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Abstract

Detection of animals during visual surveys is rarely perfect or constant, and failure to account for imperfect detectability
affects the accuracy of abundance estimates. Freshwater cetaceans are among the most threatened group of mammals, and
visual surveys are a commonly employed method for estimating population size despite concerns over imperfect and
unquantified detectability. We used a combined visual-acoustic survey to estimate detectability of Ganges River dolphins
(Platanista gangetica gangetica) in four waterways of southern Bangladesh. The combined visual-acoustic survey resulted in
consistently higher detectability than a single observer-team visual survey, thereby improving power to detect trends.
Visual detectability was particularly low for dolphins close to meanders where these habitat features temporarily block the
view of the preceding river surface. This systematic bias in detectability during visual-only surveys may lead researchers to
underestimate the importance of heavily meandering river reaches. Although the benefits of acoustic surveys are
increasingly recognised for marine cetaceans, they have not been widely used for monitoring abundance of freshwater
cetaceans due to perceived costs and technical skill requirements. We show that acoustic surveys are in fact a relatively cost-
effective approach for surveying freshwater cetaceans, once it is acknowledged that methods that do not account for
imperfect detectability are of limited value for monitoring.
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Editor: Danilo Russo, Università degli Studi di Napoli Federico II, Italy

Received January 6, 2014; Accepted April 10, 2014; Published May 7, 2014

Copyright: � 2014 Richman et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by the Natural Environment Research Council [grant number NE/I528734/1] and CREST, Japan Science and Technology
Agency. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: nadia.richman@ioz.ac.uk

Introduction

Estimates of abundance, trends over time, and distribution are

all important for conservation management of threatened species

[1–3]. To reliably estimate population size or habitat use,

detectability, and how it may vary with time and space, must be

estimated and accounted for [4]. Freshwater cetaceans are one of

the most threatened groups of mammals on earth. Accurate

assessment of population size, trends and distribution are therefore

of great importance [5]. However, limited resources and a lack of

robust survey methods mean that basic information on river

dolphin status and trends is lacking across large parts of their

ranges.

The use of methods typically used for monitoring marine

cetaceans is largely precluded for freshwater cetaceans due to

constraints arising from survey conditions in river systems, and

from differences in freshwater cetacean morphology and surfacing

behaviour [6]. Distance sampling using a visual line transect is

commonly used to survey marine cetacean species including

Sperm whales (Physeter macrocephalus) [7], Killer whales (Orcinus orca)

[8], and Vaquita (Phocoena sinus) [9]. This method has been

attempted with freshwater cetaceans, e.g. Ganges River dolphins

(Platanista gangetica gangetica) [10], Yangtze Finless porpoises

(Neophocaena asiaeorientalis asiaeorientalis) [11], and Amazon River

dolphins (Inia geoffrensis) [12]) (Table 1). However, bathymetrical

constraints in river systems mean that survey vessels usually cannot

follow transect lines that are distributed randomly with respect to

the distribution of cetaceans, violating a key assumption of

distance sampling [13]. Mark-recapture using photo-identification

has also been used to estimate the abundance of some freshwater

cetaceans, such as Irrawaddy dolphins (Orcaella brevirostris) [14,15].

However, the exceptionally small dorsal fin (or lack of one

altogether in finless porpoises) and rapid surfacing behaviour of

other freshwater cetacean species limits the feasibility of photo-

identification, making mark-recapture generally impractical [6].

Surveys of freshwater cetaceans often rely on counts from a

single observer-team [16–22] on a boat following the thalweg or

deepest area of the river channel (Table 1). Estimates of

abundance from single observer-team visual surveys reflect a

minimum population size because an unknown number of animals

remains undetected [6]. Detectability of cetaceans is affected by

two sources of bias: availability and perception [6]. Because of
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high turbidity, cetaceans in rivers are typically only available for

detection when at the water surface. Availability for detection is

therefore determined by dive times [6] and group size, with larger

groups being more detectable than smaller groups [23]. Even if a

cetacean is available for detection at the water surface, it may still

go undetected due to perception bias resulting from inattention,

observer fatigue, visual barriers (e.g. ships, bridge pilings and

channel meanders), distance from observers, and poor sighting

conditions [6]. Independent observer teams, either on the same

vessel (i.e. double observer-team visual surveys) [23] or on separate

vessels following one another (i.e. tandem-vessel visual surveys)

[11,24], can be used to estimate detectability related to perception

bias with closed capture-recapture models. However, many rivers

are too shallow to accommodate a survey vessel large enough to

accommodate independent teams, and tandem-vessel visual

surveys can be problematic as it can be difficult to distinguish

individual groups and therefore match detections made by the

front and rear vessels, especially at higher densities [24]. These

methods also do not account for availability bias.

An alternative (or supplementary) approach to visual surveys is

the use of passive acoustic survey methods which allow cetaceans

to be detected underwater, thus increasing their detectability

assuming the animals are vocalizing and within detection range

[7,25]. Small cetaceans, especially species occurring in turbid

freshwater environments, are particularly good candidates for

acoustic detection because they must vocalise frequently for

navigation due to the poor visibility and complexity of their

environment [26,27]. Acoustic methods have been employed in a

number of studies of Yangtze Finless porpoises and Ganges River

dolphins looking at underwater behaviour [28,29], echolocation

characteristics [30–32] and abundance estimation [25,33,34].

However, despite their demonstrated efficacy at improving

detectability of animals, uptake of acoustic surveys has been slow

due to perceived costs and technical skill requirements [35].

Table 1. A summary of methods used for estimating abundance of freshwater cetaceans over the last twenty years.

Method Species Advantages Disadvantages Examples

Distance
sampling with
visual line
transect

Amazon River
dolphin, Ganges
River dolphin,
Yangtze Finless
porpoise

1. Can account for
imperfect detectability.

1. Difficult or impossible to meet the assumption that dolphin
distribution is random relative to the transect line because: a) cannot
place a random transect line as vessels are constrained to following a
deep navigable channel or shipping lane; b) dolphin distribution is not
random and may be confined to the same deep navigable channel as
vessels, or clustered at river banks.

[11], [12],
[19]

Mark-recapture
with photo-
identification

Irrawaddy dolphin,
Amazon River
dolphin, Ganges
River dolphin,
Yangtze River dolphin

1. Can account for
imperfect detectability.

1. Difficult to match individuals for species with limited recognisable
markings and short surfacing times.

[14], [15],
[75], [76],
[77], [78]

2. Possible invalidation of the assumption of population closure
between sampling periods, due to length of time required to obtain
enough photographs in one sampling period.

3. Requires a good photographer and expensive equipment.

Single observer-
team visual
survey

Ganges River dolphin,
Yangtze Finless
porpoise, Amazon
River dolphin

1. Requires little
training or expertise.

1. Cannot account for imperfect detectability. 1. [16], [17],
[18], [19],
[20], [21],
[22], [79],
[80]

Double observer-
team visual
survey

Ganges River dolphin,
Yangtze Finless
porpoise, Irrawaddy
dolphin, Amazon
River dolphin

1. Can account for
imperfect detectability.

1. Requires a vessel large enough to accommodate two
independent teams.

[23]

2. Impossible in shallow rivers.

3. Extra cost associated with a larger survey vessel and extra team.

Tandem-vessel
visual survey

Indus River dolphin 1. Can account for
imperfect detectability.

