
339

Detection Efficiency in Telemetry Studies:
Definitions and Evaluation Methods

Michael c. Melnychuk

Section 7.2

INTRODUCTION

Acoustic and radio telemetry are valuable tools for studying the movements and dynam-
ics of animal populations. Some studies combine telemetry methods with mark–recapture or 
tag-recovery modeling to estimate population abundance or demographic rates such as sur-
vival, individual growth, recruitment, and transition among habitats (reviewed in Pine et al. 
2003). Other studies use telemetry techniques for assessing movement patterns as they relate 
to habitat use, foraging behavior, or interactions with other species. Many kinds of biologi-
cal questions can be posed, and answering them often involves estimating how many tagged 
animals are still alive and/or still present in an area at some time.

Since some tagged animals may not be detected during the sampling process, estimates 
of numbers alive and biological rates (survival, movement) are confounded and therefore 
depend on the probability of transmitter (hereafter referred to as tag) detection. This detection 
probability (or equivalently, detection efficiency, DE) nuisance parameter must be estimated 
to obtain unbiased estimates of the survival or movement parameters of interest. Despite the 
widespread and increasing use of telemetry, there has generally been a paucity of studies that 
evaluate different methods for estimating DE (Clements et al. 2005).

Biological hypotheses and study objectives should drive the design of telemetry arrays 
and sampling methods (Heupel et al. 2006). Similarly, the meaning of DE and methods to 
quantify it also differ depending on study objectives. This Section is written to present the 
diverse usage of “detection efficiency” in telemetry studies and to describe the variety of 
evaluation methods available. Several environmental and technological factors which can 
affect DE are also outlined. The text generally refers to fish, but the ideas are transferable to 
telemetry studies involving other aquatic taxa and/or terrestrial animals. Examples given in 
this Section generally involve acoustic tracking studies, but the definitions, topics, and meth-
ods presented have application to radio telemetry as well.

OBJECTIVES FOR ESTIMATING DETECTION EFFICIENCY

Life history strategies, behaviors, and movement patterns are diverse among aquatic taxa. 
Some species (or individuals, or stages within a species) are relatively sessile, with restricted 
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home ranges and forays of only short distances or duration. Others are far-ranging, spending 
little time in a particular area during dispersal or migration events. As a result of this diversity, 
definitions of DE have varied among telemetry studies depending on study objectives, and 
are categorized as probabilities of detecting: (1) individual tag transmissions, (2) tagged fish 
residing in an area, (3) tagged fish migrating past a specific location, and (4) tags present dur-
ing mobile transect surveys.

Probability of detecting individual tag transmissions with stationary receivers

A common measure of DE is the proportion of known tag transmissions that are detected 
by a receiver or an array of multiple receivers over some time period. This gives the average 
probability of detecting a single transmission of a tag, DEsingle, typically specified at some 
distance from tag to receiver. Systematic range testing with test tags makes extensive use of 
this measure, often for designing tracking studies (Clements et al. 2005; Hobday and Pin-
cock 2012). A common objective is to determine an appropriate spacing between individual 
receivers deployed in a line (i.e., ‘gate’ or ‘curtain’) or grid pattern. At increasing distance 
from tag to receiver, the proportion of transmissions successfully decoded decreases, and the 
researcher can determine from this relationship what the necessary maximum spacing should 
be to maintain some minimum DEsingle (Lindholm et al. 2007) or to evaluate the distance be-
yond which tags are no longer detected (Topping et al. 2006). A similar metric is the number 
of detections recorded over a fixed time period (Simpfendorfer et al. 2002; Grothues et al. 
2005; Heupel et al. 2006). This can be used to compare the effect of distance on tag reception 
but can only be transformed to a proportion if the number of signals transmitted during this 
period is known.

The relationship between DEsingle and tag-to-receiver distance is also used in positioning 
algorithms (Simpfendorfer et al. 2002). To evaluate fine-scale movement patterns within a 
grid array of receivers, it is necessary to quantify the proportion of detections received on 
multiple receivers in proximity of a tag over some short time period. The differential propor-
tion of transmissions detected among receivers provides information on the most likely posi-
tion of the tag within the array. The temporal sequences of detections or centers of activity 
are used in turn to quantify movement patterns and speeds within the array (Simpfendorfer 
et al. 2002; Ohta and Kakuma 2005; Hedger et al. 2008). An alternative method is to use ≥3 
synchronized receivers and measure differential arrival times of a tag signal to triangulate 
position e.g., HTI (Seattle, Washington) 2D and 3D tracking systems, or VEMCO (Halifax, 
Nova Scotia) VRAP system.

