noise on one channel, which triggered the NBHF classifier.
Events classified as ‘FP-N’ were identified through careful
visual inspection of the clicks’ waveform and frequency
spectra in the PAMGuard viewer.

We verified our PAMGuard-based event classification
through manual verification of the underlying sound files
in the spectrogram and waveform displays of Adobe
Audition CC (Adobe Systems Inc., setting: 512-point FFT,
Hamming window). All classified acoustic events and a
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Table 1: From acoustic surveys of Heaviside’s dolphins Cephalorhynchus heavisidii in the Namibian Islands Marine Protected Area,
summary of criteria used to identity and categorise click events detected within PAMGuard viewer mode, and the criteria applied during
manual verification through inspection of the sound ‘.wav’ file. NBHF = narrowband high-frequency clicks

Code Term PAMGuard criteria Manual analyst confirmation Manual analyst refutation
Ch Definite Ch Events with 25 NBHF clicks and (i) Sightings of C. heavisidii within  Visual inspection of ‘.wav’ files
a corresponding waveform and the ‘matched’ time-window indicates the spectral and
frequency spectra that conform and/or waveform characteristics
to NBHF click characteristics, (i) Visual inspection of “.wav’ files  do not conform to NBHF
such as: typically contain no confirms ‘Ch’ clicks through click characteristics
energy below 100 kHz, narrow spectral and waveform
bandwidth (approx. <15 kHz characteristics conforming
[-3 dB]), polycyclic waveform, to NBHF clicks
and duration >100 ps (Au 1997)
PrCh Probable Ch Events with <5 NBHF clicks and As above As above
a corresponding waveform and
frequency spectra, which through
visual assessment conform to
NBHF click characteristics
PCh Possible Ch Events with 21 NBHF clicks As above As above
with low amplitude and/or a
corresponding waveform that
did not conform well to NBHF
click characteristics. Classified
clicks often occurred at similar
time-bearing positions with one
or more non-classified clicks,
which, upon inspection, also
contained energy in the 125
kHz frequency band, indicative
of a low-amplitude detection.
Such information was used to
distinguish these possible ‘Ch’
click events from false-positive
events
FP-WS False positive: Events where a very small (i) Sightings of dusky dolphins (i) Visual inspection of ‘.wav’ files
wrong proportion of the overall clicks Lagenorhynchus obscurus confirms noise interference
species were NBHF and the remaining within the ‘matched’ (i.e. ‘FP-N’), or
were broadband dolphin clicks time-window, and/or (i) Visual inspection of “.wav’
(i) Visual inspection of “.wav’ files files confirms NBHF clicks.
confirms broadband dusky Most likely to arise in a
dolphin clicks through spectral mixed-species group, where
and waveform characteristics NBHF clicks are poorly
(Au and Wirsig 2004) represented as compared
with numerous higher-
amplitude broadband clicks
FP-N False positive: Events with 21 NBHF clicks Visual inspection of ‘.wav’ files Visual inspection of “.wav’ files
noise that fulfilled at least one of the confirms noise interference identifies clear ‘Ch’ click trains
following criteria: (i) occurred (i.e. true positive)
coincidentally with broadband
noise, often occurring at a
constant bearing of 90°; (ii)
had an erratic waveform that
did not follow the characteristic
sinusoidal waveform of NBHF
clicks; (iii) contained energy in
the 125 kHz frequency band
only on one channel
F-N False negative No NBHF clicks classified in Visual inspection of “.waV’ files Visual inspection of ‘.wav’ files

PAMGuard

confirms NBHF clicks within

the ‘matched’ time-window.
Indicates clicks did not meet
PAMGuard detection thresholds

