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Robust abundance estimates of wild animal populations are needed to inform management policies and are 
often obtained through mark–recapture (MR) studies. Visual methods are commonly used, which limits data 
collection to daylight hours and good weather conditions. Passive acoustic monitoring offers an alternative, 
particularly if acoustic cues are naturally produced and individually distinctive. Here we investigate the 
potential of using individually distinctive signature whistles in a MR framework and evaluate different 
components of study design. We analyzed signature whistles of common bottlenose dolphins, Tursiops 
truncatus, using data collected from static acoustic monitoring devices deployed in Walvis Bay, Namibia. 
Signature whistle types (SWTs) were identified using a bout analysis approach (SIGnature IDentification 
[SIGID]—Janik et  al. 2013). We investigated spatial variation in capture by comparing 21 synchronized 
recording days across four sites, and temporal variation from 125 recording days at one high-use site 
(Aphrodite Beach). Despite dolphin vocalizations (i.e., echolocation clicks) being detected at each site, 
SWTs were not detected at all sites and there was high variability in capture rates among sites where SWTs 
were detected (range 0–21 SWTs detected). At Aphrodite Beach, 53 SWTs were captured over 6 months 
and discovery curves showed an initial increase in newly detected SWTs, approaching asymptote during 
the fourth month. A Huggins closed capture model constructed from SWT capture histories at Aphrodite 
Beach estimated a population of 54–68 individuals from acoustic detection, which overlaps with the known 
population size (54–76 individuals—Elwen et  al. 2019). This study demonstrates the potential power of 
using signature whistles as proxies for individual occurrence and in MR abundance estimation, but also 
highlights challenges in using this approach.
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Management policies of wild animal populations often re-
quire robust estimates of abundance (Thompson et al. 1998). 
One commonly used method to estimate the abundance 
and survival of wild animal populations is mark–recapture 
(MR). During MR abundance estimation, information on the 
number of marked individuals within a population and their 

proportional presence in subsequent sampling events is used 
(Seber 1982). Site fidelity, movement patterns, and social 
structure also can be obtained through MR (Norris and Dohl 
1980; Whitehead 1997). MR methods can be applied to ani-
mals bearing artificial marks such as brands or tags, or nat-
ural markings such as scarring or color patterns, and more 
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recently by incorporating acoustic methods (e.g., Dudgeon 
et al. 2015).

Understanding populations through acoustic monitoring is 
recognized as a growing field with potential for further devel-
opment (see reviews by Blumstein et al. 2011; Marques et al. 
2013). Acoustic monitoring is particularly useful in the aquatic 
environment where sound propagation is more efficient than 
on land and animals spend large portions of time out of view 
under water. Passive acoustic monitoring increasingly is being 
used to study cetacean populations, and is particularly powerful 
for investigating species presence, distribution, and temporal 
patterns in site attendance over long time frames (e.g., Clark 
and Clapham 2004; Simon et al. 2010; Thomisch et al. 2019). 
Cue-based methods using spatially explicit capture–recapture 
(SECR) have been applied to acoustic data to estimate density 
of marine mammal populations (Martin et al. 2013). An alter-
native applicable to populations where individuals have indi-
vidually distinctive sound types (see Marques et al. 2013) is an 
acoustic MR approach.

Many species have individually distinctive call types 
(see Terry et  al. 2005), mostly resulting from by-product 
distinctiveness generated through morphological variation 
(so-called “voice” features). In some rare examples, distinc-
tive calls are acquired through vocal production learning 
forming designed individual signatures (Boughman and 
Moss 2003; Sayigh et  al. 2007). Common bottlenose dol-
phins (Tursiops truncatus) have developed a sophisticated 
acoustic repertoire to exploit their underwater environment 
and produce a wide variety of sounds including broadband 
echolocation clicks, broadband burst-pulsed sounds, and 
frequency-modulated narrowband whistles (Popper 1980). 
One of the most studied calls is the bottlenose dolphin signa-
ture whistle: a learned, individually distinctive whistle type 
that broadcasts the identity of the whistle owner (Janik and 
Sayigh 2013). Over 50 years of dedicated research has gener-
ated an understanding of the development, function, and sta-
bility of signature whistles (Caldwell et al. 1990; Janik and 
Sayigh 2013). Bottlenose dolphins are capable of producing 
whistles from their first day of life, but the frequency modu-
lation and stereotypy of signature whistles tends to develop 
within the first year of life (Caldwell and Caldwell 1979). 
Once formed, signature whistles remain stable for at least 
12 years (Sayigh et al. 1990; dos Santos et al. 2005) and likely 
remain stable over the individual’s lifetime. By transmitting 
individual identity information, signature whistles function 
as contact calls used to maintain group cohesion (Janik and 
Slater 1998). Signature whistles account for around 50% of 
all whistles produced by free-ranging dolphins, although 
the rates of emission vary widely with behavioral context 
(Cook et  al. 2004). Bottlenose dolphin signature whistles 
can be identified reliably in recordings of freely interacting 
bottlenose dolphins using a bout analysis approach termed 
SIGnature IDentification (SIGID; Janik et al. 2013).