Arguably, there is little direct biological interest in DEsingle. Compared to the definitions 
that follow, DEsingle rarely has any direct relevance to vital population rates or movement pa-
rameters. As such, this measure is more of an indicator of how a receiver or array of receivers 
perform technically, in addition to being useful for planning telemetry studies.

Probability of detecting resident fish with stationary receivers

Telemetry is often used for studying movement patterns of species within or away from 
some defined area. Some species show high degrees of site fidelity with small home ranges. 
Others may use some particular area repeatedly, but move to different areas intermittently for 
spawning, foraging, or searching for new territories (Klimley and Holloway 1999; Lindholm 
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et al. 2007). Quantifying the time over which these various patterns are exhibited, or the tim-
ing of removal from an area due to fishing (Hightower et al. 2001) are often of interest. These 
can only be reliably estimated if there is a high probability of detecting the tagged fish within 
the study area over some period of time, given that it is present there, DEres. If this probability 
were instead low (e.g., Hedger et al. 2008), the accuracy of any estimate would be confounded 
by the increased or unknown probability that the fish was absent from the area due to foray 
behaviors (Meyer et al. 2007) or removal.

The DEres measure differs from DEsingle in that determining presence in an area may 
require only one or two detections within some time period. It can be estimated either 
on a per-receiver basis or over an entire grid; multiple receivers within the area of inter-
est will usually provide a higher DEres for establishing presence. If receivers in stationary 
grid arrays are deployed densely enough that complete, continuous detection coverage is 
achieved, DEres can be assumed to be 100% (Heupel and Simpfendorfer 2002). As a result, 
biological attributes of interest like movement or mortality rates can be estimated more 
precisely than if DEres were also estimated. Incorrect assumptions of 100% DEres, however, 
will cause underestimates of the proportion of time that tagged fish spend within the array 
of receivers.

Probability of detecting migrating fish with stationary receivers

Receivers can be deployed along migratory routes utilized by fish to estimate migration 
and survival rates (Rechisky et al. 2009; Welch et al. 2009; Perry et al. 2010) or passage by ex-
isting structures such as dams and velocity barriers (Section 8.1). Multiple receivers, arranged 
in lines or grid patterns, can be used to effectively “seal off” possible migration routes of 
tagged fish. In constricted areas such as rivers, estuaries, fjords, straits, and channels, a line of 
receivers can be positioned over the full width of such passageways. However, migrating fish 
may travel rapidly between adjacent receivers and at different depths, and may therefore be 
within detection range for only a short or variable period of time. This can result in a relatively 
low probability of detecting a tag moving past a specific location, DEmig. This probability can 
change over time due to variation in background noise; typically, an average probability over 
the migratory period is quantified.

The measure DEmig is equivalent to p in the Cormack-Jolly–Seber (CJS) open-population 
mark–recapture model for estimating survival (Cormack 1964; Jolly 1965; Seber 1965; Le-
breton et al. 1992), where instead of the classic temporal form, a spatial form is considered 
for migrating fish (Burnham et al. 1987). Survival estimates in each segment of the migration 
between successive detection stations depend on the probability of tagged fish being detected 
at these stations as they cross (Section 9.2). When DEmig is assumed to be 1, the modeling 
approach becomes that of known-fate models (Kaplan and Meier 1958). When there are ad-
ditional receiver stations after the one of interest, DEmig is estimable either in CJS models, or 
independently as the ratio of fish detected at and after the line of interest to those detected 
after the line of interest (Manly and Parr 1968). The CJS framework is often used to study 
salmonids that migrate in rivers and coastal areas, either adults returning upstream to spawn 
(Eiler 1995) or juveniles migrating downriver towards the ocean (Skalski et al. 2001; Mel-
nychuk 2009a). Comeau et al. (2002) used a typical mark–recapture calculation to estimate 
DEmig on a line where, instead of later lines providing information on the proportion of fish 
not detected at the line of interest, it was the same line at different times of year. Cod moved 
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offshore past the line in the fall, and then returned onshore past the same line in the spring.
Generally, DEsingle is a reasonable index of DEmig, but there may be exceptions. If DEsingle 

is low (e.g., <0.5, Simpfendorfer et al. 2008), that does not necessarily imply that DEmig will 
be low. Only one detection (or two, to rule out the possibility that a single detection is a false 
positive) is required to substantiate the presence of a fish as it crosses a receiver line. If re-
ceivers are deployed with a short enough spacing between them to ensure that a minimum of 
several tag signals are transmitted during the time a tagged fish crosses the line (Welch et al. 
2003), the probability that all transmissions will be missed will usually be small. Conversely, 
if DEsingle is relatively high, DEmig could still be low. If the programmed pulse rate of tags is 
low enough relative to the maximum swimming speed of the fish (or travel speed assisted by 
river currents), the fish could cross the line with an expectation of <1 signal transmitted while 
within detection range. At typical tag pulse rates of every 120 s or less, this last possibility 
would be rare for acoustic tags except perhaps for fish moving downstream in very fast riv-
ers (>1 m·s–1 water velocity). Receivers can be deployed close enough together to reduce this 
possibility.

