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INTRODUCTION

A key question asked when investigating an animal
population is ‘How many are there?’ Abundance, or
equivalently density, is a fundamental quantity re-
quired to understand and address other more complex
issues in population ecology and conservation.

In the last few years, passive acoustic surveying has
been put forward as a viable option for estimating
cetacean density (Mellinger et al. 2007b). For example,
sperm whale abundance has been estimated using dis-
tance sampling line transects where distances were
obtained using acoustics (Leaper et al. 2000, Hastie et
al. 2003, Barlow & Taylor 2005, Lewis et al. 2007), giv-
ing more detections from larger ranges than would
have been obtained using only the conventional visual

methods. In addition to potentially surveying a larger
area, acoustic methods present additional advantages
over visual surveys, being (1) less dependent on
weather conditions, (2) not restricted to daylight, (3)
able to cope with animals that spend a large proportion
of time under water (while vocalizing). However,
acoustic methods will not be viable in all cases: they
require knowledge of the vocal behavior of the target
species, and will work best for species that produce
easily detectable, frequent vocalizations, but as we
show here, they can also work with relatively infre-
quent callers. Here, we focus on fixed acoustic sensors.
Acoustic methods are well suited to fixed deployments,
since recording devices can be moored for long periods
of time and then recovered later for subsequent pro-
cessing. This enables good temporal sampling, unlike
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visual or acoustic line transect methods that are typi-
cally considered a snapshot in time. However, signifi-
cant effort is required with fixed sensors to achieve
good spatial coverage, something we return to in the
‘Discussion’.

The North Pacific right whale Eubalaena japonica is
considered one of the most endangered whale species
in the world, and one for which obtaining further basic
biological and ecological information is crucial for
effective management and conservation (LeDuc et al.
2001). Two stocks of right whales are thought to exist
in the North Pacific: an eastern and a western popula-
tion. The eastern stock is thought to be smaller in num-
ber, and its current size might be too small to ensure its
persistence (Brownell et al. 2001). This is further sup-
ported by recent published work based on mark-
recapture methods (Wade et al. 2011, N = 31 animals,
95% CI 23–54, based on photo ID data, and N = 28,
95% CI 24–42, based on genetic data). Better esti-
mates of population size are fundamental to assess a
population’s chances of recovery. However, this spe-
cies is particularly difficult to survey using visual meth-
ods, because density is now so low that even its current
distribution area is uncertain. Furthermore, the num-
ber of animals detected in a given survey would not be
enough to fit a conventional distance sampling detec-
tion function, or to provide effective cost–effort trade
offs for mark-recapture methods based on photo iden-
tification or DNA from biopsies.

Passive acoustic monitoring has been used to detect
seasonal trends in occurrence for both the North
Pacific right whale (Munger et al. 2008) and the North
Atlantic right whale Eubalaena glacialis (Mellinger et
al. 2007a). Trends are assessed interpreting the raw
counts of detected sounds as an index of abundance.
Although these studies suggest that calling rates
(Munger et al. 2008) or proportion of time with calls
present (Mellinger et al. 2007a) may be positively asso-
ciated with abundance, they also note that trends in
detected call rates may vary depending on behavioral
context and other factors. In order to turn the number
of sounds detected into density, one needs to account
for both the detectability of sounds and the production
rate of such sounds.

In a recent paper, Marques et al. (2009) presented a
cue-counting approach that allows the estimation of
cetacean density based on the number of cues
detected at a set of hydrophones, where a cue is an
animal vocalization. To convert the number of detected
cues to density of cues, one needs to characterize the
detection process, namely the proportion of false posi-
tives and of missed cues (within a certain radius
around the acoustic sensors). The proportion of missed
cues, or equivalently the probability of detecting a cue,
is a challenging quantity to obtain. Marques et al.

(2009) required acoustic dive Dtag (Johnson & Tyack
2003) data from geo-referenced animals in order to
estimate the detection probability, as a function of dis-
tance and animal–hydrophone angle, through a binary
regression approach. Further, conversion of cue den-
sity into animal density required estimation of the
average cue production rate from the DTag data. In the
methods proposed here, we also require a cue produc-
tion rate. However, obtaining the detection probability
is far simpler, because, one can obtain the distances to
detected cues using a method that does not require tag
data (see ‘Materials and methods: Obtaining dis-
tances’). Given these distances, estimation is carried
out using a conventional cue-counting distance sam-
pling approach (Buckland et al. 2001).