Through an understanding of the spatial and temporal changes 
in detection of signature whistles of free-ranging animals, 
these whistles could be used in a MR framework, generating 

information on individual habitat range, population abundance, 
and even group social structure (Terry et al. 2005; Janik et al. 
2013; Gowans 2019). Using static acoustic monitoring (SAM) 
to capture acoustic cues in a MR framework has benefits over 
traditional photographic methods of MR—collecting contin-
uous data regardless of time or weather, as well as being less 
obtrusive and potentially more cost-effective (Stevenson et al. 
2015). Further, deploying an array of fixed hydrophones with 
an additional spatial component could allow density estimation 
using a SECR approach (Borchers and Efford 2008). However, 
survey design for acoustic methods is poorly explored; in par-
ticular, the role of sensor deployment and location (Marques 
et al. 2013).

This study aims to test whether signature whistles can be 
used to monitor dolphins in a MR framework and understand 
some of the potential biases that may occur, as well as identify 
issues to consider in future study design. For this, we assess sig-
nature whistle capture variability at four sites within the known 
range of the coastal bottlenose dolphin population in Walvis 
Bay, Namibia, and analyzed the capture variability over a long-
term deployment at one site. We then applied MR models to 
the long-term deployment data to test the feasibility of using 
signature whistles for estimating abundance of a wild animal 
population by comparing results to existing photographic MR 
estimates.

Materials and Methods
Data were collected from January to July 2016 in Walvis Bay 
(22°54′S, 14°29′E), Namibia (Fig. 1). Walvis Bay is a north-
facing bay and the only embayment of significant size (ap-
proximately 10 × 10 km) along the central Namibian coastline. 
The bottlenose dolphin population numbers fewer than 100 
individuals, with a maximum of 82 individuals estimated in 
any 3-month season (Elwen et al. 2019). It is the only inshore 
population of common bottlenose dolphins along the southern 
African coastline (Best 2007). The population is estimated to 
range approximately 1,000 km along the coastline between 
Möwe Bay (19°21′S, 12°41′E) to the north of Walvis Bay and 
Lüderitz (26°35′S, 15°07′E) to the south, but with the majority 
of sightings within the central ~400 km of that span, and gen-
erally occurring close to shore in less than 15-m water depth 
(Elwen et al. 2019). Walvis Bay is roughly central within the 
dolphin’s range and provides core habitat with both resting and 
foraging opportunities (T. Gridley, pers. obs., 2008–2019).

Within Walvis Bay, long-term passive acoustic monitoring 
took place January to July 2016 as part of a larger project with 
associated boat-based survey work. The focus of the project 
was to investigate the impact on the dolphin population from 
construction of a ~2-km-long jetty, on the northeastern side 
of Walvis Bay. Hydrophones were deployed across the east 
side of the Bay (Fig. 1) at four locations; Aphrodite Beach—a 
site 4.5 km north of the construction site where dolphins are 
observed regularly, inshore at the oil jetty, offshore at the oil 
jetty (which was an active construction site), and at the western 
side of a recently completed land reclamation project for a 
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container terminal. Recordings were made using SoundTrap 
hydrophones (one standard model 300STD, sensitivity −184.8 
V/μPa and three high frequency model 300HF, sensitivity 
−184.3 to −187.9 V/μPa, Ocean Instruments Ltd., Auckland, 

New Zealand). Recorders sampled data at 96 kHz with a flat 
frequency response (± 3 dB) between 20 Hz and 48 kHz and 
duty cycle set to record 10 min on – 10 min off (i.e., 50% sam-
pling rate). Most deployments lasted 3 weeks per month with 

Fig. 1.—The locations of the four hydrophones deployed in Walvis Bay, Namibia, to collect long-term data on the presence of individual common 
bottlenose dolphins from January to July 2016.
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gaps between deployments necessary for downloading data 
and recharging the hydrophone units.