Probability of detecting tags during mobile surveys

The previous three definitions primarily relate to studies that use stationary receivers. 
Detections at fixed locations depend on tagged fish moving close enough to be detected. 
If a tagged fish dies early in its migration, ceases its migration, or has a limited range of 
movement, it may never come within detection range of a receiver. In these cases, mobile 
tracking surveys can be used to sample in areas surrounding an array or between stationary 
receivers (Ng et al. 2007; Lowe et al. 2009; Melnychuk and Christensen 2009). Researchers 
can conduct continual transects with a hull-mounted or towed hydrophone (e.g., Holland 
et al. 1985) or periodically stop a boat at sampling stations to monitor for tags. Similar to 
the case of migrating fish crossing over a stationary array, however, searching for relatively 
sedentary fish can result in a low probability of detecting tags present within the area sam-
pled by mobile surveys, DEmobile. Understanding detection ranges of mobile sampling gear 
and how these change with environmental conditions and boat speed is crucial for design-
ing mobile sampling patterns.

Mobile tracking studies have different objectives. Many studies involve continuously 
following tagged individuals to quantify movement patterns, habitat use, and environmen-
tal correlates with these patterns (Holland et al. 1985; Block et al. 1997; Topping et al. 
2005). In these types of studies, there is little need for estimating DEmobile. Other studies 
involve sampling for an unknown number of tags currently present in some area, where 
the location of each tag is initially unknown (Hightower et al. 2001; Melnychuk and Chris-
tensen 2009). Tags may or may not be easily detected. In transect surveys, it is crucial to 
estimate DEmobile if any inferences are to be made about either the number of tagged fish 
present in the area during the sampling period or survival rates of tagged populations. The 
number of tags detected by periodic mobile searches is sometimes reported (Voegeli et 
al. 1998), but if DEmobile associated with this sampling process is not quantified, it is not 
possible to estimate how many tagged individuals were in the area but not detected during 
mobile surveys.

Similar to the preceding definitions, achieving a higher DEmobile results in less ambiguous 
inferences about biological movement patterns and population vital rates. As DEmobile (or relo-
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cation probability, where the same area is repeatedly sampled for the same group of tags over 
the course of a study) decreases, so does the precision of other model parameters like natural 
and fishing mortality rates (Pollock et al. 2004). As DEmobile increases, the failure to detect a 
particular tag increasingly implies that it is not present within the sampling area rather than 
the alternative of it being present but not detected.

Other definitions of detection efficiency

Comeau et al. (2002) presented two definitions of DE. One of these was a typical 
mark–recapture definition for tagged fish migrating across a fixed receiver line, but the 
other did not involve detection data. This second metric was calculated as a ratio of the 
average detection range based on test tag measurements to the average distance between 
adjacent receivers on the line. Although this estimate was close (72%) to the mark–recap-
ture DEmig (80%), using it involves risk of relying too heavily on range tests. If oceano-
graphic conditions, current velocity, or tag depth vary between the period of range testing 
and when fish actually cross the receiver line, range testing results may not reflect actual 
detection processes at the time of fish crossing events. Using data from tagged fish to 
determine DE (as in their other estimate) eliminates the need for detection range assump-
tions.

FACTORS AFFECTING DETECTION EFFICIENCY

Several factors have been shown to affect detection probabilities. Many have been re-
cently summarized (Heupel et al. 2006; Simpfendorfer et al. 2008) and were alluded to earlier 
in this Section, so let us now focus only on the principal factors. These factors can be con-
trolled by the choice of equipment or study designs, affected by environmental conditions, 
and affected by the behavior of tagged fish in the area. They likely have similar influence for 
all definitions of DE identified previously.

Tag-to-receiver distance

The distance between a transmitting tag and receiver is the most commonly assessed fac-
tor affecting DE, forming the basis for range tests. Two types of losses of acoustic strength 
occur as a result of increased distance: geometrical spreading of the wavefront through water, 
and absorption of sound which is affected by environmental factors (Voegeli and Pincock 
1996). Over the long term (as environmental acoustic conditions vary), the decline of DE 
with increasing distance has been suggested to be linear (Simpfendorfer et al. 2002; Heupel 
et al. 2006), near-Gaussian (Hobday and Pincock 2012), logistic (Szedlmayer and Schroepfer 
2005), or exponential beyond some threshold distance (R. Hedger, Norwegian Institute for 
Nature Research, personal communication). At any given moment (during a short period of 
constant acoustic conditions), the relationship between DE and distance has been suggested 
to be near-uniform (Hobday and Pincock 2012) or logistic with variable rates of decrease 
(Melnychuk and Walters 2010). For acoustic tags in rivers, turbulence is an especially severe 
problem; detection distance can drop from an order of 100 m to <10 m quite abruptly, with a 
shift from smooth (laminar) to turbulent river flow.
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User-controlled factors