Here, we present an example of how data from a set
of 3 fixed passive acoustic sensors can be used to esti-
mate density of the North Pacific right whale in the
vicinity of the sensors. Given the scarcity of data on this
species, we also extrapolate this number to the conti-
nental shelf of the eastern Bering Sea, an area pre-
sumed to be occupied by this species from May to Octo-
ber. The present paper has 2 distinct objectives: to
present a cue-counting method that can be used under
different conditions to estimate density and abundance
of cetaceans, and to provide an estimate for one of the
most endangered large whale populations in the world.

MATERIALS AND METHODS

Acoustic deployments. Recordings were made using
3 autonomous acoustic sensors. The first recording was
from August 2001 to July 2002 and used an auto-
nomous seafloor-mounted acoustic recording package
(ARP; Wiggins 2003) with an effective bandwidth from
10 to 250 Hz. The other 2 recordings were from 2005 to
2006 and used high-frequency ARPs (HARPs; Wiggins
& Hildebrand 2007) with a bandwidth of 10 Hz to
20 kHz. These were configured in-line with the
National Oceanic and Atmospheric Administration
(NOAA) Pacific Marine Environmental Laboratory
(PMEL) oceanographic moorings to minimize potential
instrument loss as sometimes experienced with
seafloor-mounted packages as a result of severe
weather and trawl fishing operations. The electronic
noise floor at 100 Hz for the ARP was 29 dB re 1
µPa2 Hz–1, and for the HARP was 42 dB re 1 µPa2 Hz–1,
both of which are well below ambient noise levels in
the Bering Sea. A summary of the characteristics of
each deployment is presented in Table 1 and the loca-
tions of the sensors are shown in Fig. 1.

Right whale up-calls (e.g. McDonald & Moore 2002)
were detected in long-term recordings using a com-
bined approach of automated detection (spectrogram
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cross-correlation), manual verification, and additional
searching (Munger et al. 2005, 2008). Cue rates used in
this paper were obtained using right whale calls that
were confirmed aurally and visually by an experienced
analyst.

Ambient noise was measured within the frequency
band of right whale calls by bandpass filtering data
with corner frequencies within 10 Hz of the minimum
and maximum frequency of each call (Munger et al. in
press). Root-mean-square amplitude counts were
obtained for 1 to 3 s of noise immediately before or
after the right whale call and converted to absolute
received levels based on laboratory calibration of
hydrophones (McDonald 2006). This noise measure-
ment was obtained initially to determine signal-to-
noise ratio (SNR) of right whale calls and therefore was
measured within the same band and near the same
time as each call (Munger et al. in press). The back-
ground noise data are used here as a potential covari-
ate in the detection function (see ‘Detection probabil-
ity’ below).

Estimation approach. The methods proposed here are
essentially conventional cue-counting distance sampling
methods (see Buckland et al. 2001 for details, and the
‘Discussion’ for a list of assumptions). While cue counting
was originally developed in the context of line transect
surveys, it is well suited to work from fixed points (e.g.
Buckland 2006). The novelty here is that the distances to
detected cues are obtained from single acoustic sensors.
Here, we use right whale up-calls as cues.

The estimator used here follows directly from what
was presented by Marques et al. (2009), with minor dif-
ferences accounting for unequal time sampling of sen-
sors and the a priori need for left truncation of dis-
tances in the analysis. Given n detected cues in a time
period TK (sum of time periods in each of K sensors),
density D can be estimated by the formula

(1)

where c is the proportion of false positive detections
(sounds detected and classified as cues of interest
which in fact were not), p is the probability of detecting
a cue given that it is produced within the area sur-
veyed, a, and r is the cue production rate. In conven-
tional distance sampling applications, a is equal to πw2

where w is a right truncation distance (distances larger
than w are not considered in the analysis). Here, we a
priori expect it to equal πw2 – πwl

2, where wl repre-
sents a left truncation distance, because distance can-
not be reliably measured to close-by detections (see
‘Obtaining distances’ below). Note that in this applica-
tion, and given the amount of human effort involved in
call detection, we safely assumed no false positives,
which simplifies the estimator above as c = 0.

