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Abstract Passive acoustic telemetry provides an
important tool to study the spatial ecology and behav-
iour of organisms in marine and freshwater systems, but
understanding the detection range of acoustic receivers
is critical for interpreting acoustic data and establishing
receiver spacing to maximize study efficiency. This
study presents a comprehensive review of how acoustic
detection range has been considered and assessed to
date, summarizes important variables to monitor when
determining the detection range of a receiver array, and
provides recommendations to account for detection
range during experimental design, analysis and data
interpretation. A total of 378 passive acoustic telemetry
studies (1986-2012) were scored against a set of pre-
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defined criteria to provide a standardized assessment of
how well detection range was accounted for, from a
maximum possible score of 45. Scores ranged from O to
39 (11.1 & 0.4; mean £ 1 SE). Over the past decade
mean scores have been consistently between 6.7 and
12.9 which indicates that detection range has not been
adequately considered in most contemporary acoustic
telemetry studies. Given the highly variable nature of
detection range over space and time, it is necessary to
create a culture of detection range testing among the
scientific community. For robust telemetry studies it is
recommended that consideration of detection range
should be given a greater focus within study design,
execution and data analysis. To aid array design in new
systems, short-term detection range tests should be
conducted in the most representative area of the study
system prior to deployment. As well, fixed distance

M. R. Heupel
Australian Institute of Marine Science, Townsville,
QLD 4810, Australia

S. Vagle

Institute of Ocean Sciences, Fisheries and Oceans Canada,
9860 West Saanich Road, Sidney, BC V8L 4B2, Canada

@ Springer


http://dx.doi.org/10.1007/s11160-013-9328-4

200

Rev Fish Biol Fisheries (2014) 24:199-218

sentinel tags should ideally be deployed at a represen-
tative receiver site within the array to provide a
continuous assessment of detection range and influen-
tial environmental parameters should be monitored to
facilitate modeling of detection range variability over
time. When warranted, data analysis should incorporate
modeled variation in detection ranges.

Keywords Acoustic telemetry - Ultrasonic
telemetry - Passive telemetry - Range test -
Detection range - Animal movement

Introduction

Acoustic telemetry' has expanded our ability to study
the spatial ecology and behaviour of aquatic organ-
isms in marine and freshwater systems, providing
insights into species well beyond what can be directly
observed (e.g. with SCUBA or underwater video).
Acoustic telemetry was first undertaken in the 1970s
(Kanwisher et al. 1974; Ireland and Barlow 1978) and
was predominantly based upon active tracking,
whereby the target organism is equipped with an
acoustic tag and then followed in real time by a boat
with a directional hydrophone and above-water acous-
tic receiver. The location of the target animal is
estimated in relation to the tracking vessel, based upon
a compass bearing and perceived signal strength. This
technique is extremely labour intensive, but provided
one of the only methods to track real time movements
of aquatic animals, especially in large deep lakes or
oceans. Passive acoustic telemetry evolved in the late
1980s (McKibben and Nelson 1986; Klimley and
Butler 1988; Klimley et al. 1988), where the hydro-
phone/receiver setup is combined into a stand-alone
archival battery powered underwater receiving unit, or
as a series of hydrophones that relay information to a
central receiver through underwater cables or wire-
lessly via radio signals (Heupel and Webber 2012).
Detections of acoustically tagged animals are then
recorded and archived on the receiver unit for later
processing. Units can be deployed independently or as
part of a receiver array for prolonged periods, and
serviced (e.g. downloaded, battery change if not
powered independently, cleaned of fouling) at inter-
vals based on technical or logistic constraints.

! Has alternatively been referred to as ‘ultrasonic telemetry’.
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The advent of passive acoustic telemetry offers
several major benefits over active acoustic telemetry
(Heupel et al. 2006). Firstly, passive telemetry is less
labour intensive, as once the animals are tagged and
the array established, data collection operates auton-
omously until data download and/or monitor mainte-
nance is required. Secondly, data is collected 24 h a
day, seven days a week for the period the receivers are
deployed and the battery life of the acoustic tags. This
is in contrast to active tracking where the period of
data collection is dependent on the longevity of the
tracking crew and can be interrupted or delayed by
poor weather conditions. Passive telemetry also poses
far less disturbance than active tracking, which
involves a vessel and crew physically following the
animal. Thirdly, passive telemetry can track multiple
individuals, either of the same or of several different
species, simultaneously within a single receiver array
(Clements et al. 2005). This has enabled the investi-
gation of far more complex ecological questions
(Payne et al. 2010) such as abundance distribution/
habitat utilization and predator prey distribution and
interactions at an ecosystem level (Heupel and Web-
ber 2012). Lastly, multiple receiver arrays over broad
spatial scales (e.g. ocean basins or entire coast lines)
can provide an international network that serves as a
communal resource for tracking animals over vast
distances, including national and international politi-
cal boundaries (Welch et al. 2002; Cooke et al. 2011).

As a result of the above benefits, the recent techno-
logical advancement of the receivers and increasing
financial accessibility of the equipment, there has been a
sharp increase in the number of passive telemetry based
studies over the past three decades (Heupel and Webber
2012; Fig. 1). Passive telemetry, as with all ecological
tools, however has certain limitations including: (1) the
need for several receivers to define movements, as
opposed to just one for active tracking, requiring greater
capital investment in equipment; (2) challenges with
deploying receivers in some habitats, for example deep
water (Domeier 2005); (3) array design and receiver
placement is dependent upon either a precursory
knowledge or educated prediction of the target species
movements/habitat utilization (Heupel et al. 2006;
Heupel and Webber 2012); (4) with non-positional
array designs, a detection reveals that the study animal is
within the detection range of that receiver but the exact
location of this animal remains unknown; and impor-
tantly (5) an investigator only knows where the study
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Fig. 1 Number of passive acoustic telemetry publications by year; *projected total based on first 6 months of 2012

animals are when they are within detection range of at
least one acoustic receiver. When animals are not
detected it is not possible to state where the animals are
or what they are doing. In circumstances where range is
greatly reduced a tagged animal may even be in close
proximity to the receiver without being detected (Ud-
yawer et al. 2013). In certain systems it is possible to
state with a high level of confidence that an organism is
upstream or downstream of a line of receivers, or
between two receiver lines, but the specific location
remains unknown. Consequently, knowledge of the
acoustic detection range of receivers during any passive
telemetry based study is critical to its successful
application and for accurately interpreting the move-
ment and behavior of tagged animals. In addition, this
information is required for establishing array spacing
and geometry, for example if tracking animals using
receiver lines or grids of receivers. Moreover, failure to
understand detection range limits and associated detec-
tion efficiencies could lead to erroneous conclusions on
animal movements that could misinform management
(Payne et al. 2010).