fails to detect NBHF clicks (i.e.
true negative). This indicates
that the animal(s) were
acoustically quiet, out of acoustic
detection range, or their clicks
did not propagate well to the
hydrophone array
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subset (~40%) of the ‘FP-N’' events were assessed by
inspecting the sound files containing these events. We also
cross-referenced all acoustic events assigned as ‘Ch,” ‘PrCh,
‘PCh’ and ‘FP-WS’ with the visual-sightings data to determine
matched detections. The criteria for matching followed
Richman et al. (2014), whereby the time and radial distance
of the visual sighting, vessel speed, distance between the
visual and acoustic platforms, and time of acoustic detection
were considered during matching decisions. However, some
exceptional circumstances required deviation from this
approach because Heaviside’s dolphins were occasionally
encountered in loose aggregations of multiple, small separate
groups. These were treated as discrete encounters in the
sightings database. However, through the acoustic-detection
mode, such aggregations were detected as extended
acoustic events lasting several minutes longer than single-
group acoustic detections. In these unusual cases, matching
decisions were based on careful inspection of the visual and
acoustic event information, including localisation of click-trains.
Where necessary, the encounter was aggregated to a
conservative estimate for matched detections.

Detection modes

Detections of Heaviside’s dolphins were compared by mode
(visual, acoustic or matched) to investigate differences that
might influence survey efficiency and future survey-design
criteria. The perpendicular distance from the transect
line at the time of detection was estimated for all visual
detections and, wherever possible, for acoustic events.
Acoustic detections were localised in PAMGuard using
the signal time of arrival differences by applying the 2D
‘Simplex’ target-motion-localisation algorithm. Differences in
detection distance for visual and acoustic detections were
tested statistically using a nonparametric one-way ANOVA
(Kruskal-Wallis test). The influence of wind conditions
(measured on the Beaufort scale, ranging from 0 to 6) on
encounter rates (detection events per hour) was examined
by scaling the number of detections made by each survey
mode (visual and acoustic) by the respective amount of
survey effort during each sea state. Finally, we investigated
the depth at detection for each mode. As most detection
distances were within 200 m of the research vessel
(Figure 2), the vessel location at the initial time of detection
was used as a location proxy from which water depth at
detection was calculated. Depth values were calculated
in QGIS, derived from the freely available GEBCO Atlas
(2014, www.gebco.net), at a resolution of 15 arc-second
intervals (roughly 400 x 400 m resolution at the latitude of
the study area).

Results

Data were collected over 34 survey days (31 with acoustic
effort) and we report the results of 167 h 53 min of dedicated
visual survey effort and 278 h 57 min of acoustic survey
effort (Figure 1). Combined visual and acoustic survey
effort amounted to 107 h 3 min. Heaviside’s dolphins were
encountered engaged in a range of behaviours and would
frequently approach the vessel to bow ride. Approximately
67% of the Heaviside’s dolphin groups exhibited attractive-
responsive movement, as their aspect was directed towards

(i.e. they were swimming towards) the vessel on visual
detection. Best estimates of group size based on the 72
confirmed visual detections were generally small, with a
mean of 4 dolphins (SD 6) observed per encounter. Although
not corrected for covariates which might influence detection,
Figure 1 indicates spatial aggregation and a preference for
inshore waters for Heaviside’s dolphin. Depth-at-detection
ranged from 13 to 158 m, with the farthest-offshore
detections at 21 km (visual) and 46 km (acoustic) from shore.
Overall encounter rates were 0.43 groups h-' (visual) and
0.19 groups h~' (acoustic).

Acoustic classification of Heaviside’s dolphin signals
in PAMGuard

In total, 640 NBHF click events were identified in
PAMGuard, ranging from 1 to 4 054 NBHF clicks per event
(mean: 24 [SD 203], mode 1). Of these, 52 (8%) NBHF
click events were identified as definite Heaviside’s dolphin
(‘Ch’), 10 (2%) as probable Heaviside’s dolphin (‘PrCh’),
and 46 (7%) as possible Heaviside’s dolphin (‘PCh’). The
number of NBHF clicks per ‘Ch’ event ranged from 5 to
727 (mean: 88 [SD 139], mode 7). In some cases, the
‘PCh’ events contained a high number of NBHF clicks
(range 1-93). However, by applying the predetermined
event criteria specified in Table 1, confidence in these
events being ‘Ch’ was low. All 52 ‘Ch’ events identified
in PAMGuard were manually verified as true positive
detections by examining the associated ‘.wav’ sound-file
data. The number of ‘PrCh’ events was low, and most
(7 out of 10) were confirmed as ‘Ch’ through verification
using the supporting sound files. For ‘PCh’ detections,
only 22% (10) were confirmed as true ‘Ch’ and the rest
retained the ‘PCh’ classification or were re-classified
as false positives. Events classified as ‘FP-WS’ were
easily identified through inspection of PAMGuard outputs
and manually verified. When cross-checked against the
sightings data, 23 out of 24 FP-WS events (96%) were
confirmed as dusky dolphins (Table 2). Although numerous
(n = 508), the false-positive events caused by noise (FP-N)
were identified through PAMGuard with ease (Table 2).