Long-term spectral averages (LTSAs) were used to visualize 
the acoustic data from each deployment. These were created 
using Triton (Scripps Whale Acoustic Lab 2016), a MATLAB 
program (MathsWorks 2012) with a 5-s time average and 
50-Hz frequency bin. The first 7 s of each 10 min recording 
interval contained calibration tones of the hydrophones and 
were removed from analysis. LTSAs allowed visualization of 
each deployment in a single figure enabling efficient review 
of the data. LTSAs were inspected manually in 30-min time 
windows, searching for high-energy vocal events representing 
echolocation clicks (settings used: Hanning window, 512 FFT, 
75% overlap). Such click trains are easily identifiable in the 
LTSAs as transient periods of broadband sound containing 
high-frequency energy. Acoustic encounters were then veri-
fied by more detailed inspection of the associated .wav file, 
using the expand function in Triton to view the files in 5-s 
time windows. Encounters were considered to have ended if 
no further vocalization was identified for three consecutive 
10  min acoustic files (spanning 1  h of real time at the 50% 
sampling rate).

Identification of signature whistle types.—Previous studies 
have demonstrated the reliability of visual methods in signature 
whistle identification (Janik 1999), particularly when agree-
ment consensus is achieved among multiple observers. We 
therefore used visual classification and categorization to iden-
tify “captures” and new signature whistle types (SWTs). Here, 
SWTs are likely signature whistles identified though the SIGID 
method applied to data sets from wild populations. Whistles 
were identified as a unit of one continuous contour (either as a 
single element or repeated, connected multiloops), or multiple, 
repeated, disconnected loops with intervals of silence between 
0.03 and 0.25 s (“disconnected multiloops”—Esch et al. 2009). 
All whistles identified in the recordings were graded following 
Kriesell et  al. (2014) according to the signal-to-noise ratio 
(SNR; 1: signal is faint but visible on the spectrogram, 2: signal 
is clear and unambiguous, 3: signal is prominent and domin-
ates). All whistles of SNR 2/3 in the data set were extracted 
using Raven Pro (Center for Conservation Bioacoustics 2014) 
as short .wav files containing only the whistle and analyzed to 
determine which were SWTs. Whistles were compared to the 
SWT catalog created for the Walvis Bay population by Kriesell 
et al. (2014; updated in 2016 by the Namibian Dolphin Project) 
using acoustic data collected during boat-based focal group fol-
lows (Mann 1999). If the candidate whistle matched a SWT 
from the catalog it was counted as a “capture” of that SWT, 
and the associated date, time, and location were documented. 
No match could mean that the whistle is a nonsignature whistle 
or variant, or may be a SWT not yet in the Walvis Bay catalog 
(Janik et al. 2013). To examine this possibility, stereotyped and 
repeatedly emitted whistles that did not match any SWTs in the 
existing catalog were analyzed further using the SIGID method 
(Janik et al. 2013). New SWTs were identified when whistles 
were produced in a bout containing a minimum of four whistles 
of the same type (i.e., same frequency modulation pattern), if 

at least once in the bout 75% or more of the whistles (i.e., min-
imum 3 out of 4) were produced within 1–10 s of each other. 
All whistles in the data set of SNR 2/3 therefore either were: 
(1) matched to the existing catalog; (2) added to the catalog 
using SIGID; or (3) found to not be a SWT and removed from 
further analysis. The matching then was verified by two expe-
rienced observers who were given files containing the .wav ex-
tracts of the SWTs created by the first observer. For this, all 
repetitions of a SWT identified across the whole data set were 
opened in the groupings designated by the first observer. SWTs 
were viewed side by side in the spectrogram view of Raven, al-
lowing cross-comparison of contour shape. To be conservative 
and ensure reliability of identification, any whistles where con-
sensus was not reached by the observers were removed from 
the analysis.

Although vocal copying has been identified in bottlenose 
dolphins, copies often are imperfect and more variable than 
the original signature whistle (Janik 2000; King et  al. 2013) 
and may overlap it. Where copying was identified through 
overlapping signals of a similar contour shape, we followed 
Kriesell et  al. (2014) and identified the second, overlapping 
whistle as the copy and discounted it from further analysis. 
There still may have been vocal copying where contours did 
not overlap in time. However, for the purposes of this MR ap-
proach, SWTs were counted as present at the encounter level, 
so any SWT copies involved in addressing or matching inter-
actions that replicated the owner’s whistle would not affect 
the detection of the owner’s SWT, or consequently the overall 
results.

Spatial variation in SWT detection.—We investigated the 
variability in SWT capture at the four different recording sites 
using data from a single deployment period of 21  days (13 
June to 5 July 2016). This deployment occurred during winter, 
when dolphin encounter rates in the bay are higher (Elwen et al. 
2019). We compared the number of acoustic encounters at each 
site, encounter duration, the number of encounters with SWTs 
detected, the number of SWTs captured at each site, and recap-
tures among sites. Acoustic encounter duration was calculated 
cumulatively from the active recording time and omitted the 
10 min that the hydrophone was dormant.