Researchers have direct control over how receivers are deployed as well as the pro-
gramming characteristics of tags. Some hydrophones (those with spherical transducer ele-
ments) are truly omni-directional, but others are most sensitive to signals in a particular 
plane (see Section 7.1). For a stationary receiver with a cylindrical hydrophone element 
oriented vertically, this plane is typically perpendicular and radial to the vertically-oriented 
receiver, so sounds are detected at greater distances when they are within a broad horizontal 
plane of the hydrophone (Clements et al. 2005). Preliminary studies suggest that in some 
environments this plane of greatest sensitivity may be narrow, with DE decreasing when 
tags are more than a few meters above or below the hydrophone plane (Farmer 2009). Us-
ers cannot control the depth of tagged fish, but receivers can be deployed at a depth where 
tagged fish are most likely to occur. Receivers can also be deployed to maintain direct line-
of-sight between tags and receiver, by not having topographical or vegetative obstructions 
near the hydrophone (which may block the signal and prevent detection). Mounting equip-
ment for the receiver such as submerged floats, lines, or even the receiver itself (Clements 
et al. 2005) may also obstruct sound signals reaching the hydrophone regardless of the type 
of transducer element used.

Transmitter output and frequency directly affect transmission distance and therefore 
DE (Simpfendorfer et al. 2002). Many manufacturers provide a range of acoustic fre-
quencies or power levels among tag models. Lower frequencies generally transmit further 
in water, but require a tag transducer with greater diameter to emit the sound, so are typi-
cally associated with larger-sized tags. Even within the same tag model, minor variation 
in strength among individual tags may translate into heterogeneity of DE among tags 
(Melnychuk 2012). Variation in hydrophone sensitivity may also exist among receivers, 
and can be assessed prior to deployment using a test tag. When several tags transmit with-
in an area, some signals may collide (i.e., overlap) and prevent detection. The frequency 
with which this occurs is a function of the number of tags within reception range and 
how often tags transmit their signal (Voegeli et al. 1998; Hightower et al. 2001; Simpfen-
dorfer et al. 2002), which are both controlled by users. To note, collisions are less likely 
in coding schemes that use single-pulse methods with a small ratio of transmit times to 
interval times. Needless to say, researchers should also consider expected tag battery life, 
and either restrict inferences of survival, abundance, or site fidelity to the period before 
estimated tag failure, or account for the possibility that DE may abruptly or gradually 
decline after this period.

In mobile transect surveys, boat speed is probably the most important user-controlled 
factor affecting DEmobile. At faster speeds, tags along a transect are within detection range 
for a shorter period of time, engine-related noise and flow-related noise of water moving 
past the hydrophone are greater (thereby reducing the signal:noise ratio) and, if the hy-
drophone is towed behind the boat, it travels at shallower depths where background noise 
levels are usually higher (Voegeli and Pincock 1996; Melnychuk and Christensen 2009). As 
surveys are generally conducted at the surface, the depth of tags also affects DEmobile. This 
is particularly a concern for deep-water demersal species or for tags laying on the bottom 
either inside fish that have died or after having been defecated by a predator (Melnychuk 
and Christensen 2009).
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Environmental and behavioral factors

Any factor that increases background noise near the same frequency as a tag signal will 
decrease the signal:noise ratio and therefore DE. Wind may be the dominant environmental 
factor that reduces detection ranges and efficiencies (Hobday and Pincock 2012). Hydrologic 
conditions that create noise include tidal currents, silt or other suspended matter, turbulent 
flow, and broken water surfaces due to waves or rain (Voegeli et al. 1998). Gradients within 
the water column like haloclines or thermoclines may decrease detection ranges due to refrac-
tion or reflection (Voegeli and Pincock 1996), or more rarely, might increase ranges. Seasonal 
variation in river discharge and related noise levels may lead to a systematic change in DE 
over this same period for receivers placed in rivers (Simpfendorfer et al. 2008; Melnychuk 
2009a). Soniferous invertebrates or fishes, whether on or near receivers, can increase back-
ground noise levels (Simpfendorfer et al. 2002; Heupel et al. 2006; Heupel et al. 2008). Final-
ly, human sources like boat traffic, dams, and fish farms can all generate noise and introduce 
air bubbles or suspended matter into the water column, thereby reducing DE (Voegeli et al. 
1998; Hightower et al. 2001; Simpfendorfer et al. 2002; Heupel et al. 2006; Simpfendorfer et 
al. 2008). Variation over time in any of the above noise sources can result in diurnal or sea-
sonal variation in DE and ranges (Hobday and Pincock 2012).