Detection-mode comparisons

Of the ‘Ch’ acoustic detections, 29 (56%) could be localised
in PAMGuard using time-of-arrival differences of the NBHF
signals on the array elements, providing an estimated
perpendicular distance of the dolphin group from the
transect line. Localisation failed when successive bearing
angles could not be determined, usually caused by a
low number of clicks in the acoustic event. There was no
significant difference in estimated detection distance from
the transect line between the visual (n = 51) and acoustic
modes (Kruskal-Wallis: 2 = 0.60, df = 1, p = 0.438, visual
mean: 121 m [SD 214], acoustic mean: 128 m [SD 154]).
In general, visual and acoustic perpendicular-detection
distances were <200 m from the transect line, with the
majority of detections <100 m away (Figure 2). Very few
visual or acoustic detections (n = 6) exceeded 400 m.

The influence of the Beaufort sea state on encounter
rates was assessed for the visual and acoustic modes
(Table 3). Where effort was low, encounter rates
fluctuated, and rates were calculated for pooled data at
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Figure 2: Graphical summary of the estimated perpendicular detection distances by detection mode (visual, acoustic or matched),
obtained during surveys of Heaviside’s dolphins in the Namibian Islands Marine Protected Area

Table 2: Classification of PAMGuard detection events (right column) recorded during acoustic
surveys of Heaviside’s dolphins. The shaded values on the diagonal show the number of
events identified in PAMGuard that remained in each category following manual verification.
Values to the left and right indicate reclassification of events into new categories following
manual verification, with the column header indicating the reclassified category. Final category
sizes following manual verification are shown in the bottom row. The number of ‘FP-N’ events
verified manually (n = 197) is a subsample of the total identified in the dataset (n = 508).

See Table 1 for abbreviation codes

Identified in

Ch PrCh PCh FP-WS FP-N PAMGuard
Ch 52 0 0 0 0 52
PrCh 7 0 3 0 0 10
PCh 10 0 24 0 12 46
FP-WS 1 0 0 23 0 24
FP-N 1 0 3 1 192 197 (508)
Manually verified 71 0 30 24 204

the extremes (i.e. BF 0/1, and BF 4/5) for visualisation.
A strong negative relationship in the visual-detection
encounter rates with increasing sea state was observed,
decreasing more than 6-fold from BF 0/1 to BF 4/5
(Table 3; Figure 3). The relationship between the acoustic
encounter rate and sea state (BF 0-5) was not monotonic,
as the highest group encounter rates occurred in BF 2 and
BF 3 (Table 3; Figure 3). Encounter rates varied much
more between sea states for visual detection (range in
encounter rates across sea states = 0.72) than for acoustic
detection (range = 0.28).

Spatial partitioning in the data collection by detection
mode was driven by survey-depth considerations. This
arose from logistical constraints as the hydrophone array
could not be deployed in water <30 m deep. Visual-only
survey effort therefore predominantly occurred in shallow

nearshore waters, where Heaviside’s dolphins are known
to aggregate (Elwen et al. 2006), whereas acoustic
monitoring was concentrated in deeper waters farther from
shore. Consequently, more groups of Heaviside’s dolphins
were detected visually (n = 72, corrected to 67 following
aggregation: see Methods section) than acoustically
(n = 52), and the overall visual-encounter rate was more
than double the acoustic-encounter rate (Table 4). Visual-
only detections occurred in shallower water depths (mean:
31 m [SD 11]) compared with the acoustic-only detections
(mean: 71 m [SD 42]) (Figure 4). Temporal partitioning in
data collection occurred as acoustic recordings continued
overnight when visual observations were not possible.
Although sparse, during simultaneous detection effort
there were nine matched detections and the acoustic
mode was slightly more effective than the visual mode,
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Table 3: The encounter rate (ER = number of detections per hour of survey effort, by
Beaufort sea state [BF] code) for Heaviside’s dolphins in the Namibian Islands Marine
Protected Area. Values in parentheses show corrected counts where two matched
detections were characterised by multiple visual detections occurring close in time