Scope of inference. Despite having recordings from
outside the period May to October, we purposely
restricted our analysis to this period, when the whales
were assumed to be over the continental shelf of the
Bering Sea (consistent with data presented by
Brownell et al. 2001 and Clapham et al. 2004). Given
the assumption that animals distribute themselves ran-
domly over the shelf in both time and space, the
obtained density estimate can be multiplied by the
area of the shelf to obtain an abundance estimate for
the entire eastern Bering Sea continental shelf (Fig. 1).

D
n c
apT rK

= −( )1
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Sensor Latitude (°N) Longitude (°W) Depth (m) Start End Duration (h) No. of calls ER

M2 56.860 164.058 71 23/04/05 16/01/06 4393 1272 (1338) 0.29
M4 57.860 168.877 71 25/09/05 25/01/06 865 70 (71) 0.08
C 56.672 163.008 70 31/08/01 28/07/02 3577 987 (1120) 0.28

Table 1. Summary of acoustic sensor data. Deployment location (latitude, longitude, depth), start and end of the recording;
number of recording hours in the May to October period considered for inference; corresponding number of calls detected during
that period (numbers of calls before truncation are shown inside parentheses); and encounter rate (ER) in calls h–1. Dates are 

given in dd/mm/yy

Fig. 1. Bering Sea, with location of sensors (C, M2, and M4)
shown. Land masses are light gray. The eastern Bering Sea
shelf is outlined with a thick black line including the 200 m
depth contour along its western edge. Bathymetry data were 

taken from Amante & Eakins (2009)
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Obtaining distances. A key quantity in Eq. (1) that
needs to be estimated is p, the probability of detecting
a cue as a function of its distance. This is done in a tra-
ditional distance sampling framework, for which dis-
tances to detected cues need to be measured.

Distances to detected cues could be obtained by
time-difference-of-arrival (TDOA) of cues on 3 or more
acoustic sensors (e.g. McDonald et al. 1995). However,
this approach requires that a larger number of closely-
spaced acoustic sensors are available, configured into
a time-synchronized array, as well as an extra data
processing stage (matching of calls across different
sensors). Instead, we employed a method that allows
data from single sensors to determine the distance to
calling animals.

Distances to right whale up-calls were obtained from
single sensors by modeling the dispersion of normal
modes in a shallow waveguide. An initial range (dis-
tance) was calculated using the arrival times of modes
across a given frequency within a single right whale
call spectrogram, and a synthetic upsweep containing
the first 6 modes was modeled using this range and
overlaid on the actual call spectrogram. The range and
other model parameters were adjusted manually until
the best fit was obtained, as determined qualitatively
by the analyst. See Munger et al. (in press) and Wig-
gins et al. (2004) for details on normal mode propaga-
tion and application to right whale calls in the south-
eastern Bering Sea. The main advantage of this
method over the approach presented by Marques et al.
(2009) is that the distances, and hence detection prob-
ability, can be obtained using information collected by
the acoustic sensors themselves, bypassing the need
for ancillary information (like tag data).

Given call source levels, transmission loss, and aver-
age background noise levels in the Bering Sea, detec-
tion distances of up to 100 km were expected (Wade et
al. 2006, Munger et al. in press). Ranges of less than
20 km were difficult to estimate using the model, due
to very little dispersion in mode arrivals resulting in
ambiguity in the choice of mode number, the parame-
ter to which the model is most sensitive (Wiggins et al.
2004). To avoid potentially severe measurement error
at small distances, a left truncation distance of wl =
20 km was used.

Detection probability. Given the distances to de-
tected calls, estimating p, or equivalently the effective
detection radius of a sensor, is obtained using standard
distance sampling methods (Buckland et al. 2001).

The methods are based on the notion of a detection
function, g(r), which represents the probability of
detecting a cue given that the animal which produced
it is at distance r from the sensor. It can be shown that
p is the mean value of the detection function with
respect to the available distances, i.e. that

(2)

where π(r) represents the probability density function
of available distances, which is assumed known (Buck-
land et al. 2001). Note the lower limit of integration is
different from the usual formulae to account for left
truncation.