1. Cost of an additional survey vessel. [24]

Combined visual-
acoustic survey

Yangtze Finless
porpoise

1. Can account for
imperfect detectability.

1. Requires expensive equipment. [25]

2. A double-observer
platform is not needed
and so the survey can be
carried out in small boats.

2. Specialist expertise needed to analyse the data.

3. The small boats needed
can survey shallow
rivers as well as larger rivers.

3. Acoustic detection range may be limited in environments with
high levels of unwanted noise e.g. high density vessel traffic.

4. Acoustic surveys yield
higher detection probabilities
than visual methods, so can
provide more precise
estimates of abundance.

doi:10.1371/journal.pone.0096811.t001
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The Ganges River dolphin is listed as Endangered in the IUCN

Red List of Threatened Species [36]. It is regarded as a high

conservation priority due to the range and magnitude of threats it

faces, and its unique evolutionary history as a relict lineage [37].

Ganges River dolphins are in widespread decline across the South

Asian subcontinent due to bycatch by fishers, intentional killing for

meat and oil, habitat loss, and probably pollution and boat

collisions [38–42]. Identification of robust, cost-effective methods

to assess population sizes and trends is therefore an important

priority. We used a combined visual-acoustic survey to investigate

the factors affecting visual detectability of Ganges River dolphins,

and make recommendations for the design of future surveys of

freshwater cetaceans. We explore how detectability affects power

to detect population trends, and the relative costs of different

survey methods.

Materials and Methods

Study Site
In January and February 2012, surveys were carried out in three

interconnected rivers and one canal in southern Bangladesh

(Chittagong district) (see Figure S1 in supplementary information).

Surveys covered a 20 km section of the Halda River, a 45 km

section of the Sangu River, and the entire Karnaphuli River

(75 km) and Shikalbaha-Chandkhali Canal (29 km). The Karna-

phuli River was divided into the Upper Karnaphuli (the 47 km

river section upstream of Kalurghat Bridge) and Lower Karna-

phuli (the 28 km river section downstream of Kalurghat Bridge

including Chittagong Port) because of differences between the two

sections: the Upper Karnaphuli runs through plantations (teak and

tea), agricultural land and small villages and has very low densities

of vessel traffic, while the Lower Karnaphuli is considerably wider

and the riverbanks are dominated by a ship-breaking yard, a naval

port, and Chittagong city. Waterways varied in width from 35 to

2,300 m, with a mean of 607 m (SD = 449). Mean water depth in

the approximate thalweg ranged from 5.4 m (SD = 5.2) in the

Sangu, to 8.4 m (SD = 4.4) in the Lower Karnaphuli. Due to

shallow water depth, the survey vessel was regularly constrained to

following the river thalweg. The research was carried out under a

research permit issued to the lead author from the Ministry of

Environment and Forest, Government of the People’s Republic of

Bangladesh.

Pilot Surveys
In January 2012, two pilot surveys were carried out to identify

dolphin distribution, and determine survey strip width based on

the visual range of observers. Both surveys were carried out under

favourable sighting conditions [6]. Waterways shallower than

50 cm in depth were excluded from the survey, as the pilot surveys

and prior four months of field experience found no dolphins at

depths this shallow. The pilot phase also included a study of

dolphin dive time (see [6] for an outline of the method) based on

six single animals and two groups of three animals.

Visual and Acoustic Survey
The combined visual-acoustic survey was carried out in

February 2012, the low-water season, when sighting conditions

are most favourable [6]. Surveys were carried out using a local

motorised boat with a single observer-team during daylight hours.

The observer-team consisted of a left, right, and central observer

and a data recorder. All observers were trained to maximize

consistency in distance estimation: observers were asked to

estimate distance by eye using objects such as boats and bridge

pilings, which were then compared to the distance measured by

the lead observer using a global positioning system (GPS).

Observers were positioned on the roof of the vessel at an eye

height of 2.5–3.0 m above water level, and were rotated with two

resting observers every 30 minutes to avoid fatigue [6]. Left and

right observers searched from 90o off the left and right beam to 10o

beyond the bow using Olympus 10650 binoculars and the naked

eye. The central observer used the naked eye to search a 20o cone

in front of the bow (10o either side of the transect line).

Weather conditions (sun glare, wind, and rain/fog) and survey

effort were recorded at 30 minute intervals, or whenever

conditions changed, on a scale of 0–2 as described by [23]. Scores

were then summed to give a cumulative score on a scale of 0–6

(0 = excellent conditions, 6 = poor conditions). When a dolphin

was sighted, the data recorder noted the latitude/longitude (using

Garmin eTrex Summit HC Global Positioning System), estimates

of distance and relative angle from the transect line to the sighting,

time, vessel speed, group size as best/high/low estimates, and

observer name. A group was defined as all individuals within

100 m of each other. All group size estimates were made in passing

mode (i.e. survey vessel continues along the transect line) [43].

A simultaneous acoustic survey from the same survey vessel was

carried out using a towed hydrophone array system consisting of

two stereo pulse event data loggers (A-tags: ML200-AS2, Marine

Micro Technology, Saitama, Japan). Two data loggers were towed

astern of the vessel on an 87 m long rope, with one positioned at

70 m and the other at 87 m. Each data logger consisted of two

hydrophones separated by 19 cm (Figure 1). Hydrophone

sensitivity of the data logger was set to 2200dB/V at 130 kHz

(100–160 kHz within 25dB band) which is close to the

vocalisation frequency of the Ganges River dolphin [44,45].

To minimise the effect of availability bias, boat speed must be

slow enough to allow dolphins to surface at least once within the

visual range of observers, but fast enough to minimise the chance

of a dolphin swimming past the boat twice (i.e. ‘‘double

counting’’). To estimate the visual range of observers we plotted

a frequency distribution of the radial sighting distances of

detections during pilot surveys of the Sangu, Halda and Upper

Karnaphuli rivers. Sighting frequencies fell off rapidly beyond

200 m, and so this distance was used to define the visual range of

observers. Mean dive time for the six single animals was 68

seconds (n = 192 surfacings, 95% CI = 64–71) and 41 seconds for

the two groups of three (n = 245 surfacings, 95% CI = 38–44). We

selected 10 km/hr as the boat speed for the survey; at this speed it

would take 72 seconds for the boat to travel 200 m, allowing single

animals to surface at least once within the visual range of

observers. While mean estimates of dive time vary across studies

[23,24,46,47], observers typically have an unobstructed view of the

river surface further than 200 m ahead of the vessel and so still

have the opportunity to detect surfacings of longer diving animals.

Dive time in Ganges River dolphins can be affected by activity

type (e.g. feeding, resting, travelling) [47] which is affected by time

of day and tidal state [48]. Surveys of each river were carried out

at the same tidal state (flood tide and high tide slack) and time of

day (8 am–noon), thereby controlling for dolphin activity as much

as possible. In another recent survey of Ganges River dolphins

[23], the authors assumed that at a mean boat speed of 10 km/hr

availability bias was unlikely to significantly negatively affect visual

detectability. To reduce perception bias, observers were rotated

with off-duty observers, thereby minimising observer fatigue; we

surveyed a fixed strip width of 400 m (or less depending on

channel width) based on a 200 m observer visual range either side

of the transect line; and all surveys were carried out in very good to

excellent sighting conditions with a cumulative score never

exceeding 1.