Detection probabilities can be reduced by physical obstructions between tag and receiver 
such as submerged aquatic vegetation (Hightower et al. 2001; Simpfendorfer et al. 2002), 
bottom topography like large rocks or coral reefs (Simpfendorfer et al. 2002; Farmer 2009), 
or aquatic life that grows on receivers (Heupel et al. 2008). Even without any direct sound 
barrier, the bottom type over which studies are conducted can affect DE through absorption 
of sound. Some substrates like soft sediments absorb sounds more than others (Heupel et al. 
2006). Noise sources can be less problematic for signal detection when using narrow-band 
receivers than broad-band receivers due to the greater range of frequencies received on broad-
band receivers, which can potentially decrease the signal to noise ratio.

Although it is usually assumed that DE should be homogeneous among individuals if they 
are tagged with the same type of transmitter, the behavior of tagged fish can affect DE. The 
depth of tagged fish may vary with respect to a deployed receiver. In some cases this has little 
effect on detecting tags and is even of biological interest (Block et al. 1997). In other cases, 
if tag depths are above or below the horizontal plane of greatest sensitivity for a receiver ori-
ented vertically or existing environmental gradients (e.g., thermocline, halocline), detection 
ranges and DE may be reduced. Some tagged individuals may spend a greater proportion of 
time either outside the sampling area of a receiver array, in locations within it that are noisier 
(Hightower et al. 2001), or in locations near benthic structures or complex geomorphology 
that lead to obstructed transmissions (Simpfendorfer et al. 2008). Any of these possibilities 
could lead to reduced DE for this behavioral subset of the tagged population. Similarly, in 
migrating fish that cross a line of receivers, faster individuals will be within detection range 
for a shorter period of time, so on average may have reduced DEmig.

EVALUATION METHODS

Although there are many factors that can reduce detection probabilities, a researcher may 
compensate for many of these during the design of a tracking study. When designing receiver 
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grids for quantifying the presence of tagged fish within the array over time, receivers can be 
deployed densely to increase the overlap of their detection ranges and therefore minimize the 
probability of a tagged fish returning to the array but not being detected. Similarly, when de-
signing a line array for detecting migrating fish, shorter distances between adjacent receivers 
will decrease the probability of a tagged fish crossing the line undetected. In mobile tracking 
studies, shorter distances between parallel transect lines and slower boat speeds will decrease 
the probability of not detecting a tag within the sampling area. There are trade-offs associated 
with these strategies for increasing DE within a particular area: for a fixed number of avail-
able receivers (or mobile transects) due to a fixed budget and/or time restraints, deploying 
them densely implies the total sampling area will necessarily be smaller. Similarly, slower 
boat speeds will probably reduce the size of the area searched.

Whichever measure of DE is of interest for study objectives, this probability should be 
quantified over a range of variables and conditions that may occur during the biological study. 
Users can evaluate background noise at specific locations using broad-spectrum hydrophones 
(Heupel et al. 2006), or can evaluate detection ranges at specific locations under a range of 
environmental conditions. Both of these measurement types are useful for designing tracking 
studies and both can be important indicators of DE, but neither are direct measures of DE that 
can be used to estimate a proportion of tagged fish that have died or are no longer in a study 
area.

Proportion of transmissions detected

Two factors that should always be taken into account when assessing DEsingle are power 
output of the tag and tag-to-receiver distance. The test tag should have the same properties 
as the transmitters used to tag fish. The sensitivity of hydrophones may vary among receiv-
ers, or even decrease over time for a given receiver, so researchers may wish to evaluate 
DEsingle for multiple receivers. Researchers should assess DEsingle at several distances to de-
termine the shape of the decay with increasing distance. A test tag can be deployed at fixed 
distances from a receiver, ensuring that a sufficient number of known signals are transmit-
ted at each distance (the more transmissions the better; 50 transmitted signals will allow 
DEsingle to be estimated at 2% increments). If multiple receivers are available, these can be 
simultaneously deployed at varying distances from a fixed-location test tag so this effect of 
distance is isolated from a possible confounding of testing different distances at different 
times. An alternative approach could be to deploy multiple tags at varying distances from 
a fixed-location receiver; in this case, tag transmission characteristics should be considered 
to avoid signal collisions.