With the rapid growth of passive acoustic telemetry,
receivers are now being deployed in diverse systems
such as rivers and coral reefs, at times associated with
human activities and infrastructure (e.g. shipping

channels, hydropower facilities), and under various
environmental conditions including kelp forests, under
ice and in deep-water, further complicating detection
range limits and data interpretation. This paper reviews
how acoustic detection range has been considered and
assessed in the literature to date, considers which
variables are most important to consider and monitor to
determine the acoustic detection range of a receiver
setup, and finally provides recommendations to
account for detection range during experimental
design, analysis and data interpretation.

Importance of considering detection range
in passive telemetry studies

The basic passive telemetry system employs battery
powered acoustic tags® and receivers. An acoustic
signal is produced by converting electrical energy
stored in the battery into acoustic energy, which is
transmitted into the aquatic environment through a
transducer (Cooke et al. 2012). A receiver, consisting
of a hydrophone and receiver unit detects the

2 Are alternatively referred to as ‘acoustic transmitters’.
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propagated signal and reconverts the acoustic energy
into electrical energy. This electrical signal is then
interpreted by the receiver’s processing unit and stored
with a time/date stamp on an internal storage device.
Detection range exists in passive telemetry studies
because the acoustic energy emitted through the tag’s
transducer is affected by spreading losses, refraction
and attenuation as it travels through the water body to
the receiver (Singh et al. 2009). In addition, these
factors are influenced by the specific properties of the
water body, such as salinity, temperature, suspended
particles and substrate, which can vary spatially and
temporally (Medwin and Clay 1997).

To date, there has been no standardized definition
of detection range in the literature, with varying
definitions presented by different authors. This has in
part been driven by the varying nature of study designs
that require different levels of confidence in detection
range in order to effectively address research ques-
tions (Heupel et al. 2006). Commonly detection range
has been defined as the maximum distance receivers
within the array are able to detect a tag. Variations on
this definition have included a mean maximum
detection range, either between receivers or a series
of detection range tests (e.g. Field et al. 2011;
Andrews et al. 2007; Girard et al. 2007; Speed et al.
2011), a range of maximum detection ranges (e.g.
Humston et al. 2005; Bansemer and Bennett 2009;
Dagorn et al. 2007; Kerwath et al. 2009), or an
absolute maximum detection range (e.g. Lino et al.
2011; Kerwath et al. 2007; Fairchild et al. 2009).
Others have defined detection range as a conservative
distance relative to the maximum detection range,
usually to justify a specific spacing distance between
receivers (e.g. Topping and Szedlmayer 2011a; Lac-
roix and McCurdy 1996; Adams et al. 2009; Serrano
et al. 2009). Detection range has also been defined as
the distance at which a certain proportion of trans-
missions are detected, including 100 % (Arendt et al.
2001), 95 % (Whitty et al. 2009), 92 % (Olsen and
Moland 2011), 85 % (Espinoza et al. 2011a, b), 80 %
(Starr et al. 2000; Lindholm et al. 2007), 50 %
(Bessudo et al. 2011; Bertelsen and Hornbeck 2009)
and 35 % (Kawabata et al. 2010). Finally, detection
range has been defined and presented as the relation-
ship between detection probability and the distance
between the receiver and tag (Claisse et al. 2011;
Topping and Szedlmayer 2011b). Defining what is
meant by ‘detection range’ within the context of the
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study is essential and should be outlined and justified
relative to the study design and questions being
investigated. We propose that to unify the definition,
detection range be defined as the relationship between
detection probability and the distance between the
receiver and tag. This can be presented graphically in
the form of a logistic curve of detection probability
(Fig. 2), derived from the results of detection range
testing in the field.

Given environmental heterogeneity, acoustic detec-
tion range is unlikely to be constant over the period of
a study resulting in variable detection range occurring
over time at a set distance between transmitter and
receiver (Fig. 3). Aside from positional array designs
such as the Vemco Positioning System (VPS; Espi-
noza et al. 2011b), Lotek MAP System (Cooke et al.
2005; Niezgoda et al. 2002) or the HTT high resolution
3D positioning system (Rillahan et al. 2009), the exact
location of a study animal relative to a given receiver
is unknown. Therefore, without an understanding of
the detection range of the receiver and its variability, it
is impossible to interpret what any given detection
represents (Payne et al. 2010). With passive acoustic
telemetry, it is possible to say, with a high level of
confidence, that a particular animal was present within
a certain volume of water. However, it is difficult to
establish with certainty that a study animal is not
within a given volume. In fact, it is not possible to state
that an animal is not in a defined volume of water
without a proper understanding of the acoustic prop-
erties of that water body at the time of the detection.
A thorough understanding of a receiver or array’s
detection range increases the confidence of statements
relative to the absence of a study animal from the study
system (Udyawer et al. 2013). Through the use of fixed
tags, often referred to as ‘sentinel tags’, Payne et al.
(2010) demonstrated that apparent diel behaviour
patterns in cuttlefish could be explained by diel
variation in tag detection efficiency. Thus, assessing
and monitoring the dynamic nature of detection range
within a given study array is an essential prerequisite
to be able to make reliable behavioural inferences
from acoustic detections.

The importance of understanding the acoustic
detection range of the receivers within an array can
vary dependent on the array design and the question/s
being investigated (Heupel et al. 2006). Studies
examining the timing, scale and survival of individuals
that undertake large scale movements/migrations
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Fig. 2 Range metrics for acoustic receiver data. Grey circles represent daily proportions of detection received (hypothetical), black
line is a logistic regression through data points and grey lines represent the range metrics (labeled)

commonly use acoustic ‘gates’ or ‘curtains’ (e.g.
Aarestrup et al. 2010; Balfry et al. 2011; Davidsen
et al. 2009; Welch et al. 2009). These are linear
deployments of consecutive receivers, that are posi-
tioned so the detection range of neighbouring receiv-
ers overlap and all tagged animals will be detected,
preferably providing 100 % detection coverage (Heu-
pel et al. 2006; How and de Lestang 2012). If the
animal is not detected, this can have considerable
influence on the interpretation of the detection data,
particularly relating to survival rates. Such studies are
often assessed for ‘detection efficiency’, which essen-
tially describes the likelihood that an acoustically
tagged animal will be detected as it crosses the line of
receivers (Welch et al. 2008). Estimating detection
efficiency can be aided by the monitoring of detection
range, as changes in detection range could render the
gate or curtain ineffective at detecting passing study
animals under certain conditions (Heupel et al. 2006).
As the term ‘detection efficiency’ has become widely
used in recent literature, the quantitative frameworks
for assessing it have become better developed (e.g.
Melnychuk 2009; Melnychuk and Christensen 2009;
Melnychuk and Walters 2010; Welch et al. 2008;
Balfry et al. 2011; Chittenden et al. 2009; Manel-la
et al. 2011; Moore et al. 2010; Roscoe et al. 2011),
however, the specifics of detection range assessment
as a function of efficiency are commonly not provided.