and space
Visual mode Acoustic mode

BF de’;'e‘;ﬁ‘;fns Effort (h) ER (no. h-") de’;'eoc'ﬁ‘(’)fns Effort ()  ER (no. h-')
0 1 6.2 0.16 5 10.8 0.46

1 16 18.9 0.85 1 17.6 0.06

2 36(34) 50.5 0.71(067) 19 56.3 0.34

3 10 (7) 42,6 0.23(0.16) 17 56.7 0.30

4 5 38.6 0.13 5 52.0 0.10

5 4 7.8 0.51 4 18.4 0.22

6 - - - 1 36 0.27
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Figure 3: Graphical summary of the effort-corrected detection
rates, as a function of Beaufort sea state and detection mode,
obtained during surveys of Heaviside’s dolphins in the Namibian
Islands Marine Protected Area

with five acoustic-only detections and two visual-only
detections (Table 4).

Discussion

The application of line-transect-survey methodology using
passive acoustic monitoring (PAM) has flourished in recent
years and is being more regularly applied for NBHF-clicking
odontocetes (e.g. SCANS 2008; Gerrodette et al. 2011;
Fleming et al. 2018). This has been facilitated by technological
advances and the greater affordability of sophisticated
acoustic equipment capable of high sampling rates (i.e.
250 kHz and above). To our knowledge this is the first study
to implement PAM during line-transect surveys for any
dolphin of the genus Cephalorhynchus, using PAMGuard
software to facilitate the click-classification process. The
NIMPA series of surveys are the only simultaneous visual
and acoustic line-transect cetacean surveys conducted in
Namibian waters and within the Benguela ecosystem, and
the approach remains rare within Africa as a whole (but see
Braulik et al. 2018 for a recent example).

Automated detection and classification methods

have greatly facilitated click-data processing (Gillespie
et al. 2008), with concurrent developments in statistical
methodology to help generate density and abundance
estimates from combined visual and acoustic data
sources (Marques et al. 2012). Although we hoped to fully
automate our analysis pipeline, the high false-positive rate
encountered in our dataset prevented this from being fully
achieved. Therefore, we used a combined approach of
automated detection and classification of NBHF clicks in
PAMGuard and a decision-rule process, following Rayment
et al. (2011). The ‘Ch’ events were classified based on the
number of NBHF clicks detected, the click characteristics
and the proportion of NBHF to broadband clicks (when
applicable) using built-in features of PAMGuard. Although
not fully automated, manual verification through careful
inspection of the recordings indicated that this approach
worked well for our data, which included false positives
generated from sporadic periods of electrical noise
interference and detections of broadband-clicking species.
Regarding efficiency and accuracy, this combined approach
was about three-times faster than a fully manual approach
and increased confidence in the dataset. It could be easily
adapted for similar datasets analysed in PAMGuard.

We attribute the higher encounter rate from visual (0.43
groups h-') over acoustic (0.19 groups h-') modes to the
difference in areas surveyed with the two methods. Visual
effort was more concentrated in nearshore areas where the
hydrophone could not be towed, and acoustic effort was
concentrated in deeper waters where Heaviside’s dolphins
are less prevalent (Best 2007; De Rock et al. 2019). This
is also reflected in the corresponding depth-at-detection
data, whereby the average visual-detection depth was
~40 m shallower than the average acoustic-detection depth
(Figure 4). These differences were minimised in the final
analyses for abundance estimation (Martin et al. 2020) by
using only the dedicated parallel-transect legs which ran
perpendicular to this density gradient (as suggested by
Thomas et al. 2010).