As an example, tag tests were conducted in March 2005 over a period of 2.2 h in Howe 
Sound, a coastal fjord in British Columbia. Twelve VEMCO VR-2 receivers were deployed 
in a line, raised from the seabed at a depth of ~145 m each. From one end of the line (A), they 
were spaced at 0, 100, and every 50 m thereafter to a maximum distance of 600 m at the other 
end of the line (B). A boat was positioned above (A) and two test tags of differing acoustic 
power (VEMCO V7 and V9, 136 and 142 dB at 1 m, respectively) were lowered to a range of 
depths (2, 5, 10, 20, 40, 70, 100, and 130 m) for 15 min at each depth. This corresponded to 
40 signals transmitted from each tag at each depth; the tags were offset at a fixed repeat rate 
so their signals would not collide. The proportion of signals detected on each receiver was cal-
culated for each tag at each depth. The raw data are not shown (D. Welch, Kintama Research 
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Corp., unpublished data), but a Lowess bivariate fit was used to interpolate DEsingle as a func-
tion of tag-to-receiver horizontal spacing and tag depth (Figure 1). The probability surfaces 
show that >90% of transmissions were detected at a wide range of distances and depths, but 
this declined sharply after a range of about 500 m for V9 tags and 400 m for V7 tags, and also 
declined sharply when test tags were in surface waters to a depth of 30 m (V9 tags) or 60 m 
(V7 tags). Both surfaces show irregular contour trends that are sensitive to DEsingle at particu-
lar depths and distance combinations; these may simply result from chance, as relatively few 
transmissions were emitted at each tag placement. Different results are likely to be observed 
in other environments with different local conditions; researchers should not assume that pub-
lished values for detection ranges or DE will hold for their particular study site.

When assessing DEsingle, it is crucial that environmental conditions during test tag evalua-
tions reflect those that occur during the biological study (Hobday and Pincock 2012). If favor-
able weather conditions occur during a test tag evaluation, detection ranges and DEsingle could 
be considerably lower under less favorable conditions during the actual study. Three general 
approaches are possible:

(1) if tags whose coding schemes involve single, short pulses are used (or else tags with 
long pulse trains that have long delay intervals between trains), it is possible to deploy a test 
tag in the area with little interference to signal reception of fish tags (this is often called a 
sentinel tag). Decreases in DEsingle for the test tag may reveal increased background noise or 
obstructions around the hydrophone; near-continuous on-site monitoring would allow such 
problems to be dealt with immediately, or accounted for in data analyses after the study. Con-
versely, if tags with coding schemes involving long pulse trains are used, then the presence of 
test tags in the area runs the risk of test tag signals colliding with fish tag signals. The follow-
ing two options deal with this issue:

(2) test tag evaluations can be conducted under a range of specific, known environmental 
conditions at different times before and/or after the actual study. Then, specific environmental 
conditions observed during the study can be matched with the appropriate DE evaluations 
that occurred during the test period (Melnychuk and Hausch 2011). This approach has the 
advantage of explicitly recognizing temporally-varying detection ranges and efficiencies so 
that biological inferences can make use of this detailed information. Disadvantages include 
having to measure specific conditions during both test tag evaluations and at all times during 
the actual study, as well as the possibility that fish behavioral effects on DE may confound ef-
fects due to environmental conditions. Also, much effort is needed to characterize how DEsingle 
changes under a range of conditions. Alternatively,

(3) DEsingle can be “integrated” across all possible environmental conditions to provide an 
overall (i.e., average) measure. This involves deploying a test tag(s) for a long enough time 
to experience a range of different conditions, which is assumed to reflect the range of condi-
tions during the actual study. Time-varying patterns in DEsingle can still be quantified using 
this approach (Simpfendorfer et al. 2002; Heupel et al. 2006), although relating these to time-
varying patterns during the study requires matching environmental conditions. If DEsingle eval-
uations are conducted near the study area (or within the area, for test tags with single, short 
pulse coding schemes) at the same time as the actual study, then temporal variation during test 
tag assessments (due to weather, etc.) will likely be representative of that during the study.
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Figure 1. Detection probability of an individual transmission at different tag depths and tag-to-receiver 
distances. VEMCO VR-2 receivers were deployed at 145 m depth at various distances from two test tags 
(VEMCO V9 or V7). Detection probabilities were calculated as the proportion of 40 transmissions of each 
of two tags at each of eight depths that were successfully decoded. Probability surfaces are interpolated 
from a Lowess fit (smoothing parameter α = 0.2), with shading ranging from high detection probability 
(white, 100% detection) to low detection probability (dark gray, 0% detection). Detection probability 
contours are overlaid onto shaded areas, ranging from <10% to >90%. Note the different scales of x and 
y-axes. Raw data were provided by D. Welch (Kintama Research Corp., Nanaimo, British Columbia).
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In addition to temporal variation in environmental conditions, spatial variation in acous-
tic conditions can occur within the area. Variation in DEsingle can occur among sub-areas as 
a result of variation in bottom topography, depth, sediment type, aquatic vegetation, and the 
influence of tides, river flow, or boat traffic. Detection efficiency assessments should be con-
ducted across these spatially-varying conditions, either during the study if possible (so that 
test tag assessments are more reflective of current conditions during the study), or before and 
after the study if test tags with long pulse trains are used (to avoid interference from test tags). 
Test tag tows from a boat while recording GPS readings can be used to efficiently cover a 
large number of transmission locations in order to identify problem areas where tag signals 
are received less consistently (Hedger et al. 2008). This information can assist in strategies for 
re-deploying receivers to increase DE in these sub-areas, as well as to recognize lower DE in 
some sub-areas and account for the deficiency during analyses.