A set of plausible candidate parametric models for
g(r) is assumed, and series expansion terms might be
added for additional flexibility (Buckland et al. 2001).
The software Distance (Thomas et al. 2010) was used to
fit these models to data. We used the hazard rate and
half-normal detection functions as candidate models,
with cosine series expansion terms as required for bet-
ter fit. Additional covariates can be included in the
model if they are believed to influence the detection
process (e.g. Marques et al. 2007). Here we tested the
above described measure of ambient noise, which a pri-
ori could influence call detectability. Choice between
competing models was based on the minimum Akaike
Information Criterion (AIC), which provides a relative
measure of fit. For the models with and without covari-
ates, we manually set the number of series expansion
terms to 0 and 2, respectively, to avoid implausible fits
(e.g. non-decreasing detection functions). We also
checked absolute fit of the models using chi-squared,
Kolmogorov-Smirnov, and Cramer-von Mises tests. All
of these are available in the software Distance.

Cue production rate. Individual calling rates for
North Pacific right whales were estimated from record-
ings made during vessel-based cetacean surveys in the
southeastern Bering Sea. Surveys were conducted in
July to August 2002 aboard the NOAA ship ‘McArthur’
(LeDuc 2004), in August 2004 aboard the ‘Alaskan
Enterprise’ (Wade et al. 2006), and in September 2004
aboard the NOAA ship ‘McArthur II’ (Wade et al.
2006). Right whale calls were recorded using direc-
tional sonobuoys (type AN/SSQ-53D), and species
identification was confirmed and group size estimated
by visual observers. Data were included only from
recordings when right whale calls were detected with
certainty and right whales were concurrently or subse-
quently detected visually. We estimated the call rate by
the weighted mean of the call rates (weighted by
recording time) in each of 8 encounters with North
Pacific right whales. The corresponding weighted
average variance was calculated using the formula
suggested by Gatz & Smith (1995).

Variance estimation. Assuming the independence
of the random components of the density estimator
(Eq. 1), the variance of the density estimate can be
approximated by the delta method (Seber 1982) as

(3)

where CV denotes the coefficient of variation of the es-

var( ˆ ) ˆ ( ) ( ˆ ) ( ˆ) ( ˆ)
�
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l
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timate, i.e. the standard error of the estimate divided by
the estimate and the hats denote an estimated quantity.
This estimation is implemented in Distance, given that
the appropriate variances are provided. Given the for-
mula above, one can evaluate the percentage of the
variance due to each random component.

The variance in n was obtained as the empirical vari-
ance of the number of detected calls per unit time per
sensor. Due to the small number of sensors and the cor-
responding difficulty in estimating an empirical vari-
ance, we also considered estimating the variance assum-
ing an overdispersed Poisson distribution with an
overdispersion factor of 2 (as suggested by Buckland et
al. 2001). Variance in cue rate was obtained as explained
in the previous subsection. The variance in detection
probability is an output of Distance, calculated using the
inverse of the information matrix resulting from the max-
imum likelihood estimation of the detection function pa-
rameters. In our application the false positive proportion
c is assumed to be 0, so the CV of c is also 0.

RESULTS

Number of detections

In total, 8835 recording hours were available during
the period May to October, over which we detected a
total of 2529 right whale calls. Discrimination by sensor
leads to 4393 recording hours for sensor M2, 865 for
M4, and 3577 for C, with respectively 1338, 71, and
1120 calls detected before truncation (Table 1). After
left and right truncation (see details in the following
subsection), this corresponds to 0.29, 0.08, and 0.28
detected calls h–1, leading to an average (weighted by

sensor recording time) encounter rate of 0.26 detected
calls h–1, with a CV of 10.5%. The alternative variance
estimator, assuming an overdispersed Poisson distribu-
tion for calls, gave a CV of 2.93%. The former is there-
fore a more conservative value and we use it through-
out for the variance estimates.