An offshore movement of Heaviside’'s dolphins in the
late afternoon/evening has been observed in the southern
Benguela (Elwen et al. 2006). As visual surveys are rarely
possible overnight (although thermal imaging and infrared
may be applied; see Verfuss et al. [2018] for a review),
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Table 4: Summary of overall detections and encounter rates (ER = number of detections
per hour of survey effort by survey mode [visual or acoustic]), and during simultaneous
survey effort, for groups of Heaviside’s dolphins in the Namibian Islands Marine
Protected Area. Detections are subdivided between hours of daylight (06:00-17:00) and

nighttime (17:01-05:59)

Platform Total no. of Day/night Effort ER
detections detections (h) (no. h™")
All effort
Visual platform 72 72/0 167.9 0.43
Acoustics platform 52 21/31 279.0 0.19
Simultaneous effort
Matched 9* 1071 0.08
Visual only (acoustic missed) 2 1071 0.02
Acoustic only (visual missed) 5 107.1 0.05

*In two cases there were multiple visual detections matched with one acoustic event
because of clustered sightings. In these cases, the group of visual detections was

counted as a single match for this assessment

160 - °

140 T
120

E
T~ 100 ‘I’
|_
o 80r-
L ° X
o 60 X
40 J_ T
20
| |
Visual Acoustic Matched
PLATFORM

Figure 4: Estimated water depth for Heaviside’s dolphins when
detected visually, acoustically or by both modes simultaneously, in
the Namibian Islands Marine Protected Area. Boxes represent the
depth interquartile range, within which the median depth value is
depicted by a horizontal line and the mean depth is indicated with
an ‘X’; outliers are represented as dots

acoustic monitoring provides the best option for maximising
detection rates and understanding diurnal patterns in
distribution (e.g. Temple et al. 2016) and behaviour (e.g.
Leeney et al. 2011). In this study, 60% of acoustic detections
took place at night, providing important information on the
nocturnal and offshore distribution of Heaviside’s dolphins.
There were relatively few detections during periods of
simultaneous visual- and acoustic-data collection; however,
examination of these data demonstrated missed detections
for both modes. Missed detections may be explained by the
distance separating the platforms as well as the attractive-
responsive-movement behaviour of animals towards the
ship’s bow and potentially away from the acoustic platform.
Given these results, combining both detection modes clearly
increased the overall survey efficiency.

The acoustic-detection range during vessel-based surveys
depends on the signal's source level, vessel speed and
environmental covariates (e.g. depth, topography, salinity,
ambient noise), some of which were not quantified in this

study. Although our maximum acoustic-detection distance
from localised calls was 687 m, all other detection distances
were under 350 m, supporting our assumed maximum
radial-detection distance of 500 m. We found no perceivable
difference in the visual and acoustic perpendicular-detection
range from the transect line, with average values of 121
m and 128 m, respectively. In fact, there were more visual
detections exceeding a 400-m perpendicular distance
from the track line (n = 5) compared to acoustic detections
(n = 1). Reported maximum acoustic-detection ranges for
large-bodied, broadband-clicking species such as the sperm
whale Physeter macrocephalus far exceed possible visual
ranges (Leaper et al. 1999). However, NBHF species produce
highly directional clicks with comparatively low source levels
compared with large odontocetes such as sperm whales
(Richardson et al. 1995). Combined with increased signal
attenuation of high-frequency sounds, this can result in
short transmission distances for NBHF clicks. Thus, in calm
conditions the visual-detection distance may exceed the
acoustic-detection distance (Akamatsu et al. 2001; this
study), which can result in a narrow effective-strip-width
(ESW) for the acoustic-survey mode (Gerrodette et al. 2011;
Fleming et al. 2018). Acoustic detections at short range could
also be influenced by behavioural changes and responsive
movement in reaction to the approaching vessel. We often
observed Heaviside’s dolphins approaching the research
vessel to engage in bow-riding. Responsive movement prior
to detection is problematic in distance-sampling as animals
are assumed to be located independently from the track line
(Thomas et al. 2010). Such behaviour can cause a peak in
detections at close distances and influence the choice of
detection function, with the potential to inflate subsequent
estimates of abundance from line-transect distance-
sampling if not accounted for. This responsive behaviour
has been documented for other Cephalorhynchus species,
including Hector’s dolphins in New Zealand (DuFresne et al.
2001) and Commerson’s dolphins in Patagonia, Argentina
(Ihiguez and Tossenberger 2007). A double-platform
observer approach is recommended as a better option to fit
the shape of the detection function (Buckland et al. 2015).
Because of responsive movement, in our subsequent
estimates of abundance (Martin et al. 2020), we did not use
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the perpendicular distances generated from target-motion
analysis in the acoustic detections. Instead we applied the
relatively novel approach of incorporating the visual and
acoustic-detection data as independent observer platforms
using a mark-recapture trial configuration, assuming full
independence, to better fit the detection function and
address the issue of boat-attraction (see Martin et al. 2020
for full details).