Ganges River Dolphin Detectability
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Acoustic detection range depends on the sound pressure level

emitted by vocalising animals [25]. Dolphin detectability by

acoustic data loggers is reduced with increasing distance, as sound

pressure level from vocalising dolphins becomes lower than the

detection threshold of the data loggers [25]. Acoustic detection of

dolphins can also be negatively affected by high levels of

background noise (e.g. from motorised vessels). An acoustic survey

of Yangtze Finless porpoises using the same data loggers as used in

this study calculated an effective acoustic detection distance of

300 m from the transect line [25], beyond which acoustic

detectability was found to decline significantly. As source levels

from Ganges River dolphins and Yangtze Finless porpoises are

comparable [27], we assumed that the 200 m detection range

either side of the transect line used for the visual survey would be

sufficient for acoustic detection.

Matching Acoustic and Visual Detections
Ganges River dolphin vocalisations were visualized using an

automated off-line software developed in Igor Pro 6.22A [49].

Dolphin vocalisations form predictable patterns in inter-click

interval and sound pressure level that can be differentiated from

random background noise [50]. In environments where there is

considerable background noise, estimation of acoustically detected

individuals is problematic as it is difficult to distinguish dolphin

click trains from noise. In addition, it is increasingly difficult to

distinguish individual click trains from one another when animals

are very close to one another. To determine the likelihood of

overestimating or underestimating the number of acoustically

detected individuals we examined the level of background noise to

assess the potential for incorrect identification or missing of click

trains. We also used the method described in Akamatsu et al. [25]

in which we compare acoustic and visual group sizes for matched

detections, to look for evidence of underestimation of acoustically

detected individuals.

Incorrect matching of visual and acoustic detections is

potentially the greatest source of error in abundance estimation

during combined visual-acoustic surveys [51]. Studies of marine

cetaceans employing combined visual-acoustic surveys typically

match visual and acoustic detections using the location of each at

time of detection, and allowing for movement of individual

animals based on knowledge of species movement patterns in

response to survey vessels e.g. [8]. However, little is known about

the response of freshwater cetaceans to the presence of survey

vessels. Akamatsu et al. [33] proposed a multimodal detection

model for matching visual and acoustic detections of Ganges River

dolphins based on species dive time and time interval between

vocalisations. While several published dive time estimates are

available for this species [23,24,46,47], along with the data we

collected during this study (see above), there is both considerable

variation in estimates across studies and also wider uncertainty

regarding the factors (e.g. ecological, behavioural) affecting dive

time. Based on these concerns, we use a distance window for

matching detections, similar to the time window approach

described in [25] which requires no assumptions on species dive

time. We opted to use a distance window for matching detections

rather than a time window, as time windows rely on the

assumption that boat speed remains constant throughout the

survey.

A key assumption of matching visual and acoustic detections is

that animals are first detected by visual observers ahead of the

vessel, and then by acoustic data loggers astern of the vessel. To

ensure that dolphins could not swim in a stern-to-bow direction,

boat speed should be faster than the swim speed of Ganges River

dolphins. While no studies have investigated the maximum swim

speed of this species, a recent study recorded individuals travelling

at an average of 3.5 km/hr [28], similar to that found for other

freshwater cetaceans (Amazon River dolphin, typically ,5.5 km/

hr; Yangtze River dolphin (Lipotes vexillifer), 1.5–3 km/hr) [52–54].

We validated this assumption by visualising the shape of the click

train that indicates the direction in which dolphins passed the

acoustic data logger (Figure 2). All click trains ran from a positive

to negative angle in inter-click interval, indicating that animals

passed the data loggers in a bow-to-stern direction. The time delay

between when the sound source reaches the two hydrophones can

be used to calculate the conical bearing angle to the sound source

with a resolution of 271 ns [55]. The time at which a dolphin was

detected was defined as the point when the signal arrival time

between the two hydrophones was zero or closest to zero,

indicating that the dolphin was closest to the data logger [25]. This

method allows us to count the number of vocalising animals rather

than the number of vocalisations.

Another fundamental assumption of closed population capture-

recapture studies is that animals are not lost from the study area

(i.e. 400 m survey strip) between visual and acoustic detection. If

Figure 1. Schematic of the visual and acoustic survey set-up, with details of measurements taken for matching detections.
Illustration of the visual and acoustic survey set-up, and measurements necessary for matching visual and acoustic detections including: time of visual
detection (Tv), time of acoustic detection (Ta), time difference between time of visual detection and time of acoustic detection (Td), radial distance of
dolphin from observer (Dr), adjusted visual time (Tadjv), straight distance between dolphin and observer (Dov), vessel speed (Sv), and distance between
furthest acoustic data logger and observer (Doa).
doi:10.1371/journal.pone.0096811.g001

Ganges River Dolphin Detectability
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dolphins avoid or are attracted to survey vessels this may result in

the loss or gain of animals between detection events. However, an

independent study found no evidence of vessel avoidance or

attraction in the closely related Indus River dolphin (Platanista

gangetica minor) [24]. In addition to which, only 9% of the length of

all water ways exceeded the strip width and so there was little

opportunity for animals to leave the study area.

We first accounted for the time difference Td between both

visual and acoustic detections, given that visual detections are

made ahead of the vessel and acoustic detections are made astern

of the vessel (Figure 1). To calculate the time difference we

calculated the distance between observers and the point of visual

detection along the transect line Dov, where h represents the

relative angle of the visual detection from the transect line and Dr

is the radial distance of the animal from the observers. To obtain

Td we added Dov to the distance between observers and acoustic

data loggers Doa and divided by the GPS recorded vessel speed at

the time of visual detection Sv:

Td~
cos{1 hDrzDoa

Sv

Td was then added to the original time of visual detection Tv to

give the adjusted time of visual detection Tadjv, which accounts for

the time lag between visual and acoustic detection:

Tadjv~TvzTd

If the dolphin did not move between visual and acoustic

detection then the difference between Tadjv and acoustic detection

time Ta is zero. However, if the dolphin swam towards the vessel

then Td is decreased and if it swam away from the vessel then Td is

increased, resulting in a negative or positive value between Tadjv

and Ta. To match acoustic and visual detections, we applied a

distance window to each Tadjv. The window ran in both a negative

and positive direction to account for dolphins that swam either

towards or away from observers between Tv and Ta. Only a single

Ta could be matched to a single Tadjv; where more than one Ta fell

within a distance window, the one closest to Tadjv was considered a

match and the other was considered unmatched. However, where

animals were detected in a group of two or more, only a single

distance measurement was taken to the centre of the group. As

groups were defined by all animals within 100 m of each other,

any individual detected within a group was matched using the

defined distance window plus an additional 100 m. To determine

a distance window, we calculated the distance difference between

Tadjv and the closest Ta. We plotted a cumulative frequency

distribution of matched Tadjv and Ta at fifty metre intervals and

selected a threshold distance by visual inspection of the frequency

distribution.