Detection probability

We selected 20 and 80 km as left and right truncation
distances, resulting in the loss of 84 and 116 observa-
tions, respectively. Conditional on this truncation
choice, the hazard rate model was preferred over the
half-normal (ΔAIC = 34.93 to the half normal model).
As expected, ambient noise proved to be important in
explaining detectability (ΔAIC 16.36 to the corre-
sponding hazard rate model without covariate), with
increasing noise resulting in a decrease in detection
probability. The resulting model fits were also more
plausible with the hazard rate model than the half-nor-
mal model, because a priori a wide shoulder of perfect
detectability was expected. Goodness-of-fit tests
showed no departure from the assumed model, and
visual inspection of the fitted function (Fig. 2) and
quantile-quantile-plots (not shown) revealed no sys-
tematic problems. Therefore, we proceed with infer-
ences based on the hazard rate model with the noise
covariate. We note that while abundance estimates are
virtually the same with the model without the noise
covariate, its inclusion considerably reduces the CV on
the estimated detection probability. The fitted detec-
tion function suggests g(30) = 1, which is reassuring,
given the use of the left truncation. The fit is compati-
ble with simple considerations about sound source
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Fig. 2. Distances to detected right whale calls and fitted model: (a) shows the detection function (as a function of distance, for 3
values of the noise covariate, namely the 10, 50, and 90% quantile of the observed distribution) and (b) corresponds to the pro-
bability density function (PDF) of detection distances, and goodness-of-fit could be judged based on this plot. Vertical dashed 

lines represent the left and right truncation distances
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levels and sound propagation properties in this area;
p was estimated to be 0.29 with a CV of 1.76%.

Cue production rate

Eight recordings taken over a total of 127 h were
used to estimate call production rate (Table 2). The
average cue rate was estimated to be 1.743 calls per
whale per hour with a CV of 27.0%.

Density and abundance

The estimated whale density was 0.26 (CV: 29.0;
95% CI: 0.136–0.499) whales per 10 000 km2. Assum-
ing that this density is representative of the continental
shelf area of the Bering Sea, an area of 950 000 km2

gives an estimate of right whale abundance in this area
of 25 whales (95% CI: 13–47). The variance associated
with the density or abundance estimates can be parti-
tioned according to the random components involved.
The largest contributor was the cue rate (86.5%), fol-
lowed by the encounter rate (13.1%), and a distant
third was the detection function (0.4%). Using the
alternative overdispersed Poisson variance estimator
for encounter rate gave a very similar estimate of vari-
ance in density (CV: 27.2%).

DISCUSSION

One objective of this paper was to provide a proof-of-
concept example of how one can estimate cetacean
density from acoustic sensors without the need for data
other than those collected from the acoustic sensors
themselves and cue rates obtained from ancillary field

observations. This approach worked well here because
the combination of the species, environment, and
acoustic settings permitted obtaining a model that esti-
mates distance from data collected from single sensors,
and hence using a conventional distance sampling cue
counting approach. However, normal mode propaga-
tion modeling is only suitable for particular areas (i.e.
uniformly flat and shallow) and may not be widely ap-
plicable in other habitats. Notwithstanding, there are
several other approaches that have been used to obtain
distances to detected cetacean vocalizations from sin-
gle sensors or arrays of closely-spaced, time-synchro-
nized sensors. These include use of multipath detec-
tions (e.g. Cato 1998, McDonald & Fox 1999, Aubauer
et al. 2000, Sirovic et al. 2007), received sound levels
(e.g. Cato 1998, McDonald & Fox 1999), and TDOA on
closely spaced sensors (e.g. McDonald et al. 1995).
Hence the analytic methods presented here may be ap-
plicable in a wide range of circumstances.

There are possible alternatives to estimate density
from data collected in acoustic sensors and cue rates,
with the key difference being how one estimates the
detection function. For example, a detection function
might be obtained using an acoustic propagation
model combined with sound source characteristics
(e.g. Zimmer et al. 2008). On the other hand, one
could implement spatially explicit capture–recapture-
based methods, where associations of sounds across
hydrophones are used to estimate density while
bypassing the need for localization (e.g. Marques et
al. 2010).