If the effect of multiple factors on DEsingle can be evaluated, these should be analyzed in a 
common framework instead of one at a time. This permits an assessment of whether interac-
tions between factors also affect DEsingle (Farmer 2009). For example, the effects of horizontal 
spacing and depth on DEsingle (Figure 1) were evaluated together. At horizontal distances <100 
m, the effect of depth on DEsingle was less than at distances >100 m (in this particular habitat at 
this particular time). If such an evaluation were extended over a wider range of environmental 
conditions (Farmer 2009), effects of several interactions could be revealed.

These methods of evaluating DEsingle can be useful for designing appropriate spacing be-
tween receivers in tracking studies. In contrast, quantifying and accounting for DEsingle is 
probably not as crucial when used for positioning algorithms of tagged fish within a receiver 
array (Simpfendorfer et al. 2008).

Movement around stationary arrays

If continuous contact with a tag is desired for accurately monitoring tag positions over 
time, receivers should be densely deployed with overlapping detection radii (Heupel et al. 
2006) to ensure that DEres ≈ 1. If only occasional detections are required to address questions 
related to presence within an area, then receivers can be deployed further apart (Heupel et al. 
2006) or as single units (for example, in the case of fish aggregating devices; Klimley and 
Holloway 1999) and in these cases it becomes especially important to estimate DEres.

Test tag evaluations can be used to estimate DEres over time. Test tags can be either de-
ployed at fixed locations or towed by boat within a grid array. The depth and speed of towed 
tags should represent general movement patterns of the study species. Evaluations should 
occur over a range of weather or tidal conditions to quantify how these factors affect DEres. 
Using GPS to record the position and speed of a towed test tag through the array, detection 
patterns on stationary receivers can be used to calibrate positional and speed estimates of 
tagged fish (Cash et al. 2005; Hedger et al. 2008). Similarly, mobile tracking within an array 
of stationary receivers can be used to follow a fish and evaluate how often it is detected on 
stationary receivers, based on known locations from manual tracks (Topping et al. 2006). This 
method eliminates biases from test tags that might not be towed at depths or speeds reflecting 
those of the study species.

Initially, a relatively long time interval can be considered to verify whether at least one 
test tag transmission is detected by at least one receiver. The test tag sequences can then be 
randomly sub-sampled, selecting a shorter time interval within the deployment or tow through 
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the grid array and assessing whether tags are still detected at least once within this shorter 
interval. This can be repeated at shorter and shorter intervals, randomly sampling several 
sequences for each defined interval. At the extreme, evaluations at the shortest possible time 
interval become equivalent to assessing DEsingle over the entire grid array.

Once DEres is evaluated over a specified time interval, it can be interpreted as the probability 
that nondetection implies the fish is not present within the area (as opposed to present, but not 
detected over that interval). Longer time intervals will generally give higher DEres, but shorter 
intervals are of interest to study fine-scale movements within and away from the array. An opti-
mal interval can be selected that is as short as possible but still at or near 100% DEres. This pro-
vides a high level of confidence in establishing presence, so that tags are consistently detected 
while they are within the area, and that absence of detection over some time period implies they 
have left the area. Such patterns of absence could be suggestive of forays outside of the area 
(Topping et al. 2006; Lindholm et al. 2007; Afonso et al. 2008) or of mortality (Hightower et 
al. 2001; Heupel and Simpfendorfer 2002). A high relocation or detection efficiency is required 
to make reliable estimates of the timing of these movement or mortality rates (Hightower et al. 
2001) and to ensure high precision of parameter estimates (Pollock et al. 2004). Conversely, if 
detections of a tag within an array are sporadic, possible forays outside of the area would be 
confounded with low DEres. If many tagged fish are present, signal collisions can lower DEres, 
especially if tag repeat rates are frequent and pulse trains are relatively long. A longer sampling 
interval may be required in these cases to ensure that DEres remains near 100%.