Calculating Detectability
Detection probabilities were estimated using mark-recapture

analysis, where visual observation is considered a mark and

acoustic detection is considered a recapture [48]. A Lincoln-

Peterson estimator was used and detectability was calculated for

each river. This approach is appropriate because the population

was closed between samples and we assume that all individuals had

an equal chance of being detected.

By re-arrangement of the standard Lincoln-Petersen estimator,

we calculated visual and acoustic survey detection probabilities (P̂P)

and 95% confidence intervals (95% CI) using the following

equations:

Figure 2. Patterns in sound pressure level and inter-click interval of Ganges River dolphin clicks. Trace of click trains from two Ganges
River dolphins as they pass in a bow-to-stern direction illustrated using the time difference (ms) in inter-click interval (bottom image) and sound
pressure level (top image).
doi:10.1371/journal.pone.0096811.g002

Ganges River Dolphin Detectability
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P̂Pv~
m

na

~
nv

N̂N

P̂Pa~
m

nv

~
na

N̂N

and 95% confidence intervals (95% CI):

Lower 95% CI (P̂Pv)~
na

Upper 95% CI (N̂N)

Upper 95% CI (P̂Pv)~
na

Lower 95% CI (N̂N)

Lower 95% CI (P̂Pa)~
nv

Upper 95% CI (N̂N)

Upper 95% CI (P̂Pa)~
nv

Lower 95% CI (N̂N)

where abundance (N̂N) is:

N̂N~
(naz1)(nvz1)

mz1
{1

where nv is the number of animals detected visually, na is the

number of animals detected acoustically, and m is the number of

matched detections.

Power to Detect Population Trends
For a population to be considered Critically Endangered under

IUCN criterion A, a minimum decline of 80% over three

generation lengths has to occur. Assuming three generations is 60

years for the Ganges River dolphin (see [36] for details) and a

constant rate of decline, this is equivalent to a 2.75% annual

decline. To illustrate differences in power between a single

observer-team visual survey and a combined visual-acoustic

survey, we estimated the number of repeat surveys required to

detect change in a population declining at this rate over a 10 year

interval (i.e. a 24% decline). Abundance (N̂N) and variance (cvarvar) for

the 400 m survey strip detailed in this study were estimated in

MARK [56] using the Chapman-modified Lincoln Petersen

estimator. The 400 m survey strip population estimate does not

represent an overall estimate for the entire study area. Wide river

width in the Lower Karnaphuli meant the channel had to be split

into two strips that were surveyed simultaneously, one with a

combined visual-acoustic survey and one with a single observer-

team visual survey. An overall population estimate will require the

development of correction factors to account for animals missed in

sections where there was no acoustic effort.

The CV for the single observer-team visual survey was

calculated using the mean and standard deviation of the two pilot

visual surveys and the main visual survey, and for the combined

visual-acoustic survey using the CV of the 400 m survey strip

abundance estimate. The probability of committing a Type 1 error

(a) was set to 0.05, and power (b) to 80%. All analyses were carried

out in TRENDS version 3 [57].

Investigating Factors Affecting Visual Detection of River
Dolphins

We used a generalized linear model with a binomial error term

to model the effect of potential predictors on visual detectability of

dolphins. The response was modelled as a binary factor where

acoustic detections were either matched with a visual detection

{1} or unmatched {0} (n = 110). Predictor variables were observer

experience (binary factor coded as: {0} inexperienced, i.e. having

no prior cetacean survey experience, or {1} experienced, i.e.

having carried out five or more prior surveys), and available

observation distance (continuous factor), and the interaction.

Ganges River dolphins are known to occur in higher concentra-

tions at meanders [58], but these features can temporarily block

the view of the following river section. We modelled available

observation distance as the distance between the meander and the

dolphin when perpendicular to the survey vessel. Based on our

mean estimates of dive time and a boat speed of 10 km/hr,

dolphins located less than 200 m from a meander may never

surface before the vessel passes by, therefore never becoming

available for visual detection. Because ships can create sighting

obstructions, we excluded data from the Lower Karnaphuli due to

the high density of cargo ships in this region. Variables such as

river width, sighting conditions, and observer effort were not

included the model as they were controlled for in the survey

design. Spearman’s rank correlation was used to test for

collinearity between variables.

We developed a global model containing available observation

distance and observer experience. A candidate set of eight models

was developed a priori and fitted in R 3.0.1 [59]. Models were

ranked according to Akaike’s information criterion (AIC), and

model selection was based on Di (the difference in AIC between

model i and the minimum AIC for the model set). Where there

were models with Di ,2, model averaging was used to estimate

coefficients as there was no clear support for a single model [60].

We used the model-averaged results to predict visual detectability

at available observation distances ranging from 0 to 2,100 metres.

Cost Analysis
We compared set-up and daily costs for four survey methods (a

single observer-team visual survey, a double observer-team visual

survey, a tandem-vessel visual survey, and a combined visual-

acoustic survey), and calculated the length of time required for

each method to exceed a combined visual-acoustic survey in

overall cost (i.e. sum of capital and daily running costs). Neither

the tandem-vessel visual survey nor double observer-team visual

survey were carried out during our field research, but costs for

each of these two methods could be calculated from our own single

observer-team visual survey. A number of costs were common to

each method, but may have differed in quantity. The only cost

exclusive to a particular method was the towed hydrophone array

system necessary for the acoustic survey. All staff, boat, food and

water, and printing costs were based on local Bangladeshi rates but

presented in 2013 US dollars using an exchange rate of 1

USD = 79.8 Bangladeshi Taka [61].

Results

Visual and Acoustic Detections
We obtained a total of 114 visual detections and 159 acoustic

detections. Ninety five percent of visual detections were within

100 m perpendicular distance of the transect line, and 100% were
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within 200 m. Unfortunately due to failure of an acoustic data

logger, acoustic distance information was only available for the

first two days of the survey (Halda, Lower Karnaphuli and Sangu

rivers). However, of the acoustic detections with distance

information, 99% were within 200 m perpendicular distance of

the transect line (see Figure S2 in supplementary information).

Matching Detections
Based on levels of background noise and the comparison of

acoustic and visual group sizes, we conclude that our count of

acoustic individuals from click train patterns is accurate. There

was very little background noise (especially from major broadband

sources such as snapping shrimp), and so it is unlikely that the

number of click trains was overestimated or underestimated. The

comparison of group sizes for matched detections also suggests

that the number of acoustically detected individuals was not

underestimated. In 74% of cases, numbers of visual and acoustic

detections for each matched distance window were equal in size.

Of the 26% of matches where the number of detections differed, in

most cases (78%) the number of acoustic detections was higher

than the number of visual.