Studies that are focused on less mobile species,
home-ranges or the seasonal habitat use of a particular
area (e.g. Bellquist et al. 2008; Comeau et al. 2012;
Hannah and Rankin 2011; Jorgensen et al. 2006; Lowe
et al. 2009; MacArthur et al. 2008; Topping et al.
2006), adopt alternative array designs. These designs
vary but generally aim to gain maximum coverage of a
study area with the number of available receivers, with
receiver locations based on existing information on
animal movements and habitat use (Heupel et al. 2006;
How and de Lestang 2012). For such a design,
understanding the detection range of the array is also
crucial for data interpretation. Recent use of positional
grid arrays, to allow more exact positioning of tagged
animals, has reduced positional uncertainty and given
greater location relevance to acoustic detections (e.g.
Espinoza et al. 2011b; Cooke et al. 2005; Niezgoda
etal. 2002). Within these systems, detection range is in
many respects less important, however, in order for the
grids to function, neighbouring receivers must have
completely overlapping ranges; i.e. a tag must always
remain within the range of at least three receivers for a
location to be calculated. Thus, for positional grid
arrays, comprehensive modeling and detection range
testing at the study site is also necessary during the
design phase and during the deployment of the gridded
array (Espinoza et al. 2011a; Cooke et al. 2005;
Niezgoda et al. 2002).

@ Springer



204

Rev Fish Biol Fisheries (2014) 24:199-218

Proportion of signals received

0'0 1 1 1 1 1 1
0 10 20 30 40 50 60
Days after deployment
0.8
3 b
=
3
o 06r
K]
©
c
o
‘» 041
“
o
=
.9
£
S 02r
Q.
S
o
0.0 . . . . . .
0 10 20 30 40 50 60
Days after deployment

Fig. 3 Temporal variation in the detection of fixed location
sentinel tags moored a 100 m and b 200 m from an acoustic
receiver during the same time period in Cleveland Bay,
Queensland, Australia

Methods

To assess how effectively passive telemetry studies
have considered and monitored detection range, 378
passive acoustic telemetry papers, published from
1986 to July 30th 2012, were reviewed (for full list of
reviewed references see Online Resource 1). Using
an IST Web of Science search, papers were identified
with the search terms ‘acoustic’, ‘ultrasonic’, and
‘sonic’ proceeded by each of the words ‘telemetry’
and ‘tracking’. In addition, papers cited within these
publications, and not present in the original searches,
were included. To undertake an overall assessment,
papers were scored against a set of predefined criteria
(Table 1) to determine how comprehensively the
study had considered and investigated detection
range from a total available score of 45. Where
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studies had referenced their acoustic detection range
information from a previously published study,
parameters 3-8 scores (Table 1) were obtained from
the referenced paper. The validity of the reference
was then assessed against additional criteria
(Table 2) and the percent of the total score (from
parameters 3—8) from the referenced paper awarded.
Where multiple papers were referenced, a mean score
was assigned. For eight studies the referenced study
was either not available or not published in English
(Walsh et al. 2012; D’ Anna et al. 2011; Hubley et al.
2008; Willis and Hobday 2007; Mitsunaga et al.
2012; Conrath and Musick 2010; Fujioka et al.
2010a) consequently these studies were excluded
from the scoring process. The final scoring results
were considered by year of publication to investigate
trends over time.

Of all 378 studies, all those that acknowledged
acoustic detection range were then isolated based on
description in text or figure captions. These studies
were then assessed to see if they considered the
detection range to be fixed or variable. Papers were
deemed to have assumed acoustic detection range to
be fixed if they presented a single value for acoustic
detection range for the complete study, and variable if
they (1) gave minimum and maximum ranges, (2)
stated that the presented range was an average, and/or
(3) discussed or acknowledged the variability of
acoustic range relative to influencing factors. Finally
the above studies were assessed to determine whether
they had conducted some form of field based acoustic
detection range testing as part of their study. Detection
range testing was considered to have been conducted
if it was explicitly stated in the text, regardless of
whether or not methods or results were presented.
Studies that were focused solely on acoustic detection
range testing, i.e. did not conduct a focused study on
one or more organisms, were not included in this final
assessment. However, information from such focused
studies of detection range is summarized in later
sections of the paper.

Results and discussion

Overall results

The detection range scores were highly variable
among studies (n = 370) ranging from 0 to 39
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Table 1 Scoring criteria for assessing how comprehensively published studies, based on passive acoustic telemetry, have accounted

for detection range

Scoring parameters

Scoring criteria

1. Did the paper acknowledge the existence of detection
range?

2. Was detection range considered as fixed or variable?

3. What was the source of the detection range presented?

4. How many methods were employed to assess detection
range?

5. What method/s were employed to assess detection range
(if more than one, scores are cumulative)?

6. What was the duration of the detection range
assessment?

7. How many receiver sites were assessed?

8. Are the transmitters/tags used to assess detection range
consistent with those used in the study animals?

9. What variables were considered to influence acoustic
detection range?

Yes = 5, No = 0. If the paper did not acknowledge the existence of
range in any way then the overall score for the paper is 0

Fixed = 0, variable = 2;

Stated with no justification = 0, sourced from manufacturer = 1,
stated as estimated = 1, un-described range tests = 2, unpublished
data = 2, described range tests = 3, detailed range tests = 4,
referenced from another paper = additional marking scheme applies
(see methods section)

One = 1, multiple = 2

Boat based = 3, diver based = 2, fixed sentinel tags = 5, fixed tag
with receivers at set distances = 4, post analysis = 1, single tag at
different distance intervals for given periods of time = 3, un-
described range tests = 0