Temporal variation in SWT presence.—We analyzed in more 
detail the variation in detection of SWTs over 6 months at the 
high-capture site (Aphrodite Beach) to investigate a number of 
questions relevant to study design and the capture probability 
of animals, which may potentially bias this type of study. We 
investigated population closure by generating a discovery curve 
of SWTs over 125 recording days (six deployments) from the 
high-use site (Aphrodite Beach). Open populations are charac-
terized by a steady increase in cumulative captures over time; 
closed populations are represented by a plateau where increases 
in capture effort return no or few new individuals (see Wilson 
et al. 1999). As different recapture frequencies can affect model 
outputs, we investigated capture heterogeneity at both the en-
counter and whistle repetition level by comparing the number 
of recaptures of SWTs and repeats of each SWT between en-
counters. To see how length of recording and acoustic activity 
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may influence models, time was calculated from the beginning 
of the acoustic encounter to the first whistle emission that could 
clearly be attributed to each SWT. The total number of SWTs 
detected per encounter was compared using Pearson’s corre-
lation with (1) the time within each encounter to first detect 
all SWTs present and (2) acoustic encounter duration (analysis 
retained one apparent outlier, details below). These results have 
implications for the duty cycle settings used for extending re-
cording duration during hydrophone deployments.

MR methods using signature whistles.—We generated an ex-
ploratory MR abundance estimate through SWT capture using 
the long-term data from Aphrodite Beach and compared this to 
a recently published photographic MR estimate of this popula-
tion (Elwen et al. 2019). The data naturally fell into six capture 
occasions each representing a deployment ranging from 10 to 
21 days with weeklong periods between capture occasions in 
which the population could theoretically mix. Following Elwen 
et al. (2019) and supported by visual assessment of the SWT 
discovery curve (Fig. 2), we assumed population closure over 
this time period and interpret the results of the analysis as rep-
resenting the number of animals using the study site over the 
duration of the sampling period. We used the conditional likeli-
hood methods developed by Huggins (1989), which are recom-
mended due to their flexibility and ability to include covariates 
(e.g., sex—Manly et al. 2005; Conn et al. 2011) and in the ab-
sence of covariates, are equivalent to “full likelihood” models 
(Lukacs 2016). Analysis was conducted in Program MARK 

(White and Burnham 1999; Cooch and White 2010) using the 
RMark interface (Laake and Rexstad 2008). As the capture 
process was completely passive there was no reason to expect 
a behavioral change between initial and later captures so, c (re-
capture probability) was set equal to p (initial capture proba-
bility) throughout (Parra et al. 2006; Nicholson et al. 2012). We 
fitted a suite of models to explore which combination of param-
eters best described the data including: the null model, models 
allowing for capture probability to vary over time, for two mix-
tures of capture heterogeneity, and for a full model that allowed 
for capture heterogeneity and for capture probability to vary 
over time. Model fit was assessed using the Akaike Information 
Criteria corrected for small samples sizes (AICc).

Results
Between 1 January and 5 July 2016, 4,419 h of underwater re-
cordings were made over 125 days at four sites in Walvis Bay. 
Across the 6 months and four sites, there were 204 acoustic en-
counters, 50 of which contained SWTs. From these encounters, 
53 SWTs were identified; 40 were in the existing catalog and 
13 were newly identified as SWTs following the SIGID method 
(Janik et al. 2013) and subsequently added to the Walvis Bay 
catalog (Table 1).

Spatial variation.—The monthlong data sets obtained simul-
taneously at the four sites were compared. Although all four 
mooring sites fall within areas regularly used by bottlenose 

Fig. 2.—Discovery curve showing detection of new signature whistle types (SWTs) belonging to common bottlenose dolphins at the Aphrodite 
Beach site in Walvis Bay, Namibia, against the cumulative number of SWT identifications. Bars represent acoustic encounters and are colored by 
deployment (n = 6; spanning January to July 2016).
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dolphins (see figure  1 in Elwen et  al. 2019), there was sub-
stantial spatial variability in the number of acoustic encoun-
ters at each site (Table 1). Dolphin presence was acoustically 
detected at Aphrodite Beach (n = 62) substantially more often 
than the other three sites (oil jetty—inshore, n = 27; oil jetty—
offshore, n = 4; container terminal, n = 12). The cumulative en-
counter duration for deployments, which was calculated from 
the active recording time omitting 10 min periods of silence in 
the duty cycle, varied considerably among sites and deploy-
ments (range 120 – 1,610 min, Table 1, June data only). This 
was driven largely by the number of encounters, and the mean 
encounter duration was similar among sites and deployments, 
ranging from 24 to 30 cumulative recording minutes. In total, 
25 SWTs were captured during the 21 simultaneous recording 
days across the four sites. One SWT was captured at three sites, 
four SWTs were captured at two sites, and the remainder (20) 
were captured at one site only. No SWTs were captured at all 
four sites.