Distance sampling assumptions

Several assumptions are required for the conven-
tional distance sampling methods to work. We present

them here in the context of cue count-
ing. We assume that: (1) the distribu-
tion of distances to cues (whether
detected or not), π(r), is known; (2) all
calls produced on or near the point are
detected, i.e. g(0) = 1; (3) false positive
detections are correctly accounted for;
(4) distance measurements to calls are
error free; and (5) detected distances
are statistically independent. Below
we present a critical assessment of how
likely these assumptions are to hold,
and possible consequences of failure.
Note that the usual assumption about
animal movement in conventional dis-
tance sampling methods is not neces-
sary here, because whale calls, not ani-
mals, are the object being detected,
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Vessel Start No. of Duration No. of Rate
calls (h) whales

‘McArthur’ 25/08/02, 00:00 h 3 3.77 2 0.40
‘McArthur’ 26/08/02, 00:00 h 74 36.96 3 0.67
‘McArthur’ 27/08/02, 09:48 h 14 5.80 1 2.41
‘McArthur’ 27/08/02, 21:30 h 4 8.35 1 0.48
‘McArthur’ 28/08/02, 09:29 h 11 5.98 2 0.92
‘McArthur’ 28/08/02, 21:00 h 75 10.50 2 3.57
‘Alaskan Enterprise’ 10/08/04, 12:10 h 82 5.68 2 7.22
‘McArthur II’ 07/09/04, 16:51 h 2142 49.92 23 1.87
(SPLASH)

Table 2. Eubalaena japonica. Data from 8 right whale recordings used to esti-
mate the call production rate. Columns represent the vessel, the recording start
date (dd/mm/yy) and time, the number of calls, the recording duration, the
number of whales in the group recorded, and the call rate (in calls per whale 

per hour). Dates are given as dd/mm/yy
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and the calls are for practical purposes instantaneous
and therefore static.

(1) Known distribution of available distances. For
conventional distance sampling methods to work, one
must know the horizontal distribution of distances of
cues (detected or not) with respect to the acoustic
devices, π(r). This should usually be enforced by
design, by using a sufficient number of sensors ran-
domly allocated in the area of interest, so that animal
(and hence cue) distribution is random with respect to
sensor location (Buckland et al. 2001). Here, we only
used 3 sensors with non-random placement, and there-
fore the quality of our estimate of detection probability
is dependent on how closely, such an assumption was
met in this case. The fact that the estimate obtained is
so close to other estimates (Wade et al. 2011 estimated
an abundance of 28 or 31 whales, depending on the
data used) for the population is reassuring. Nonethe-
less, in future implementations of these methods, spe-
cial care should be given to sampling design, in partic-
ular to the number and location of sensors. In general,
20 or more sensors, located on a systematic random
grid, would be preferred.

(2) g(0) = 1. Given that source levels of right whale
up-calls in the Bering Sea were estimated at over
175 dB re 1 µPa at 1 m and average ambient noise
within the right whale up-call band was 72 to 91 dB re
1 µPa2 Hz–1 (Munger et al. in press), right whale calls at
close ranges would have sufficient SNR to be easily
detected. In addition, the fitted detection function
(Fig. 2) suggests that detection probability has a wide
shoulder out to around 30 km, although given the
20 km left truncation used, this is based solely on dis-
tances obtained between 20 and 30 km.

(3) False positives correctly accounted for. In the
current study, given the amount of manual processing
required to obtain the distances and the distinctive
nature of right whale calls compared to other noises in
the region, we were justified in assuming that no false
positive detections entered the distance sampling
analysis.

(4) No distance measurement error. Distances were
obtained here using a predictive acoustic model, and
therefore there is a random error associated with their
calculation. Preliminary assessment using a subset of
distances where TDOA measurements could be used
as a ground truth (L. Munger unpubl. data) suggests
that the estimated distances are unbiased, with a CV of
around 17%. This level of error would produce a posi-
tive bias in density estimates of approximately 10%,
assuming the calculated distances follow a gamma dis-
tribution (Marques 2007). However, TDOA-based dis-
tances are themselves subject to error, so the true CV
in the distance we used is likely less than 17%. On the
other hand, different human operators could analyze a

random sample of distances and characterize the vari-
ance associated with any operator-subjective deci-
sions. Hence, a natural extension to the methods pre-
sented here would be to incorporate measurement
error in the estimation process, following the methods
of Borchers et al. (2010).