Temporary <1 day = 1, temporary >1 day = 2, temporary with
replicates = +1, Study duration = 5. If duration is undefined or only
vaguely indicated a score of 1 will be assigned

One = 1, multiple = 2, all = 4, if receivers tested not within the study
system a score of 1 is assigned, if undefined, a score of 1 was assigned

Same = 4, different = 1, multiple tags used in study animals and not
all tested = 2, multiple tags used in study animals and all tested = 4,
multiple tags used in study animals, one tested and other detection
ranges calculated from tag properties = 3. If tag type was not listed
then a score of 0 will be assigned

None = 0, one = 1, multiple = 2, influence of variables
investigated = 5

Justification for criteria and values can be found in Sect. 4.2 of this review

Table 2 Criteria for assessing how relevant referenced sources of detection range are to the study that referenced them

Validity parameters ~ Validity criteria

Percentage subtracted
if criteria not met

1. Consistency The detection range presented is consistent with that presented in the source paper 100

2. Source The referenced study is from a peer reviewed journal 25

3. Location The referenced study is from the same study system (if this criteria is not met, 50
parameter iv is rendered irrelevant and therefore not considered)

4. Time frame The referenced study was conducted during the same period 25

5. Tag type The tags used for the study animals in the referenced study are consistent with 25

those used in the current study, or the difference in detection range between
the tags has been analytically accounted for

Percentages subtracted from the total score of parameters 3-8 of the source paper

(11.1 £ 0.4; mean £+ 1 SE; Fig. 4). If studies that
sourced detection range through referencing another
study were excluded, the remaining studies (n = 345)
scores ranged from 0 to 39 (11.3 £ 0.5). For studies
that conducted some form of detection range test

(n = 170) scores ranged from 9 to 39, with a
predictably higher mean score of 18.4 %+ 0.5. Consid-
ering only studies that sourced detection range infor-
mation through referencing another study (n = 25)
scores ranged from 5 to 28 (10.6 £ 1.2). There were
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no distinct trends in how comprehensively studies
accounted for acoustic detection range over time
(Fig. 5). The highest mean scores were achieved
between 1999 and 2001, but this observation is
confounded by the small number of studies published
during this period (n = 8). Over the past decade, since
passive telemetry studies have been more prevalent,
mean scores have ranged between 6.7 and 12.9.
Considering that a maximum score of 45 represents a
study that has fully accounted for acoustic detection
range, it is apparent that the majority of studies
published in the past decade have not adequately
accounted for this factor. It must be noted that the
inclusion in the scoring assessment of studies less
concerned with ‘detection range’ only, but instead
‘detection efficiency’ as a whole, may have resulted in
a negative bias in the results. Though, due to the large
number of studies assessed, we are confident that the
general trends are still representative for the field.

Of the 378 studies, 321 (84.9 %) directly acknowl-
edged detection range in the text, while 57 (15.1 %)
did not consider this point resulting in the O scores
presented above. Of these 321 studies, 161 (50.2 %)
presented a fixed detection range, while 160 (49.8 %)
stated range to be variable. Of the studies that
considered acoustic range, 156 (48.6 %) stated some
form of range testing had been conducted (see Sect.
4.4), while for 165 (51.4 %) none was conducted.

@ Springer

Parameters affecting detection range in aquatic
environments

The detection range of receivers can be highly variable
in aquatic environments due to a number of parameters
summarized in Table 3. Of the 321 studies that
mentioned detection range, 172 (53.6 %) did not
specify any external parameters that may influence the
detection range of their receivers. Of the 149 studies
that detailed effects of these parameters, 81 (54.4 %)
considered only a single parameter, while 68 (45.6 %)
considered multiple. The most commonly considered
parameters were: (1) physical and chemical properties
(56 studies; 37.6 %), (2) sea state/surface conditions
(45 studies; 30.2 %), and (3) water depth and tides (39
studies; 26.2 %; Table 3). Other parameters that were
mentioned included: bathymetry/substrate/obstruction
(24 studies; 16.1 %), background/ambient noise (23
studies; 15.4 %), transmitter type (22 studies;
14.8 %), receiver location (21 studies; 14.1 %), water
flow (11 studies; 7.4 %), water body type (6 studies;
4.0 %), biofouling (3 studies; 2.0 %), and transmitter
location on animal (1 study; 0.7 %; Table 3).

Given the number of parameters that can affect
detection ranges (Table 3), surprisingly few have been
directly and systematically tested. A recent study in a
sub-Arctic lake by Gjelland and Hedger (2013),
investigated the relationship between detection rate/
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Fig. 5 Mean published study scores by year of publication;
error bars represent one standard deviation; a all assessed
studies (n = 370); b all assessed studies that did not source
detection range by referencing another publication (n = 345);

range and several environmental factors: water tem-
perature, wind, rain and depth. Wind was found to
have the greatest influence on detection range, with
tag/receiver depth and rain also significantly affecting
variability. They concluded that reduced detection
range by wind and rain was not a result of the ambient
noise but rather the entrainment of air bubbles in the
littoral zone. Gjelland and Hedger (2013) demon-
strated that detection probability could be accurately
modeled with an acceptable model for sound propa-
gation in water. The presented model, addressing
detection probability as a function of the attenuation
coefficient, therefore has wide applicability for future
assessments. The effect of the entrainment of air
bubbles as a result of wind is most relevant to studies
that focus on the near surface zone of aquatic

Year

¢ all assessed studies that conducted some form of detection
range tests (n = 170); and d all assessed studies that sourced
detection range by referencing another publication (n = 25)

environments. For monitors deployed in deeper
waters, detection range variability will be predomi-
nantly due to other factors. The specific influence of
environmental parameters will vary greatly between
study systems and are largely dependent on the
physical properties of those study systems.