Long-term deployment.—During the long-term deployment at 
Aphrodite Beach, 53 SWTs were discovered with most of them 
detected in the fourth deployment (April). The discovery rate of 
captured SWTs over the study period shows a clear asymptote 
after deployment four (Fig. 2), suggesting closure of the popu-
lation during the 6-month study period. There was considerable 
variability in the capture probability of SWTs (Fig. 3). Of the 53 
SWTs identified, 43% (n = 23) were captured only once, whereas 
the majority (57%, n = 30) were recaptured twice or more. Of the 
30 SWTs that were recaptured, 90% (n = 27) occurred over more 
than one capture occasion (deployment period).

There was one outlying encounter that should be noted 
that began at 2140 h on 23 April and ended at 0110 h on 24 
April. The encounter lasted 110 cumulative recording minutes 
(i.e., the encounter spanned 210 min with every other 10 min 
recorded). In this instance it took 100 recording minutes to 
identify all 26 SWTs produced within the encounter. When 
this encounter was excluded, the number of SWTs captured 
ranged from 1 to 12 per encounter (mean = 3.34 ± SE 0.62, 
n = 45 encounters) with all SWTs captured within the first 30 
cumulative recording minutes in most (80%) of encounters 
(Fig. 4a). There was a weak positive correlation between the 
time taken within the encounter to detect all SWTs present and 

the number of SWTs captured (r = 0.391, n = 46, P < 0.01) 
(Fig. 4a), yet there was no significant relationship (r = 0.281, 
n  =  46, P  =  0.059) between the duration of an acoustic en-
counter and the number of SWTs captured (Fig. 4b). We found 
that the number of whistle repeats of each SWT ranged widely 
for encounters. From 1 to 50 whistle repeats per encounter 
(mean = 8.0 ± SE 0.8, n = 152; Fig. 5) were found, indicating 
substantial variation in vocal behavior between individuals 
and encounters.

MR methods using signature whistles.—The two best-fitting 
MR models were those allowing for capture heterogeneity and 
time-varying capture probability, or only the latter. Although 
the most complex model was the best fitting (175 individuals, 
95% CI  =  55–5,770), we rejected it because a large number 
of the parameters did not converge and the SE was very large 
(828.6). All parameters in the second best fitting (time-varying 
capture probability only) fitted well and the SE was reasonable. 
The estimated total population size from this model was 58 
(95% CI = 54–68, SE = 3.04) calculated from 53 SWTs over 
six capture occasions at Aphrodite Beach.

Discussion
The use of naturally occurring, individually distinctive signa-
ture whistles within a MR framework first was suggested sev-
eral years ago (Terry et al. 2005; Janik et al. 2013) but to our 
knowledge has remained untested. Here we demonstrated the 
ability to generate MR abundance estimates from 6 months of 
passive acoustic monitoring of bottlenose dolphin signature 
whistles. Estimates are comparable with existing estimates 
from standard boat-based photographic-identification studies 
in the area (Elwen et  al. 2019). This approach shows great 
promise for future applications. Our results highlight some 
of the challenges and strengths that should be considered in 
more detail. Notably, there was strong spatial variation in the 
detection of SWTs within Walvis Bay, but no clear temporal 
biases, and no clear relationship between encounter duration 
and number of SWTs detected. Some of the patterns observed 
are common to all MR studies of free-ranging animals, while 
others derive from the use of SWTs as “marks.” We discuss 
these in more detail below.

Table 1.—Data collected from long-term hydrophone deployments at four sites in Walvis Bay, Namibia, showing number of acoustic encoun-
ters and signature whistle types (SWTs) detected from common bottlenose dolphins. The hydrophones were deployed six times at Aphrodite 
Beach from January to July 2016; further hydrophones were deployed simultaneously at the three other sites during the sixth deployment period 
(June).