Visual detection of cetaceans may be reduced by both
availability bias, such as when animals are below the surface,
and perception bias (Marsh and Sinclair 1989), such as that
caused by poor sea conditions, which is especially important
when surveying small cetaceans (e.g. Palka 1996; Barlow
2015). The use of PAM could help reduce both categories of
bias and increase detection rates—but only if cetaceans are
vocalising within detection range. Our visual data indicated
a reduced encounter rate with increasing BF sea state (BF 1
to 4). Acoustic-detection rates varied less with environmental
condition and had a different distribution, with the greatest
encounter rates during BF 2 and 3. However, there were
exceptions, including a Heaviside’s dolphin detection by
both survey modes during a BF 5 sea state (relatively far
from shore, at 156 m deep), demonstrating the value of data
collection even in adverse weather conditions.

Comparing the acoustic behaviour between species of
Cephalorhynchus and Phocoena can facilitate efficient
development of appropriate acoustic-classification
approaches. PAMGuard allowed for rapid processing of the
high-frequency acoustic data. During the verification stage,
100% of definite ‘Ch’ events identified in PAMGuard viewer
mode were confirmed through inspection of the associated
sound files. The similarity in echolocation-click characteristics
between NBHF species is therefore high enough that
classification parameters developed for porpoise species
can identity NBHF clicks of Heaviside’s dolphins. In addition,
trials using T-POD monitors have found that the standard
‘NBHF’ settings can be used for detecting Cephalorhynchus
species. (Rayment et al. 2009a; Leeney et al. 2011).
However, detailed characterisation of at least two species of
Cephalorhynchus (Commerson’s and Heaviside’s dolphins)
have found unusual click types and production rates (Reyes
Reyes et al. 2015; Martin et al. 2018, 2019). For example,
Heaviside’'s dolphins produce some burst-pulse sounds
and click-trains with lower centroid frequencies (median:
119.5 kHz and 110.8 kHz, respectively) and broader
bandwidths (median bandwidth [-10 dB]: 79.9 kHz and
75.4 kHz, respectively) than their standard NBHF clicks
(Martin et al. 2018). Burst-pulse production is tightly linked to
socialising group behaviour and to a lesser degree foraging
behaviour (Martin et al. 2019). Whether these unusual,
pulsed sounds would be classified as NBHF clicks remains to
be tested, but any click classification based on energy-band
comparison (as used in PAMGuard and in C-POD detection)
may be compromised. Nonetheless, for Heaviside’s dolphins,
the production of burst-pulse and broadband click-trains is
fortunately coupled with regular NBHF clicks (Martin et al.
2019), so this unusual acoustic behaviour might not influence
dolphin-detection probability. However, this example
underlies the importance of thorough investigation into the
vocal behaviour of target species, before generalising across
species classifiers.

Conclusions

Overall, the results strongly support combined methods
to maximise spatial and temporal survey coverage for
Heaviside’s dolphins. In nearshore waters, logistical
constraints meant that visual methods were more applicable
and more effective, while passive acoustic monitoring
enabled greater survey coverage offshore, in poor weather
conditions and at night. Future surveys should also
consider deployment of acoustic equipment on smaller
research vessels which can conduct acoustic-survey work
within nearshore waters. Our results demonstrate that the
automated click-detection and click-classification algorithm
developed principally for porpoise species (genus Phocoena)
could be applied to acoustic data for Heaviside’s dolphins.
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