Other studies investigated the influence of various
factors on detection range. Through simultaneous
detection range testing and environmental monitoring,
Singh et al. (2009) found that detection range was
strongly dependent on the degree of water column
stratification, identifying the importance of consider-
ing the depth of receiver deployment. Heupel et al.
(2006) found a ~200 m detection range difference
between adjacent receivers in estuarine and freshwater
environments most probably as a result of density
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Table 3 Parameters identified in the literature that have an influence over acoustic detection range variability

Parameter

Description

References

Physical and

Physical and chemical elements of the study site that can

chemical vary over time, including temperature/thermocline,
properties salinity, turbidity and suspended solids

Sea state/ The surface conditions of the water body relative to wind
surface and wave action, resulting in air entrainment
conditions

Water depth and  Variability in water depth between locations and tidal
tides states

Bathymetry, Any physical dimensions of the study site, including
substrate and vegetation, that may restrict the passage of sound
obstruction waves

Transmitter/tag ~ The physical dimensions and power characteristics of the
type transmitters employed

Background/ Additional noise in the study system that may interrupt

ambient noise

or overpower/mask the transmitted signal

Receiver A combination of parameters specific to a given location
location can influence detection range at that site relative to
another
Water flow River/stream flow or current
Water body A combination of parameters specific to different water
body types can influence detection range between them
Biofouling Biofouling, specifically around the hydrophone of the
receiver can reduce the ability to detect the transmitted
signal
Transmitter/tag  The difference between internally implanted and
location externally attached transmitters

Farmer and Ault (2011), Finstad et al. (2005), Gjelland
and Hedger (2013), Heupel et al. (2006), Sakabe and
Lyle (2010), Singh et al. (2009), Starr et al. (2000),
Thorstad et al. (2000), Topping and Szedlmayer
(2011b)

Finstad et al. (2005), Gjelland and Hedger (2013),
Kerwath et al. (2007), Klimley and Holloway
(1999), Payne et al. (2010), Simpfendorfer et al.
(2002), Thorstad et al. (2000),

Claisse et al. (2011), Gjelland and Hedger (2013),
Heupel and Hueter (2001), Humston et al. (2005),
Ohta et al. (2001), Sakabe and Lyle (2010), Singh
et al. (2009), Zargars et al. (2012)

Claisse et al. (2011), Farmer and Ault (2011), Heupel
and Hueter (2001), Kerwath et al. (2007), Marshell
et al. (2011)

Cooke et al. (2012), Girard et al. (2007), How and de
Lestang (2012), Lino et al. (2011), Simpfendorfer
et al. (2008), Taquet et al. (2007)

Bessudo et al. (2011), Farmer and Ault (2011), Girard
et al. (2007), Payne et al. (2010), Simpfendorfer
et al. (2002), Zargars et al. (2012)

Andrews et al. (2007), Clements et al. (2005), Field
et al. (2011), Heupel et al. (2006), Heupel and
Hueter (2001), Lembo et al. (2002)

D’Anna et al. (2011), Fairchild et al. (2009), Gilroy
et al. (2010), Kerwath et al. (2009), Lacroix et al.
(2010), Voegeli et al. (1998)

Chittenden et al. (2008), Hindell et al. (2008),
Melnychuk et al. (2007), Walsh et al. (2012), Welch
et al. (2011), Whitty et al. (2009)

Dawson and Starr (2009), Heupel et al. (2008), Hindell
(2007), Reyier et al. (2011)

Jackson et al. (2005)

stratification due to a strong salinity gradient. From
fairly extensive detection range testing (score = 27),
Thorstad et al. (2000) found considerably reduced
range on some river mouth receivers relative to those
further out in the fjords. In that case the authors
hypothesized that the variation was most likely caused
by turbulence and the entrapment of air bubbles.
Detection range testing conducted by Finstad et al.
(2005) on Norwegian fjord receivers found that
detection range varied between 45 and 650 m as a
result of wave action, salinity stratification and depth.
Heupel et al. (2008) found that receiver performance,
and thus detection range, was reduced by direct
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biofouling on receivers. The method of mounting the
receiver has also been found to strongly influence
detection efficiency (Clements et al. 2005), again
highlighting the importance of considering all aspects
of the array design process, including mooring design.

Tag type/characteristics were only considered in 18
studies. Accounting for tag type/characteristics is
essential, as overall detection range is defined by a
combination of receiver sensitivity, transmitter power
of a given tag, and sound propagation properties
between tag and receiver (Cooke et al. 2012). As a
result, studies that use multiple tag types need to
consider this variation when examining detection
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range, along with environmental and physical factors.
Through systematic investigation, How and de Les-
tang (2012) demonstrated a direct relationship
between range variability and acoustic tag power
output, as would be expected. Although several studies
accounted for the variability associated with use of
multiple tag types by range testing all tags (e.g. Sulak
et al. 2009; Westmeyer et al. 2007; Topping and
Szedlmayer 2011b; Lowe et al. 2009; Filmalter et al.
2011), several studies employed multiple tag types,
range tested only one or two tag types, and then
assumed a consistent detection range for all tags (e.g.
Williams et al. 2012; Speed et al. 2011; Fujioka et al.
2010b). In studies employing multiple tag types,
detection range testing should ideally include all tag
types deployed in the study animals and the variability
in detection ranges between tags accounted for in data
analysis and interpretation. Alternatively, with a
comprehensive understanding of the power, acoustic
frequency and directionality of all used tags, detection
range testing for one tag can be undertaken and
detection ranges for all other tags modeled using these
observations combined with a suitable propagation
model (Medwin and Clay 1997).

With coded single frequency based telemetry
systems, one factor that influences detection range
indirectly is code collisions. Code collisions can occur
when multiple tags, within the detection range of a
given receiver, produce overlapping transmission at or
around the same frequency (Heupel et al. 2006; Singh
et al. 2009). This hinders the receiver’s ability to
decode the detection and thus the transmission is not
recorded, even though both transmitters may be within
the physical detection range of the receiver. Collisions
should not be listed as a variable affecting detection
range, but they need to be accounted for in the
interpretation of any detection range test data. One
possible method to determine the level of collisions is
to examine the receiver’s event data and estimate the
volume of transmitted ‘pings’ for a given period
relative to the number of recorded codes (Simpfen-
dorfer et al. 2008). If detected pings are far in excess of
recorded codes, high collision rates are occurring and
can be used to normalize detection range test data.

Published sources of detection range

Of all 378 studies assessed, 285 (75.4 %) detailed
acoustic detection ranges for receivers from various

sources of information. Of these, 77 (27.0 %) sourced
detection ranges from un-described range tests where
no methods were presented. Without detailed meth-
ods, it is difficult to assess if appropriate testing was
conducted, which lowers confidence in the reported
detection ranges. Thirty-one studies (10.9 %) obtained
detection ranges from described range tests, but only
limited details were provided on the type of testing,
without specific details on test duration, number of
replicates, or timing. Thirty-eight studies (13.3 %)
presented detailed range tests conducted during the
study from which detection ranges were derived. This
should ideally be the minimum requirement in future
studies of this kind.