Site Deployment  
period

Number of acoustic  
encounters

Cumulative encounter  
duration in minutes (mean)  

over deployment

Number of acoustic  
encounters with SWTs  

detected (%)

Number of individually  
distinctive SWTs  

detected

Aphrodite Beach 1 (January) 11 230 (21) 3 (27) 3
Aphrodite Beach 2 (February) 14 290 (21) 4 (28) 11
Aphrodite Beach 3 (March) 12 170 (14) 5 (41) 14
Aphrodite Beach 4 (April) 39 1,230 (32) 13 (33) 39
Aphrodite Beach 5 (May) 23 550 (24) 6 (26) 15
Aphrodite Beach 6 (June) 62 1,610 (26) 15 (24) 21
Oil jetty—inshore 6 (June) 27 660 (24) 3 (11) 3
Oil jetty—offshore 6 (June) 4 120 (30) 1 (25) 7
Container terminal 6 (June) 12 310 (26) 0 (0) 0
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LONGDEN ET AL.—MARK–RECAPTURE USING ACOUSTICS 7

Closed-population MR analysis, as we have used above for 
comparability with existing estimates (Elwen et  al. 2019), is 
applied widely in the study of free-ranging dolphins to calcu-
late survival and abundance parameters. These model types are 
reliant on several core assumptions including that: identifying 
marks are distinctive and consistently identified, sampling oc-
casions are independent, animals mix randomly between oc-
casions, and all animals have a chance of being caught. The 
distinctiveness of signature whistles and ability to identify 
them have been addressed in detail elsewhere (Sayigh et  al. 
2007; Janik et al. 2013; Kriesell et al. 2014). The requirements 
for sample independence and limited capture heterogeneity can 
be addressed partially through good study design and increas-
ingly through analytical approaches. Recent developments in 
MR theory offer more flexibility than older approaches, as well 
as the calculation of other metrics such as population density. 
For instance, SECR models are particularly useful for studies 
using arrays of “traps” (Efford et al. 2009). SECR can account 
both for capture heterogeneity as well as situations where an-
imals are next to the sensor but not detected (Stevenson et al. 

2015). These models recently have been adapted to work with 
data collected in continuous time, such as from camera-trap 
surveys (Borchers et al. 2014), thereby foregoing the need for 
independent sampling events. SECR models allow density 
estimates to be obtained using multiple “proximity sensors” 
such as acoustic detectors, camera traps, or hair snares (Efford 
et al. 2009), and if applied to signature whistle MR, could be 
particularly useful for rapid assessment surveys of new study 
areas. Regarding capture of individuals, a common problem in 
studies using proximity detectors such as acoustic methods or 
camera traps is the issue of optimal trap placement (Marques 
et  al. 2013). The placement of “traps” must be linked to the 
needs and designs of each study. Burton et al (2015) noted that 
many camera-trap studies focusing on density estimation place 
sensors to maximize detection probability such as on roads and 
trails. This approach likely biases density upwards and is not 
appropriate for modeling of occupancy or richness across a 
habitat, where an unbiased sample of the full range of habitat 
features present is needed (Wearn et al. 2013). The results of 
our study have shown the large differences in detection that 

Fig. 3.—Encounter heterogeneity of 53 signature whistle types (SWTs) of common bottlenose dolphins at the Aphrodite Beach site in Walvis Bay, 
Namibia. Bars show the total number of times a SWT was encountered; color corresponds to the hydrophone deployment the encounter occurred 
in. Hydrophones were deployed six times from January to July 2019, each deployment lasting 10–21 days.
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can occur across habitats within a single study area either when 
using overall dolphin presence (presence of vocalizations) or 
the presence of individual dolphins (from signature whistles).

As signature whistles are cohesion calls, their production 
varies with behavior (Janik and Slater 1998; Cook et al. 2004). 
They are exchanged prior to groups combining at sea (Janik 
and Slater 1998; Quick and Janik 2012) and often are used by 
mothers and calves to facilitate reunions (Smolker et al. 1993; 
King et al. 2016). The production and likelihood of detecting 
SWTs therefore will be affected by the behavior and composi-
tion of the group when in detection range of the hydrophone. 
As dolphin behavior typically varies in different habitats 
(Hanson and Defran 1993; Hastie et al. 2004), it is likely that 
differences in SWT detection are driven at least in part by dif-
ferential habitat use. Our results clearly highlight the impor-
tance of hydrophone location on detection probability, with at 
least five times more SWT detections at Aphrodite Beach than 
at other sites during the period in which all hydrophones were 

compared, despite the furthest two sites being less than 10 km 
apart. Overall differences in the detection of dolphin presence 
were not unexpected, because Aphrodite Beach long has been 
recognized as a high-use site for this population (Elwen et al. 
2019); the three other hydrophones were located at lower use 
sites, so differences in detections likely reflect overall differ-
ences in use of different portions of the bay. More striking, 
and of greater importance, is the difference in the detection of 
SWTs at each site, relative to overall animal presence. Notably, 
no SWTs were detected at the container terminal on any of 
the 12 occasions during which dolphin vocal presence was 
detected. Therefore, when placing hydrophones for MR, it is 
important not only to identify a site in which the animals regu-
larly occur and vocalize, but one where they regularly emit the 
individually distinctive call being studied.