The distances required for analysis are horizontal
distances from sensor to call, since it is density per
unit area that is being calculated. In our application,
given the shallow water depth and large detection
ranges, direct distance and horizontal distances were
almost identical. In other applications this may not be
the case. If animals are known to vocalize at a nar-
row range of depths (e.g. close to the surface), then
horizontal distances can easily be calculated, assum-
ing a single depth. If the depth distribution is known
(e.g. from tag data), but broad, then the horizontal
distance will not be known with certainty, leading to
a measurement error problem that can again be
treated using methods such as those of Borchers et
al. (2010). Some sensors allow estimation of both
range and vertical angle, in which case horizontal
distance can be calculated without knowledge of ani-
mal depth distribution.

The process for obtaining the distances in our exam-
ple is currently labor intensive. The development of
routines for automatic distance estimation under simi-
lar settings might be an interesting research area in
the interface between acoustics and statistics.

(5) Detected distances are statistically independent.
Given that an animal produces multiple calls, it is
likely that the independence assumption is violated.
This should not cause bias in the estimates; however,
model selection, goodness-of-fit and variance estima-
tion are affected. The effect on model selection is a ten-
dency to select models with too many parameters – in
our case a simpler model with no noise covariate
resulted in very similar results, so this is not a concern.
Goodness-of-fit statistics are more likely to show poor
fit, but in our case the fit was satisfactory. Detection
function variance is likely to be underestimated, but in
our case the variance due to the other random compo-
nents (encounter and cue rates) was so dominant (more
than 99% of the total variance in density) that even a
moderate increase would have little effect on the over-
all variance. In summary, we do not feel that non-inde-
pendence of distances is a major issue, as indeed is
typical when this occurs in distance sampling surveys
(Buckland et al. 2001).

Other considerations. We used left truncation at 20
km because distances could not accurately be deter-
mined for closer calls. An alternative would have
been to perform an analysis on grouped distance
data, placing all detections made within 20 km into a
single distance interval. This has the advantage of
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using more of the data, as detections within 20 km are
included in the analysis, but the disadvantage of turn-
ing the ‘exact’ data from distances greater than 20 km
into intervals. As a check, we performed this analysis,
using a single interval for 0 to 20 km and then 5 km
intervals up to 80 km, and found it produced nearly
identical results, with an estimate of 1 whale fewer
(24, with 95% CI: 12–45). One disconcerting finding,
however, was that many fewer calls were detected in
the 0 to 20 km interval than expected, given the fitted
detection function (observed 84, expected 505).
Although it is possible that this is indicative of a fail-
ure to detect calls at close distances (Assumption 2,
above), for the reasons given above we think this is
unlikely. Instead, it seems more likely that this indi-
cates a failure of the assumption of known distribution
of calls (Assumption 1, above), with fewer than
expected groups of whales coming within close range
of the sensors during the monitoring period. We
emphasize that a large number of (systematic) ran-
domly located sensors is a requirement for reliable
inference, and should be a primary design criterion
for any future passive acoustic density survey.

While we provide a tentative abundance estimate for
the entire eastern Bering Sea continental shelf, on top
of all the previously stated assumptions, and as stated
explicitly in ‘Materials and methods’, this estimate is
also based on an untested assumption about animal
distribution over time and space. However, our esti-
mate is supported by similar numbers obtained by
Wade et al. (2011) using mark-recapture analyses.

Cue rate

We have assumed that the cue rate used is the
mean cue rate that occurred during the acoustic sur-
vey. However, this survey and cue rate data were not
coincident in time. Despite some published work on
variation in North Atlantic right whale calling rates
(e.g. Matthews et al. 2001, Van Parijs et al. 2009),
there is little concrete information about cue rate and
its relation to potentially important covariates. There-
fore, although likely, it is not known whether, or how,
cue rates are dependent on external factors (for exam-
ple the time of year or group size). Also, the actual
variance one would like to incorporate in the estimate
would be the between-individual variance in the cue
rates observed during the survey, while here we had
to use the variance on cue rates across different
groups of animals. Since results are dependent on the
adequacy of this cue rate estimate, and also because
this is the component contributing more, by far, to the
overall variance in abundance estimates, efforts
should be made to obtain better estimates of cue rate,

as well as to assess whether it changes as a function
of covariates.