In 78 studies (27.4 %) detection range was stated
with no explanation or justification. In 33 studies
(11.6 %), acoustic detection ranges were obtained
from other published studies. For referencing to
represent a sufficient source of acoustic detection
range, the following criteria should ideally be met: (1)
the referenced study completed comprehensive and
detailed range testing; (2) the referenced study was
from the same study location and instrumented with
the same array, since station location will be a factor
influencing detection range; (3) the referenced study
was during the same period, since there is temporal
variability in detection range (How and de Lestang
2012; Fig. 3); (4) the tags used in the referenced study
have the same characteristics (frequency, transmit
power, directionality and coding scheme) as the tags
used in the current study, though programming can
vary; and (5) the detection range presented is consis-
tent with the source paper. The results of the detection
range accountability scoring (Fig. 5) showed that
publications that referenced detection range from
an existing publication scored generally lower
(10.6 £ 1.2) than those that conducted/presented
detection range tests (18.4 £ 0.5). This indicates that
either the referenced publications had generally scored
lower than the mean or the scoring criteria presented
above were generally not all met. Starr et al. (2002)
provides a good example where all the defined
detection range criteria were met (score = 28), except
that range testing was conducted the year after the
study period. If multiple publications are based on
various aspects of the same study, presenting detection
range test information and data in all papers is
inefficient and not necessary. However, if the pre-
sented criteria cannot be sufficiently met relative to the
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original publication, details of the detection range
assessment should ideally be provided in place of the
reference.

Twenty-four studies (8.4 %) sourced acoustic
ranges from unpublished data. Rather than simply
referring to unpublished data, such data should ideally
be included as a part of the overall study as this
provides vital data from which reviewers can assess
the validity of the data interpretation. Finally, eight
studies (2.8 %) estimated detection ranges with little
or no justification and five studies (1.8 %) claimed to
have sourced the detection range directly from the
receiver manufacturer. Citing detection ranges given
by the receiver manufacturer is prone to significant
error. Manufacturers state that their detection ranges
are variable and specific to a given study environment
and that any detection ranges they provide are merely
a guide that must be tested in the field. The most ideal
source of detection range data is a detailed detection
range test presented as part of a given study, or a
reference to another manuscript that meets the above
criteria.

Methods of detection range testing

Of 72 studies that described the range test methods
used, 43 (59.7 %) conducted ‘boat based’ range testing
(see Table 4 for description). Several benefits are
associated with boat based range testing. The primary
advantage is that testing can be conducted in situ at the
receiver sites and during the execution of a study. Also,
these in situ detection range tests can be conducted at
various times throughout the study, making it possible
to address the issues of temporal changes in detection
range (Hedger et al. 2008; Thorstad et al. 2000;
Reynolds et al. 2010). Since the boat-based testing is
mobile it allows for multiple receiver stations to be
assessed, addressing potential variability in detection
range between receiver sites. In certain instances,
studies have undertaken a comprehensive assessment
at all receiver sites within their array; Andrews et al.
(2007) assessed all but one of their seven receiver sites
in both north and south plains, while Maljkovic and
Cote (2011) and Sakabe and Lyle (2010) assessed all
receiver sites in their array in four different axes, north,
south, east and west. This technique of assessing a
range of axes is very thorough and should ideally be
adopted with all forms of detection range testing,
whenever logistically possible.
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There are, however, several limitations to boat-
based range tests. One limitation is that this approach
is inherently biased towards periods with benign
sea-states (Lembo et al. 2002). However, Chittenden
et al. (2008) conducted boat based range tests in a
‘range of environmental conditions’, while Humston
et al. (2005) assessed range over various tidal states.
Nevertheless, it is unlikely that boat based range tests
are conducted during high sea-states, when air
entrainment and noise from breaking waves will affect
sound propagation and therefore the detection range
(Gjelland and Hedger 2013). This could be counter-
acted by monitoring wind speeds at the array site and
modifying the detection range with appropriate algo-
rithms (Gjelland and Hedger 2013). Also, boat based
testing does not effectively deal with refraction effects
due to stratification (Singh et al. 2009).

For boat-based range testing, specialized high-
resolution tags transmitting with a 5-10 s delay should
be used, to maximize the assessment of detection
range at each set distance between tag and receiver.
However, with high-resolution tags in coded single
frequency based systems, the potential for collisions is
greater if tagged animals are present during testing.
Preferably, the tags used for the tests should be the
same model and power output as those deployed in the
study animals, though programming can justifiably
vary. Thus, if multiple tag types have been deployed
on animals, either all should be used during range
testing, or the most common tag tested and appropriate
modeling conducted to define the detection ranges for
the remaining tags. However, if using multiple tag
types simultaneously, again possible code collisions
should be accounted for in coded single frequency
based systems. Boat engines should be turned off
while testing to minimize noise interference. A final
consideration is the depth of the range test tag, which
will depend on the behaviour of the study animals. If
the animals are known to stay close to the bottom, the
tag only needs to be moved in a horizontal plane near
the bottom. However, if the animals being studied
make use of the whole water-column it will be
necessary to repeat the testing at several depths.

The second most commonly used range test tech-
nique is to place a single tag at different distances from
a fixed receiver for a given period of time (Table 4).
Of the 72 studies that discussed range test methods,
14 (19.4 %) studies adopted this approach. This
technique provides a robust method to test detection
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Table 4 Methods of acoustic detection range assessment described in the existing passive telemetry based literature

Method Description References
Boat/vessel Any method that involves assessing detection range by Adams et al. (2009), Andrews et al. (2007), Anras et al.
based lowering a tag over the side of a vessel at distance (a) (1999), Arendt et al. (2001a), Bansemer and

Single tag at
different
intervals

Fixed sentinel
tags

Fixed tag with
receivers at set
distances

Tag placed at
single distance

Post analysis

Diver based

intervals from the monitor, or drifting/driving away
from the monitor with the tag constantly deployed

and the track recorded, with distances extrapolated

from GPS data

A single tag is placed at different distances from a
given receiver for a given period

A set of tags are fixed at set distances from the receiver
for varying periods of time up to the duration of the
study

One tag is fixed in a location and several receivers are
set at distance intervals

A single tag is placed at a single distance from a
receiver to confirm that distance