During the 6-month deployment at Aphrodite Beach, 30 
of the 53 SWTs identified were captured more than once, 
including during different capture occasions (deployments), 

Fig. 4.—The duration of acoustic encounters of common bottlenose dolphins, and the number of signature whistle types (SWTs) detected from 
moored hydrophones in Namibia from January to July 2016. Each point corresponds to an acoustic encounter, with a single outlier point omitted 
from each plot (26 signature whistles captured in 100 min within a 110 min long encounter). Figure (a) shows the time into the encounter required 
to detect all SWTs present; (b) shows the total encounter duration and the number of SWTs detected.
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with six captured in four or five deployments and 23 captured 
in just one. Such heterogeneity in recaptures of individuals is 
typical of MR studies of free-ranging dolphins, with a few in-
dividuals captured many times and many captured only a few 
times (Smith et al. 2013; James et al. 2015; Elwen et al. 2019). 
As with boat-based photographic studies, these differences 
in individual recaptures may reflect differences in individual 
use of the study area. Capture heterogeneity to some extent 
can be dealt with analytically, notably in closed-population 
models as above, or using SECR methods (Marques et  al. 
2013). Ideally, however, a study estimating abundance should 
be designed to maximize recaptures and ensure a good under-
standing of the likely scale of the study area relative to the 
population range (Hammond 1986). Regardless of any viola-
tion of the assumptions of MR models, the information gained 
on individual presence, timing, and area use, that is available 
from using signature whistles, is useful for a range of biolog-
ical-, conservation-, and management-related questions. The 
differences in detection probability among relatively close 

hydrophones highlighted above (< 5.5 km maximum separa-
tion between any two sites) suggest that these issues of cap-
ture heterogeneity might act at different scales for methods 
using SWT identification versus photographic MR studies, 
where investigators may be able to move within detection 
range. However, acoustic methods potentially have an advan-
tage in that arrays of hydrophones can be deployed and man-
aged over a much larger area than typically can be studied 
from small boats using photographic methods.

The correlation between the number of SWTs detected in 
an encounter and the time taken within the encounter to detect 
all SWTs present was weak and likely influenced by the clear 
outlier encounter that occurred on 23–24 April, which was re-
tained in the correlation analysis and will have strengthened the 
relationship. In over 80% of acoustic encounters with SWTs 
present, all SWTs were captured within 30 min of cumulative 
recording time (50% sampling rate over 1 h), indicating that 
when this threshold is met, the number of SWTs (and there-
fore individuals) present has little effect on the time taken to 

Fig. 5.—Capture heterogeneity of signature whistle types (SWTs) of common bottlenose dolphins detected during long-term acoustic monitoring 
from moored hydrophones in Namibia from January to July 2016. Each vertical gray line represents a SWT identified within the study (SWT 
identification 1–53). Points correspond to a detection of that SWT and the number of repeats in the encounter when it was detected.
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detect them all. Coupled with the lack of relationship between 
total encounter duration and number of SWT detected, this sug-
gests that in the majority of encounters when the dolphins were 
whistling, we were able to capture all SWTs present. Capturing 
SWTs will likely be influenced by behavior. The results suggest 
the dolphins use the Aphrodite Beach site for activities such 
as socializing, in which signature whistles are more likely to 
occur in a short amount of time (Cook et al. 2004). If a hydro-
phone were placed in an area predominantly used for traveling 
(a behavior associated with lower SWT production—Cook 
et al. 2004) not all individuals may produce their SWTs whilst 
in range. It therefore is important to understand how the study 
population use a site. The threshold of time taken to detect 
all SWTs present in an encounter also could differ among 
study populations—with some populations being more or less 
vocally active.

In addition to heterogeneity resulting from differential space 
use and behavioral context, capture heterogeneity also may 
occur if vocal production differs with age or sex class or among 
individuals (Caldwell et  al. 1990; Sayigh et  al. 1990, 1995), 
and this potentially could affect the probability of capture. In 
general, the more a signal repeats, the more likely it is to be 
detected. It is possible that some individuals are motivated to 
repeat their SWT more often and therefore are detected more 
frequently. However, the range in number of SWT repeats in 
an encounter both within and between individuals (Fig. 5) sug-
gests that repetition per se does not increase recapture rates. On 
49 occasions, SWTs were identified only from a single repeti-
tion in a single encounter (Fig. 5). The repetition rates of SWTs 
per encounter varied among encounters (Fig. 5), indicating that 
individual dolphins are not consistently more or less vocal than 
others. These differences in detectability are similar to those 
that occur in photographic MR studies, and may be due to indi-
vidual behavioral differences during the encounter.