Matches were largely unambiguous as the majority of visual

detections (56%) and acoustic detections (64%) were of single

animals, separated by mean distances ranging from 1.3 km (95%

CI = 0.9–1.7 km) in the Halda River, to 11.8 km (95% CI = 7.6–

16.2 km) in the Upper Karnaphuli River. There were 102 possible

matches, of which 65% occurred within 100 m of each other and

90% occurred within 200 m of each other (Figure 3), supporting

our assumption that animals moved relatively small distances

between visual and acoustic detection. Based on visual inspection

of the frequency distribution of number of visual and acoustic

matches over distance, we selected a minimum distance threshold

of 249 m for matching single dolphins, but allowed for movement

of up to 349 m for group sizes of two or more animals because

distance estimates could be out by up to 100 m. Of the 102

possible matches, 91 fell within these distance thresholds, leaving a

total of 72 unmatched acoustic detections and 23 unmatched

visual detections. Of the unmatched visual detections, 20 were

located in the Lower Karnaphuli and Sangu rivers.

Visual detection of dolphins at considerable distances ahead of

the survey vessel can increase the distance threshold required for

matching, as a longer time frame between visual and acoustic

detection means that dolphins have more time to move. However,

85% of visual detections were made within 300 m travelling

distance along the transect line. Based on a mean boat speed of

9.1 km/hr and an estimated dolphin swimming speed of 5.5 km/

hr, dolphins could have moved up to 358 m between visual and

acoustic detection; our detection thresholds more than account for

this potential movement.

Detection Probabilities
Acoustic detectability was consistently higher than visual

detectability (Figure 4) with notable differences in estimates

between the Halda and Shikalbaha-Chandkhali Canal. Both

acoustic and visual detectability were lowest in the Lower

Karnaphuli River, but overall there was little difference in

estimates between the rivers. In the Upper Karnaphuli River four

individuals detected acoustically were not detected visually.

Overall visual and acoustic detection probabilities were 0.57

(95% CI = 0.54–0.61) and 0.80 (95% CI = 0.75–0.85) respectively.

Surveys Required to Detect Trends
The single observer-team visual surveys resulted in a lower

survey strip population estimate with greater coefficient of

variation (116: CV = 7%) than the combined visual-acoustic

method (203: CV = 3%). If the population of 203 animals were

to experience a decline of 24% between survey intervals, five

survey repeats would be needed to detect a decline using the

combined visual-acoustic method compared to nine survey repeats

using the single observer method.

Factors Affecting Detection by Observers
There was no evidence of collinearity between any of the

factors, and there was no strong support for a particular model as

the top two models had Di #2 (Table 2). Coefficients (b) are

averages of bi across the top two models, weighted by each model’s

Akaike weight vi. Model-averaged coefficients indicated that

visual detectability was not significantly affected by observer

experience (0.31, 95% CI = 20.48–1.1) but was affected by the

available observation distance (0.0023, 95% CI = 0.0011–0.0035)

(Figure 5). While there is considerable uncertainty in predicted

values of visual detectability at available observation distances #

500 m, visual detection probabilities were less than 0.5.

Cost Analysis of Methods
Capital cost was highest for the combined visual-acoustic survey

($8,460) due to the cost of the hydrophone array ($8,000) (see

Table S1 in the supplementary information). However, because of

higher daily running costs, the tandem-vessel visual survey and

double observer-team visual surveys exceeded the combined

visual-acoustic survey in overall cost after 40 and 56 survey days

respectively (see Figure S3 in the supplementary information). The

single observer-team visual survey always remained the cheaper

survey option as daily running costs were equivalent to the

combined visual-acoustic survey.

Discussion

The importance of accounting for imperfect detectability during

wildlife surveys is widely recognised [62] but methods that fail to

account for it remain in use for a range of taxa [4,63]. Attempts

have been made to account for imperfect detection during visual

surveys of freshwater cetaceans by using double observer-team

visual surveys e.g. [24] or tandem-vessel visual surveys e.g. [25],

but given that these methods are often impractical and do not

account for availability bias, new approaches are needed. In this

study we use a novel method for estimating abundance of Ganges

River dolphins that accounts for imperfect detectability and

improves the precision of abundance estimates. Our results show

that acoustic detectability is consistently greater than visual

detectability because animals can be detected when submerged

[7,25], thereby reducing availability bias which can be a significant

problem for visual surveys of diving animals.

Availability Bias
Evaluations of availability bias for diving animals are typically

undertaken by calculating the number of potential surfacings

within the visual range of observers for a given boat speed [23,24].

Dive time in marine mammals can be affected by physiological

factors, such as oxygen storage and consumption [64], as well as

external factors such as presence of vessel traffic [65,66]. A recent

study of Ganges River dolphins [47] found that time of day did not

significantly affect dive time, although this study was based on

limited survey effort. Mean estimates of dive time for Ganges

River dolphins are typically in the range of 70–115 seconds

[24,46,47], although two studies have recorded dive times as high

as 465 seconds and 504 seconds [47,66]; such long dive times

would greatly decrease visual availability. Unless studies adequate-
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ly capture the factors that can affect dive time, then estimates from

observations of a few groups may not adequately represent the

distribution of likely dive times, resulting in biased estimates of

abundance as assumptions about availability remaining consistent

across surveys may not be met.

Perception Bias
Visual barriers (e.g. meanders) may reduce the detectability of

freshwater cetaceans, and such spatial variability in detectability

may impact conclusions on habitat use [67]. Evidently in wide

river systems (such as the main channels of the Sundarbans,

Ganges and Brahmaputra) the negative effect of meanders on

detectability would be minor as meanders would not significantly

affect available observation distance. However, in narrow river

channels, observation distance decreases substantially around a

meander, thereby reducing the time available to view the following

river surface and detect a potential surfacing. Our model shows

that where available observation distance is less than 500 m, mean

visual detection probabilities were less than 0.50. With a visual

range of 500 m, dolphins might surface only twice based on our

mean estimates of dive time and a vessel speed of 10 km/hr. The

use of a rear-facing observer or reducing boat speed around

meanders may help overcome this bias, although reductions in

boat speed may not be practical in high-velocity rivers. Without

modifications to survey design, visual-only surveys may signifi-

cantly underestimate population size in narrow, highly-meander-

ing water ways, and therefore underestimate the importance of

meanders as habitat for dolphins.

Studies have found that sighting rates of marine cetaceans differ

significantly between experienced and inexperienced observers

[68]. Increased observer experience is possibly associated with

greater consistency in scanning behaviour when using binoculars

[69], and particularly improved detection in adverse conditions.

We did not find an effect of observer experience on detection

probability. This may be due to the excellent sighting conditions

throughout the survey, meaning that dolphin surfacings were

almost always easily detectable. Furthermore, narrow river width

meant that there was considerably less area for each observer to

Figure 3. Distribution of potential matched visual and acoustic detections at distance windows from 0–899 m. Frequency of numbers
of matched visual and acoustic detections at 50 m distance increments. The vertical grey dashed bar indicates the cut-off point (249 metres) used to
match visual and acoustic detections.
doi:10.1371/journal.pone.0096811.g003

Figure 4. Detection probabilities and 95% confidence intervals for visual (white) and acoustic (light grey) methods.
doi:10.1371/journal.pone.0096811.g004
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scan compared to observation in wide river systems or marine

environments. A smaller area to scan may lessen the importance of

effective search behaviour, as a greater proportion of the river

surface is within the field of view.