Nonetheless, these results are remarkably consistent
with rates found for North Atlantic right whales Eubal-
aena glacialis, a closely related species, measured in
summer 1999 to 2000 in the Bay of Fundy, Canada,
using suction cup attachment tags (Matthews et al.
2001). Calls classified as ‘moans’ were described as
being broadly in the frequency range 50 to 500 Hz and
lasting 0.4 to 1.5 s. We take these moans to be synony-
mous with the up-calls produced by North Pacific right
whales in the Bering Sea. Although we recognize
potential differences between populations of right
whales in these 2 ocean basins, the context of the call-
ing, on the feeding grounds and particularly in a social
setting, is broadly equivalent. Using acoustic tags
attached to 10 different whales (29.5 tag hours in total,
cf. Table 4 in Matthews et al. 2001), a weighted aver-
age moan production rate of 1.765 calls h–1 was
obtained, which is essentially indistinguishable from
our estimate.

Implications for right whale management

This study presents the first abundance estimate for
North Pacific right whales based on acoustic data, and
is strikingly similar to the numbers recently estimated
by other authors (Wade et al. 2011) using mark-recap-
ture techniques for photographic and genetic data.
One major question that remains is: To which portion
of the North Pacific right whale population do these
estimates apply – the eastern or the western stock?
North Pacific right whales are among the most endan-
gered whale species on earth, and there remain huge
gaps in our knowledge of basic biological information
about them, including the location of wintering
grounds and population structure. Historic and recent
observations support the division of North Pacific right
whales into an eastern and a western stock (Brownell
et al. 2001, Clapham et al. 2004), and a recent reexam-
ination of data from whaling logbooks corroborates a
bimodal distribution of right whales, with very few
sightings in the central North Pacific (Josephson et al.
2008). Omura (1958, 1986) suggested that the western
stock be further divided into 2 subpopulations, one
migrating within the Sea of Japan and summering in
the Sea of Okhotsk, and another migrating along the
Pacific coasts of Japan and the Kamchatka peninsula,
with some animals entering the Bering Sea by early
summer.

The southeastern Bering Sea middle-shelf region is
the only area in the Bering Sea where North Pacific
right whales have been detected consistently since
1980, and the assumption in recent literature is that
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these animals belong to the eastern stock of North
Pacific right whales, the same stock that was heavily
exploited in the ‘Northwest’ or ‘Kodiak’ whaling
ground in the western Gulf of Alaska. However,
sightings of right whales in the Gulf of Alaska have
been much rarer in recent decades than in the south-
eastern Bering Sea, with only 2 individuals uniquely
identified by photographs, and neither of these indi-
viduals matches any of those photographed in the
southeastern Bering Sea (Wade et al. 2011). Thus, the
possibility exists that right whales in the Bering Sea
belong to a population other than the eastern North
Pacific/Gulf of Alaska stock; Brownell et al. (2001)
noted that the extent of exchange between the 2 pop-
ulations (eastern and western) in high latitudes is
unknown. Acoustic characteristics of calls themselves
are unlikely to shed any light on the population struc-
ture of North Pacific right whales, due to the overall
similarity of call repertoires across right whale spe-
cies and oceans and high variability of right whale
calls within populations and individuals. However,
further acoustic monitoring in potential migration cor-
ridors may provide information on the timing and
entry/exit locations for right whales that appear in
the southeastern Bering Sea every summer, which
could aid in determining population affiliation and
point to potential habitat areas outside the Bering
Sea. Comparison of Bering Sea right whale photo-
graphic and genetic data to those obtained from
whales in Japanese and Russian waters would be
useful for determining stock delineations, but collect-
ing and sharing such data across international bound-
aries presents some challenges.

CONCLUSIONS

We have provided an abundance estimate for the
North Pacific right whales in the Bering Sea based on
passive acoustic monitoring data. Despite the number
of shortcomings to this estimate, it seems that a well-
designed passive acoustic survey, with a larger num-
ber of randomly allocated sensors, should prove an
efficient way to estimate the abundance of this threat-
ened species – in this sense, the current work can be
seen as a ‘pilot study.’

We envisage that passive acoustics will become, in
the near future, a standard way for monitoring
cetacean populations under a variety of scenarios. Sim-
ilar methods are also potentially applicable to a range
of terrestrial species. Since the largest proportion of
the variance associated with the density estimate is
due to cue rate estimation, we strongly recommend
dedicated studies which should look at estimating cue
rates over time and space.
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