The SWT catalog used in this study has been developed over 
8 years from a combination of focal follows of groups (Kriesell 
et  al. 2014) and long-term passive acoustic monitoring (this 
study). The majority of SWT we identified (75%) could be 
matched to this catalog, with 13 new SWTs identified over 
the 6-month study period. The accumulation of SWT recap-
tures indicated a closed population that informed our choice of 
MR model. However, one outlying encounter caused a peak in 
number of SWTs detected in April (deployment four; Fig. 2). 
The sporadic occurrence of large groups or aggregations of 
animals has been detected during photo-identification studies 
in Walvis Bay, and is not unusual for this population (Kriesell 
et al. 2014) but all animals are part of the population and are 
seen on a regular basis with only a slow accumulation of new 
individuals (Elwen et  al. 2019). Over the 6-month deploy-
ment at Aphrodite Beach, 53 SWTs were identified and a MR 
abundance estimate of 58 individuals (95% CI = 54–68) was 
calculated using the SWT data. This falls within the seasonal 
estimates of the size of the population, which ranges between 
54 and 76 (lowest to highest, NTotal values—Elwen et al. 2019). 
However, this is below the maximum number of 76 individuals 
identified photographically in any season (Elwen et al. 2019) 

and at the lower end of the photographic MR confidence inter-
vals. This suggests that despite considerable effort during 2016, 
we did not acoustically detect the SWT of several animals in 
the population and extrapolation for undetected animals may 
be warranted. Unidentifiable animals are a common problem in 
photographic MR studies that rely on accumulation of marks to 
the dorsal fin for identification. Animals with unmarked dorsal 
fins typically are young (Wilson et al. 1999) and their propor-
tion in a population is estimated at an encounter or season level; 
final MR estimates of population abundance calculated from 
identifiable animals are then further extrapolated upwards by 
the proportion of unmarked individuals (Urian et  al. 2014). 
The accurate calculation of the proportion of marked animals 
in a population can have significant effects on final study re-
sults, so is a very important consideration (Cheney et al. 2013). 
Although it is expected that all animals within a population 
have a signature whistle (Sayigh et al. 2007), it is possible that 
some do not produce their whistle or do so rarely (Caldwell 
et al. 1990), with signature whistle production related to mo-
tivation and maturation effects as well as behavioral context 
(Cook et al. 2004; Esch et al. 2009; Janik et al. 2013). By fol-
lowing the SIGID criteria and only using SWTs with an SNR 
of 2 or 3, we may have missed individuals whose whistles did 
not meet this quality threshold, as well as those not whistling. 
Further study combining visual photo-identification and acous-
tics will be required to ground-truth any extrapolation and the 
necessity and degree may vary between populations.

Data processing in this study was conducted manually using 
visual inspection of LTSAs to ensure that all whistles were 
identified. However, this approach is not effective for much 
larger data sets than the one used here. Acoustic data gen-
erally are amenable to automated methods, and this field is 
growing rapidly. Automated classification algorithms working 
on spectrogram images have been used to recognize success-
fully calls of crickets, frogs, and whales (Mellinger and Clark 
2000; Brandes et al. 2006) and freely available software, such 
as ISHMAEL (Mellinger 2002) and PAMGuard (Gillespie 
et  al. 2008), are able to automatically detect different call 
types (e.g., echolocation, whistles). Future studies should look 
at expanding automation of methods past detecting the focal 
call type, allowing the calls to then be matched to a catalog 
of individual call types as well as detecting new uncataloged 
individual call types.

We have provided evidence that individually distinctive 
calls can be used to monitor wild animal populations, and that 
MR methods can be applied successfully to call data. We have 
highlighted areas were biases may occur and MR assump-
tions violated, as well as potential ways of overcoming these 
obstacles. The ability to match SWTs to photographic identi-
fication data and use the two methods simultaneously could 
provide a dynamic and efficient monitoring tool for use in the 
wild. This methodology also could be extended over a larger 
area by incorporating a spatial element into a spatially explicit 
capture–recapture framework (Marques et al. 2013) to monitor 
wild animal populations that cover large, inaccessible areas in 
a cost- and labor-effective way.
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