Trend Detection
Failure to explicitly account for biases [4] and low population

density [70] can affect the ability to detect trends [71]. As a

population declines, the minimum detectable rate of change tends

to increase [70]. Notably, a study on the Vaquita, a highly

threatened marine porpoise, showed that for a population size of

300, the minimum detectable rate of decline after ten annual

distance sampling surveys was 18% [70]. Identification of methods

that are able to detect declines quickly and with minimal effort is

particularly important for Ganges River dolphins. While the global

population may number in the thousands, the range of this species

has been severely fragmented by the construction of dams [36],

resulting in small isolated subpopulations [6]. Unless surveys can

detect trends quickly, these subpopulations may fall below the

minimum viable population size before a decline is detected.

Under a ten year monitoring scheme, the combined visual-

acoustic survey reduced the effort required to detect a rate of

decline necessary for an IUCN listing of Critically Endangered

under Criterion A. However, given the likely small size of many

Ganges River dolphin subpopulations, we recommend that the

goal of monitoring should be to detect declines in the shortest time

frame possible to minimise the overall loss of individuals.

Costs of Survey Methods
While acoustic surveys can reduce effort in terms of the number

of repeat surveys required for trend detection, the capital costs of a

hydrophone array and associated technical expertise remain a

barrier to their wide-scale adoption in cetacean monitoring

programmes. Limited resources encourage the use of low-cost,

familiar methods for monitoring; however, unless detectability is

accounted for this may prove a false economy if the goal is to

detect trends [72]. Our results demonstrate that single observer-

team visual surveys always remain a cheaper survey option but

cannot account for detectability, and so despite this cost difference

have limited value for monitoring. Despite the high capital cost of

a combined visual-acoustic survey, lower running costs mean that

relatively quickly it becomes the cheaper option out of the methods

that do account for detectability, making it a cost-effective tool for

monitoring. Through development of regional collaborations there

could be the opportunity to share technical expertise and

equipment, making acoustic surveys more practical for NGOs or

governments wanting to carry out high-quality surveys.

Figure 5. Predicted visual detectability and 95% confidence band, using model-averaged coefficients from candidate models.
doi:10.1371/journal.pone.0096811.g005

Table 2. Summary of models used to explore factors affecting visual detectability.

Available Observation
Distance Observer Experience Interaction K AIC Di wi

Y – – 2 148.1 0 0.586

Y Y – 3 149.5 1.4 0.289

Y Y Y 4 151.2 3.1 0.122

– Y – 2 159.5 11.4 0.002

doi:10.1371/journal.pone.0096811.t002
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Limitations of Acoustic Surveys
While combined visual-acoustic surveys can overcome many of

the availability and perception biases associated with visual

surveys, factors affecting acoustic detectability are less well

understood. Of the unmatched visual detections, most (20 of 23)

were located either in Chittagong Port on the Lower Karnaphuli

where there are considerable underwater barriers to acoustic

detection created by ship hulls; or in high dolphin-density areas

(visual group size .3) of the Sangu, where it is possible that

observers overestimated group size. However, previous work

suggests that accurate acoustic detection is negatively affected by

higher dolphin densities [25] as it becomes difficult to visually

distinguish individual click trains under such conditions. We

acoustically detected a maximum of five individuals within any

given distance window, but without knowing the true number of

dolphins it is difficult to determine whether this was a limitation of

data loggers or overestimation by visual observers.

Acoustic detectability declines over distance at a rate deter-

mined by the detection threshold of data loggers, the level of

unwanted noise, and the source level of the phonating dolphin

[25]. We were unable to determine the maximum acoustic

detection range in our study area as animals were unevenly

distributed across the river width. In the Yangtze River, an

acoustic detection range of 300 m has been achieved for finless

porpoises using the same hydrophone array as described here [25].

We expect it is possible to achieve a minimum detection range of

300 m in Ganges River dolphin habitat where noise levels are

similar or less than the Yangtze, and source levels between species

are comparable [27,73].

While the sound beam of Ganges River dolphins is broad

relative to other odontocetes, it is still relatively narrow and highly

directional to facilitate prey discrimination in complex environ-

ments and under conditions of poor visibility [27]. Narrow beam

width means that dolphins are only available for acoustic detection

when oriented towards data loggers. While no acoustic studies

have been carried out on the scanning behaviour of Ganges River

dolphins, observations suggest that animals use changes in body

orientation (e.g. side-swimming) and up-and-down head move-

ments to increase their scan area [45]. These behaviours mean

that dolphins are constantly changing orientation and are

therefore likely to be detected acoustically despite the narrow

beam.

Despite there being a range of factors that negatively affect

acoustic detection, consistently higher estimates of acoustic

detectability indicate that these factors exert less of an effect than

the factors affecting visual detection. Furthermore, the advantage

of combined visual-acoustic surveys become more apparent as

populations decline as many of the factors affecting acoustic

detection are unaffected by declining population size.

Recommendations for Future Surveys
The recent uplisting of the Yangtze Finless porpoise from

Endangered to Critically Endangered by IUCN [74], and the

threatened status of most of the world’s other freshwater cetaceans,

makes the identification of robust methods for estimating

abundance for this group a priority. Single observer-team visual

surveys are a relatively cheap, easy-to-implement method that has

been widely used. If all factors affecting detectability could be kept

constant, count data from these surveys could be treated as a

relative index of abundance. However, many factors, some of

which cannot be easily controlled, can affect detectability. For

example, population declines can themselves affect detectability, so

that any interpretation of trends in count data from visual surveys

can be misleading [72].

There is growing evidence for the efficacy of combined visual-

acoustic surveys as a monitoring tool for freshwater cetaceans.

However, in order to optimise this method, future studies need to:

focus on improving the matching of acoustic and visual detections;

investigate whether the accuracy of acoustic counts is density-

dependent; and investigate the variability in detection range for

multiple species and how this is affected by variable levels of noise

typically encountered in freshwater habitats.

Conclusion
Freshwater cetaceans are one of the most threatened groups of

mammals. Identification of robust methods for estimating popu-

lation size and trend detection is therefore an important priority to

accurately identify populations for conservation attention, and

assess the effectiveness of management interventions. A range of

methods are already used to try to achieve these aims, but they

either do not account for imperfect detectability (single observer-

team visual surveys), or are unsuitable in shallow river systems

(double observer-team visual surveys which require large boats for

two independent teams), or are very expensive and may not work

well in some conditions (tandem-vessel visual survey where the two

boats may have different fields of view). Combined visual-acoustic

surveys can overcome many of the biases that negatively affect

visual detection, thereby producing more precise and less biased

estimates of abundance, and improved power to detect trends. We

argue that barriers to acoustic surveys, such as technical expertise

and cost, can be overcome through regional collaborations and

sharing of equipment, making such surveys practical and cost-

effective for NGOs or governments.

Supporting Information

Figure S1 Map of the southern rivers of Bangladesh in
Chittagong District (Upper and Lower Karnaphuli
River, Halda River, Sikalbaha-Chandkahli Canal, Sangu
River). The grey buffers indicate the river sections covered by the

combined visual-acoustic survey and the vertical line shading

represents the area of Chittagong Port along the Lower

Karnaphuli River.

(TIF)

Figure S2 Cumulative frequency distribution of acous-
tic (grey bars) and visual (white bars) detections over
distance from the transect line. Note that these data were

only available for the Karnaphuli, Halda and Sangu rivers due to

failure of one of the data loggers on day three.