Detection range is somehow deduced from the results
of the study

Divers carry tags through the study area

Bennett (2009), Bessudo et al. (2011), Bishop et al.
(2010), Campbell et al. (2012), Campbell et al.
(2010), Chittenden et al. (2008), Coleman et al.
(2011), Dagorn et al. (2007a), Dewar et al. (2008),
Fairchild et al. (2009), Farmer and Ault (2011), Field
et al. (2011), Filmalter et al. (2011), Fox et al. (2002),
Girard et al. (2007), Hedger et al. (2008a), Heupel
and Hueter (2001), Humston et al. (2005), Jorgensen
et al. (2010), Kerwath et al. (2009), Klimley and
Holloway (1999), Klimley et al. (2003), Klimley

et al. (1988), Lembo et al. (2002), Maljkovic and
Cote (2011), Meyer et al. (2009), Moser and Lindley
(2007), Ohta et al. (2001), Pautzke et al. (2010),
Reynolds et al. (2010), Sakabe and Lyle (2010),
Speed et al. (2011), Sulak et al. (2009), Taquet et al.
(2007), Thorstad et al. (2000), Topping et al. (2006),
Topping and Szedlmayer (2011a), Westmeyer et al.
(2007), Zargars et al. (2012)

Childs et al. (2008a), Comeau et al. (2002), DeCelles
and Cadrin (2010), Espinoza et al. (2011b), Kawabata
et al. (2010), Lino et al. (2011), Marshell et al.
(2011), Olsen and Moland (2011), Serrano et al.
(2009a), Serrano et al. (2009b), Szedlmayer and
Schroepfer (2005), Wingate and Secor (2007),
Zamora and Moreno-Amich (2002), Zargars et al.
(2012)

Bassett and Montgomery (2011), Claisse et al. (2011),
Egli and Babcock (2004), Espinoza et al. (2011a),
Kerwath et al. (2007), O’Toole et al. (2011),
Simpfendorpher et al. (2002), Starr et al. (2000),
Topping and Szedlmayer (2011b), Whitty et al.
(2009)

Bertelsen and Hornbeck (2009), Farmer and Ault
(2011), Topping and Szedlmayer (2011a), Zargars
et al. (2012)

Lindholm et al. (2007)

Anras et al. (1999b), Dick et al. (2009), Kerwath et al.
(2007)

Bansemer and Bennett (2009), Farmer and Ault (2011)

ranges over set distance intervals for prolonged
periods of time. It is also the preferred method, over
boat based testing, if high-resolution range test tags
are not available, as longer deployments enable the
acquisition of sufficient data from regular tags with
longer delays. However, given the fact that only one
tag is typically used for this type of range test, this
technique can be subject to similar limitations as boat
based range tests. Espinoza et al. (2011a) placed a

single tag for 2 h periods at various locations around
their Vemco Positioning System (VPS) array and
found that detection range (>85 % detection effi-
ciency) varied between 350 and 900 m. The authors
concluded that their predetermined receiver spacing of
250 m was sufficient to gain overlapping coverage for
the period of interest. Although very conservative, as
the range test tag was only deployed for short periods
and did not provide a continuous assessment of
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detection range, it is not possible to confirm this
conclusion. Whitty et al. (2009) placed high resolution
range test tags, one for each type used, at 50 m
intervals from their receivers for a minimum of 4 min
at each location. Through thorough statistical analysis
they also determined that their predetermined receiver
spacing was sufficient to ensure gate-wide range
overlap. Similar to Espinoza et al. (2011a), these
results can only be guaranteed for the period of range
testing. Interestingly, Comeau et al. (2002) placed a
single range test tag inside a dead cod to mimic a live
tagged fish, the only study to date to report this. As the
sound properties of fish flesh are similar to those of
water and the tag is typically located close to the skin,
it is not expected that detection range obtained from
this approach will differ significantly from using a tag
only in most instances.

Of the studies that described range test methods, 10
(13.9 %) deployed fixed sentinel tags for various time
periods (Table 4). The first reported use of this
technique was Starr et al. (2000), who deployed a set
of sentinel tags at a range of fixed distances during the
entire study. Based on the proportion of scheduled
transmissions that are detected, once a receiver is
downloaded and, if necessary accounting for potential
collisions, the actual detection range can be inferred
and the animal detection probability corrected accord-
ingly. Because this technique inherently monitors
variability in the detection range as a function of all
anthropogenic and natural parameters, this provides
the most comprehensive technique for assessing
acoustic range and should be adopted whenever
possible. Independent monitoring of environmental
parameters, such as wind speed and sea-state using this
approach will also enable an assessment of how the
detection range in a particular study is affected by
these parameters.

Following a similar methodology, Simpfendorfer
et al. (2002) moored eight tags at fixed distance
intervals from a receiver for a 4 days period. As
expected, they found a significant linear decline in
detection probability with increasing distance from the
receiver. Egli and Babcock (2004) used a set of fixed
sentinel tags to assess the range of their receivers over
a one week period. Kerwath et al. (2007) later used
two fixed sentinel tags to assess acoustic range prior to
fish tagging and actually altered the dimensions of
their Vemco Radio Acoustic Positioning (VRAP)
system based on the test results. Bassett and
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Montgomery (2011) also deployed a set of sentinel
tags to assess receiver range over a one week period,
and O’Toole et al. (2011) deployed temporary sentinel
tags for an undefined period following array deploy-
ment. Claisse et al. (2011) used a set of sentinel tags to
assess range at each of their receivers along four
different axes. Tags were fixed at set distances from
each receiver along each axis and left for 40 min
before being moved to the next set of locations.
Although some of these range tests were very com-
prehensive (e.g. Claisse et al. 2011), the deployment of
sentinel tags for short time periods removes the
temporal benefits of having fixed tags deployed
throughout the course of a study.

Following short-term range testing of all receiver
sites, sentinel tags could be deployed at the most
representative receiver location and left for the
duration of the study, thus providing a true measure
of detection range variability. To minimize collisions
with tagged animals and extend battery life, the time
between acoustic transmissions should be increased
significantly during programming. Alternatively, Ber-
telsen and Hornbeck (2009) deployed a single fixed
tag and multiple receivers placed at set distance
intervals prior to deploying the receivers. This
preliminary approach can be useful to aid array design
if completely unfamiliar with what detection range can
be expected in a particular system. However, this
should not be considered a substitute to in situ
assessment and should ideally be followed up by
further range testing during the course of the study.