(TIF)

Figure S3 Overall cost of a single observer-team (thick
black line), double observer-team (grey dotted line),
tandem-vessel (thin black line) and combined visual-
acoustic survey (thick dashed line) over number of
survey days.

(TIF)

Table S1 A comparison of costs for four survey
methods.

(DOCX)

Acknowledgments

We would like to thank the following for invaluable assistance: Patricia

Brekke, Simon Mahood, Sarah Brook, Lauren Hagger, Sayed Hasan,

Mahmudul Hasan, Imran Hossain, Azizur Rahman Sumon, Ahsan Habib,

Mohammad Al Amin, Taohidul Islam, Razib Bhowmick, Alomgir

Ganges River Dolphin Detectability

PLOS ONE | www.plosone.org 10 May 2014 | Volume 9 | Issue 5 | e96811



Hossain, and Jahangir Kabir, the EDGE of Existence programme at ZSL,

Wildlife Trust of Bangladesh and the Bangladesh Cetacean Diversity

Project.

Author Contributions

Conceived and designed the experiments: NR ST JPGJ TA. Performed the

experiments: NR TA EM BA. Analyzed the data: NR JPGJ JMG ST BDS

TA. Contributed reagents/materials/analysis tools: NR BDS BA TA.

Wrote the paper: NR TA BDS JPGJ JMG ST.

References

1. Yoccoz NG, Nichols JD, Boulinier T (2001) Monitoring of biological diversity in

space and time. Trends Ecol Evol 16: 446–453.

2. Ferrier S (2002) Mapping spatial pattern in biodiversity for regional conservation

planning: where to from here? Syst Biol 51: 331–363.

3. Collen B, Loh J, Whitmee S, McRae L, Amin R, et al. (2009) Monitoring change

in vertebrate abundance: the living planet index. Conserv Biol 23: 317–327.

4. Thompson WL (2002) Towards reliable bird surveys: accounting for individuals

present but not detected. Auk 119: 18–25.

5. Reeves RR, Smith BD, Kasuya T (2000) Biology and Conservation of

Freshwater Cetaceans in Asia. Gland, Switzerland and Cambridge, UK.

6. Smith BD, Reeves RR (2000) Survey methods for population assessment of

Asian River Dolphins. In: Reeves R., Smith B., Kasuya T, editors. Biology and

Conservation of Freshwater Cetaceans in Asia. Gland, Switzerland & Cam-

bridge, U.K: IUCN. 97–115.

7. Barlow J, Taylor BL (2005) Estimates of sperm whale abundance in the

northeastern temperate pacific from a combined acoustic and visual survey. Mar

Mammal Sci 21: 429–445.

8. Williams R, Thomas L (2009) Cost-effective abundance estimation of rare

animals: Testing performance of small-boat surveys for killer whales in British

Columbia. Biol Conserv 142: 1542–1547.

9. Barlow J, Gerrodette T, Silber G (1997) First estimates of vaquita abundance.

Mar Mammal Sci 13: 44–58.

10. Bashir T, Khan A, Behera SK, Gautam P (2010) Socio-economic factors

threatening the survival of Ganges River dolphin Platanista gangetica gangetica in

the upper Ganges River, India. J Threat Taxa 2: 1087–1091.

11. Zhao X, Barlow J, Taylor BL, Pitman RL, Wang K, et al. (2008) Abundance

and conservation status of the Yangtze finless porpoise in the Yangtze River,

China. Biol Conserv 141: 3006–3018.

12. Vidal O, Barlow J, Hurtado LA, Torre J, Cendon P, et al. (1997) Distribution

and abundance of the Amazon River dolphin (Inia geoffrensis) and the Tucuxi

(Sotalia fluviatilis) in the Upper Amazon River. Mar Mammal Sci 13: 427–445.

13. Buckland S, Anderson D, Burnham K, Laake J, Borchers D, et al. (2001)

Introduction to Distance Sampling: Estimating Abundance of Biological

Populations. New York, NY: Oxford University Press.

14. Beasley I, Pollock K, Jefferson TA, Arnold P, Morse L, et al. (2013) Likely future

extirpation of another Asian river dolphin: The critically endangered population

of the Irrawaddy dolphin in the Mekong River is small and declining. Mar

Mammal Sci 19: E226–E252.

15. Ryan GE, Dove V, Trujillo F, Doherty Jr P (2011) Irrawaddy dolphin

demography in the Mekong River: an application of mark–resight models.

Ecosphere 2: 1–15.

16. Biswas SP, Boruah S (2000) Ecology of the river dolphin (Platanista gangetica) in

the Upper Brahmaputra. Hydrobiologia 430: 97–111.

17. Sinha RK, Sharma GP (2003) Current status of the Ganges River dolphin,

Platanista gangetica in the rivers Kosi and Son, Bihar, India. J Bombay Nat Hist

Soc 100: 27–37.

18. Behera S, Mohan S (2006) Conservation of Ganges River dolphin in the Upper

Ganga River. Report for WWF India.

19. Bashir T, Khan A, Gautam P, Behera SK (2010) Abundance and prey

availability assessment of Ganges River dolphin (Platanista gangetica gangetica) in a

stretch of Upper Ganges River, India. Aquat Mamm 36: 19–26.

20. Khatri TB, Shah DN, Mishra N (2010) Post-flood status of the Endangered

Ganges River dolphin Platanista gangetica gangetica (Cetartiodactyla: Platanistidae)

in the Koshi River, Nepal. J Threat Taxa 2: 1365–1371.

21. Singh H, Rao RJ (2012) Sighting frequency and group composition of the

Ganges River Dolphin (Platanista gangetica gangetica) in the National Chambal

Sanctuary, India. ZOOS’ Print 27: 18–23.

22. Akbar M, Mehal AQ, Arshed MJ (2004) Population estimation of Indus dolphin

from Jinnah-Guddu Barrage. J Appl Sci 4: 21–23.

23. Smith BD, Braulik G, Strindberg S, Ahmed B, Mansur R (2006) Abundance of

Irrawaddy dolphins (Orcaella brevirostris) and Ganges River dolphins (Platanista

gangetica gangetica) estimated using concurrent counts made by independent teams

in waterways of the Sundarbans mangrove forest in Bangladesh. Mar Mammal

Sci 22: 527–547.

24. Braulik G, Bhatti Z, Ehsan T, Hussain B, Khan A, et al. (2012) Robust

abundance estimate for endangered river dolphin subspecies in South Asia.

Endanger Species Res 17: 201–215.

25. Akamatsu T, Wang D, Wang K, Li S, Dong S, et al. (2008) Estimation of the

detection probability for Yangtze finless porpoises (Neophocaena phocaenoides

asiaeorientalis) with a passive acoustic method. J Acoust Soc Am 123: 4403–4411.

26. Smith BD, Reeves RR (2012) River cetaceans and habitat change: generalist

resilience or specialist vulnerability? J Mar Biol 2012: 1–11.

27. Jensen FH, Rocco A, Mansur RM, Smith BD, Janik VM, et al. (2013) Clicking

in shallow rivers: short-range echolocation of Irrawaddy and Ganges River
dolphins in a shallow, acoustically complex habitat. PLoS One 8: e59284.

28. Sasaki-Yamamoto Y, Akamatsu T, Ura T, Sugimatsu H, Kojima J, et al. (2012)

Diel changes in the movement patterns of Ganges River dolphins monitored
using stationed stereo acoustic data loggers. Mar Mammal Sci 29: 589–605.

29. Kojima J, Sugimatsu H, Ura T, Bahl R, Behera S, et al. (2011) An integrated
observation system with multiple acoustic arrays for underwater behavioral study

of the Ganges River dolphins. Oceans 4. Vol. 4. 1–6.

30. Akamatsu T, Wang D, Wang K (2005) Off-axis sonar beam pattern of free-
ranging finless porpoises measured by a stereo pulse event data logger. J Acoust

Soc Am 117: 3325–3330.

31. Akamatsu T, Wang D, Nakamura K, Wang K (1998) Echolocation range of
captive and free-ranging baiji (Lipotes vexillifer), finless porpoise (Neophocaena

phocaenoides), and bottlenose dolphin (Tursiops truncatus). J Acoust Soc Am 104:
2511–2516.

32. Akamatsu T, Teilmann J, Miller LA, Tougaard J, Dietz R, et al. (2007)

Comparison of echolocation behaviour between coastal and riverine porpoises.
Deep Sea Res Part II Top Stud Oceanogr 54: 290–297.

33. Akamatsu T, Ura T, Sugimatsu H, Bahl R, Behera S, et al. (2013) A multimodal
detection model of dolphins to estimate abundance validated by field

experiments. J Acoust Soc Am 134: 2418–2426.

34. Kimura S, Akamatsu T, Li S, Dong S, Dong L, et al. (2010) Density estimation
of Yangtze finless porpoises using passive acoustic sensors and automated click

train detection. J Acoust Soc Am 128: 1435–1445.

35. Li S, Akamatsu T, Dong L, Wang K, Wang D, et al. (2010) Widespread passive

acoustic detection of Yangtze Finless porpoise using miniature stereo acoustic

data-loggers: A review. J Acoust Soc Am 128: 1476–1482.

36. Smith BD, Braulik G (2008) Platanista gangetica. IUCN 2011. IUCN Red List of

Threatened Species. Version 2011.2. Available: www.iucnredlist.org.

37. Collen B, Turvey ST, Waterman C, Meredith HMR, Kuhn TS, et al. (2011)

Investing in evolutionary history: Implementing a phylogenetic approach for

mammal conservation. Philos Trans R Soc London - Ser B Biol Sci 366: 2611–
2622.

38. Motwani MP, Srivastava CB (1961) A special method of fishing for Clupisoma

garua (Hamilton) in the Ganges River system. J Bombay Nat Hist Soc 58: 285–

286.

39. Kannan K, Sinha R, Tanabe S, Ichihashi H, Tatsukawa R (1993) Heavy metals
and organochlorine residues in Ganges River dolphins from India. Mar Pollut

Bull 26: 159–162.

40. Kannan K, Tanabe S, Tatsukawa R, Sinha RK (1994) Biodegradation capacity

and residue pattern of organochlorines in Ganges River dolphins from India.

Toxicol Environ Chem 42: 249–261.

41. Smith BD, Haque AKM, Hossain MS, Khan A (1998) River dolphins in

Bangladesh: Conservation and the effects of water development. Environ
Manage 22: 323–335.

42. Smith BD, Ahmed B, Edrise M, Braulik G (2001) Status of the Ganges River

dolphin or shushuk Platanista gangetica in Kaptai Lake and the southern rivers of
Bangladesh. Oryx 35: 61–72.

43. Dawson S, Wade P, Slooten E, Barlow J (2008) Design and field methods for
sighting surveys of cetaceans in coastal and riverine habitats. Mamm Rev 38:

19–49.

44. Pilleri G, Gihr M, Purves P, Zbinden K, Kraus C (1976) On the behaviour,
bioacoustics and functional morphology of the Indus River Dolphin (Platanista

indi, BLYTH, 1859). Investig Cetacea 6: 13–70.

45. Herald ES, Brownell RL, Frye FL, Morris EJ, Evans WE, et al. (1969) Blind
river dolphin: first side-swimming cetacean. Science (802) 166: 1408–1410.

46. Wakid A, Braulik G (2009) Protection of Endangered Ganges River Dolphin in
Brahmaputra River, Assam, India. Final Technical Report to Sir Peter Scott

Fund, IUCN.

47. Sinha RK, Sinha SK, Sharma G, Kedia DK (2010) Surfacing and diving
behaviour of free-ranging Ganges River dolphin, Platanista gangetica gangetica.

Curr Sci 98: 230–236.

48. Gregory PR, Rowden AA (2001) Behaviour patterns of bottlenose dolphins

(Tursiops truncatus) relative to tidal state, time-of-day, and boat traffic in Cardigan

Bay, West Wales. Aquat Mamm 27: 105–113.

49. WaveMetrics Inc (2011) Lake Oswego, OR, USA. Igor Pro 6.22A.

50. Kimura S, Akamatsu T, Wang K, Wang D, Li S, et al. (2009) Comparison of
stationary acoustic monitoring and visual observation of finless porpoises.

J Acoust Soc Am 125: 547–553.

51. Evans PGH, Hammond PS (2004) Monitoring cetaceans in European waters.
Mamm Rev 34: 131–156.

52. Weber PW, Howle LE, Murray MM, Fish FE (2009) Lift and drag performance
of odontocete cetacean flippers. J Exp Biol 212: 2149–2158.

Ganges River Dolphin Detectability

PLOS ONE | www.plosone.org 11 May 2014 | Volume 9 | Issue 5 | e96811

www.iucnredlist.org


53. Sylvestre J-P (1985) Some observations on behaviour of two Orinoco dolphins

Inia geoffrensis humboldttiana, (Pilleri and Gihr 1977), in captivity, at Duisburg Zoo.
Aquat Mamm 11.2: 58–65.

54. Renjun L, Gewalt W, Neurohr B, Winkler A (1994) Comparative studies on the

behaviour of Inia geoffrensis and Lipotes vexillifer in artificial environments. Aquat
Mamm 20.1: 39–45.

55. Akamatsu T, Matsuda A, Suzuki S, Wang D, Wang K, et al. (2005) New stereo
acoustic data logger for free-ranging dolphins and porpoises. Mar Technol Soc J

39: 3–9.

56. White G, Burnham K (1999) Program MARK: survival estimation from
populations of marked animals. Bird Study 46 Suppl: 120–138.

57. Gerrodette T, Brandon J (2000) Trends. Version 3.0. Southwest Fisheries
Science Center, La Jolla, California.

58. Sinha R (1997) Status and conservation of Ganges River dolphin in Bhagirathi-
Hooghly river systems in India. Int J Ecol Environ Sci 23: 343–355.

59. R Development Core Team (2013) R: a language and environment for statistical

computing. Available: www.R-project.org.
60. Burnham KP, Anderson DR (2002) Model Selection and Multimodel Inference:

A Practical Information-Theoretic Approach. Springer-Verlag, editor Springer.
61. XE Currency Converter (2013) Available: www.xe.com.
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