With the increasing use of positional systems,
arrays are more commonly designed in some form of
structured grid. Within these designs, a carefully
placed sentinel tag, or set of tags, if more than one type
is used, can be deployed to assess detection range. This
‘spider web’ approach to range testing can provide
comprehensive data on numerous tag-monitor dis-
tances. Additionally, some positional systems require
a set of sync tags for accurate post processing of tag
(animal) locations. Following appropriate program-
ming, these tags can be used to assess the detection
range of an array or receiver without the associated
costs of purchasing dedicated range test tags. Topping
and Szedlmayer (2011b) used a single tag within a
grid-like array to enable various distance calibrations
to each receiver in the grid for the duration of the
study. Although in principle it is an efficient and cost
effective method for assessing detection range over
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the course of a study, the spacing of receivers in their
array design resulted in only two of the five distance
parameters, 400 and 700 m, falling within the
expected range (<1,000 m) of the receivers (Topping
and Szedlmayer 2011b). With the addition of only one
or two more sentinel tags, detection range of more
distance parameters could have been assessed improv-
ing the overall experimental design.

Adopting the fixed sentinel tag range testing
technique in any study results in increased costs
associated with the purchase of multiple sentinel tags,
however, this cost can be reduced through a carefully
designed array and range test layout. Adjacent
receivers can be used to provide multiple distance
intervals from a small number of tags. Also, if only one
detection range test location is possible for a particular
study, it is important to select the most representative
receiver site allowing for greater relevance of detec-
tion range results. If an array is distributed throughout
waters with different properties, e.g. river, estuary and
coastal (e.g. Chittenden et al. 2008), it is advisable to
deploy one set of fixed sentinel tags within each water
body type (Heupel et al. 2006; Thorstad et al. 2000).
The additional costs associated with the purchase of
dedicated sentinel tags can be further justified as long
programming delays can greatly extend battery life
allowing the tags to be used multiple times in
subsequent studies. Fixed sentinel tags may not be
appropriate or logistically possible where arrays and
receiver stations are established on the edge of steep
drop offs, such as seamounts and shelf edges to
monitor pelagic animals. For these situations, exten-
sive boat based range testing can be employed.

Of the 72 studies that described detection range test
methods, 3 (4.2 %) used post analysis of the recorded
detection data, both passive and additional active
tracking data, to determine acoustic detection range
(Table 4). Anras et al. (1999) deduced acoustic
detection range from “results from the array”, with
no further detail provided. In addition to two-fixed
sentinel tags, Kerwath et al. (2007) compared active
tracking locations to fixed receiver detections when
study animals moved through the array to retrospec-
tively define acoustic detection range.

Five studies (6.9 %) used more than one method to
assess acoustic detection range (Table 4). As stated
above, Kerwath et al. (2007) used a combination of two
fixed sentinel tags and post analysis using active
tracking data of study animals to assess acoustic

detection range in their system. This involved assess-
ing detection range before the study, followed by
adjustments to the array design, and continued range
assessment for the duration of the study. Bansemer and
Bennett (2009) employed a combination of boat and
diver based range testing (Table 4). This technique
may have additional value as a tool to assess the
influence of physical obstructions on detection range in
relatively close receiver proximity. Topping and
Szedlmayer (201 1a) assessed acoustic detection range
using a combination of boat based range tests and a
single ‘control’ sentinel tag. Although one can argue
that a single sentinel tag, within this particular array
design, was not sufficient for effective detection range
testing, the combination of fixed tags for the duration
of the study and boat based point assessments is a
favorable one. Wherever possible, at least one set of
fixed distance range test tags should be deployed for
the duration of a given study. This can ideally be
supplemented by periodic boat based range testing to
account for site-specific variability.

Presenting detection range and detection range
testing in publications

Given the importance of detection range, it is advisable
that detection range testing and detailed methods on this
testing be included in the reporting of passive acoustic
telemetry studies. Without sufficient information about
detection range, it is often impossible to evaluate and
validate the accuracy of the data presented. Therefore,
detection range testing should be viewed as an integral
component of passive acoustic telemetry studies and
detection range test data, including methods and data
analysis, should be presented. Referencing of detection
ranges from existing manuscripts should ideally only
take place if the criteria presented in Sect. 4.3 of this
review are sufficiently met. Claisse et al. (2011) and
Whitty et al. (2009) are both good examples of well
presented use of detection range tests.

We recommend initially defining detection range
within the context of a study, i.e. what proportion of
detections at a given distance represents effective
range. It is also recommended that the terminology
used to describe acoustic detection range be standard-
ized. In the exiting literature, the terms ‘range’,
‘radius’, ‘zone’, ‘distance’, ‘coverage’, ‘sensitivity’
and ‘field’ have all been used to detail acoustic
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detection range in passive telemetry papers. We
suggest that given the vast majority of these papers
have adopted the term ‘range’ for this purpose, this
should be the chosen term. Furthermore, the term
should be expanded to always be preceded by
‘detection’. This is as the physical acoustic range,
i.e. the distance from which the receiver can hear a
transmitted ping, can be greater than the distance from
which it is possible to receive a full transmission to be
decoded and logged. ‘Detection range’ is therefore a
more accurate definition than ‘acoustic range’.

Recommendations for future studies

Comprehensively assessing acoustic detection range
and accounting for its temporal variability should be
considered a crucial component of passive acoustic
telemetry based studies. Indeed, given the many ways
in which detection range can vary, it is necessary to
create a culture of detection range testing among the
scientific community when conducting passive acoustic
telemetry research. Detection range testing should
ideally be completed at all stages of the field study.
To aid array design in new systems, preliminary short-
term detection range tests should be conducted in the
most representative area of the study system. During the
actual study a set of fixed distance sentinel tags should
ideally be deployed at the most representative receiver
site within the array. In addition, the monitoring of as
many influencing parameters as possible should be
undertaken to allow for modeling of detection range
variability over time. In many cases, environmental
data from weather stations can be obtained and
incorporated to model temporal detection range vari-
ability. Derived detection ranges should then be
incorporated into the analysis of study animal detec-
tions and assessed against apparent behaviours (for
example see Payne etal. 2010). With a growing number
of analytical software tools available for analysis of
acoustic telemetry data (e.g. V-Track; Campbell et al.
2012) it would seem logical to embed modules for
modeling variation in detection efficiency within them.
Finally, individual detection range testing should
ideally be conducted in all dissimilar water bodies
within a study system. Budget restrictions may limit the
extent of detection range testing that is possible, but due
to the importance of such testing, the costs should be
considered at the proposal stage of the study design.
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