If users rely on a temporal sequence of detections to establish presence, sampling effort 
(the number or proportion of fully functioning receivers within the array) should be quantified 
over time (Klimley and Holloway 1999; Dewar et al. 2008). Variation in the number or position 
of receivers in a grid array over time could explain temporal variation in DEres. Even if receiv-
ers are operational over some time period, the probability of detecting a given transmission 
may decrease over time due to biofouling (Heupel et al. 2008), so test tag evaluations should 
occur before, after, and (if possible) during a study period. The researcher could then identify 
possible limitations to detecting tagged fish at some time(s), and caveat their inferences of fish 
detection results accordingly. Inconsistent or time-varying estimates of DE from test tags (e.g., 
different measures before and after a study) are not necessarily problematic. The researcher 
can simply bracket a range of plausible biological results dependent on the range of observed 
DE estimates before, during, and after the study. For example, a low estimate of DEres implies 
a greater number of tagged fish in the area at some time after expanding from the number de-
tected, whereas a high estimate of DEres implies fewer fish estimated, so a range of abundance 
could be reported dependent on the range of DEres values estimated. Similarly, considering a 
wide range of possible values of DEmig can be used to bracket reasonable estimates of survival 
in migration studies (Melnychuk 2009b; Welch et al. 2009, Welch et al. 2011).

Migrations past stationary receiver stations

Several measures can be taken to increase DEmig. These include spacing receivers closer 
together on a line, using higher power tags, decreasing the intervals between tag pulses, and 
staggering receivers in a zig-zag pattern rather than in a straight line (Clements et al. 2005; 
zig-zag patterns can also provide information on direction of travel). All of these have as-
sociated trade-offs, so DEmig will rarely be 100%. Estimating this probability can rely on a 
combination of field-based methods and mark–recapture modeling.
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Multiple tows of a test tag past a line of receivers can be used to assess the detection 
frequency, as well as patterns in detection ranges. Tows should be done at a depth and speed 
reflective of the migrating fish. When multiple receivers are arranged in a line, it is especially 
important to conduct tows between adjacent receivers (Pecl et al. 2006). By knowing the posi-
tion and speed of the test tag crossing the line, the temporal pattern in tag transmissions can 
be converted into a measure of approximate distance from tag to receiver line. Distances can 
be estimated as either perpendicular distance from tag to the line of receivers regardless of 
whether the tag crosses overtop a receiver or in a gap, or distance from tag to any particular 
receiver while crossing (accounting for the position crossed along the line).

As an example, tows with a VEMCO V9 test tag were conducted across two lines of 
acoustic receivers deployed on the seabed in Howe Sound in 2005 (Figure 2; unrelated to 
receiver lines discussed in previous examples and illustrated in Figure 1). VEMCO VR-2 
and VR-3 receivers were paired at each position on a line to compare detection rates. The 
test tag had a fixed repeat rate, so the distance between successive transmissions was easily 
calculated from average boat speed. Most tows across the receiver lines resulted in several 
detections. One tow on line B had no detections on VR-2 receivers, and another on line B 
had no detections on either receiver type. There is some indication that tags were detected 
from further away while the boat approached the line than after it passed over (Figure 2), 
which could suggest that engine-related noise was greater aft of the boat than ahead. Al-
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Figure 2. Detection sequences of 10 test tag tows past two stationary receiver lines. Approximate dis-
tance intervals were calculated from average boat speed (ranging from 7.4 to 12.7 km/h while crossing). 
VEMCO VR-2 and VR-3 receivers were paired at the same location. Empty circles show transmissions not 
detected, and black circles show transmissions detected. Test tags were generally deployed >500 m from 
the line while approaching and retrieved >500 m from it after passing; transmissions not detected either 
before the first detection or after the last detection are not shown. 



352   Section 7.2

though the number of tows was limited, the number of detections in a crossing event was 
inversely correlated with boat speed (r = –0.39; probably related to boat noise rather than tag 
speed) and inversely correlated with the distance to the nearest receiver when crossing the 
line (r = –0.46), as might be expected. There were insufficient tows conducted to provide a 
good estimate of DEmig (and tow speeds were faster than juvenile salmon typically swim), 
but it is straightforward to conduct enough passes at a more representative speed to estimate 
this probability. Tows should be conducted across a range of environmental conditions and 
at different positions along the line to evaluate these effects on DEmig. Tows by boat may 
underestimate DEmig for a given speed and depth due to added background noise from the 
boat engine, and may overestimate DEmig if tows are only conducted in good weather (which 
would generally result in high-DE situations).

In rivers, DEmig can be estimated by snorkelers with test tags floating past receivers (Mel-
nychuk and Hausch 2011). This has the advantage that DEmig can still be estimated during 
periods when few fish migrate past receivers. As DEmig often varies with river discharge, test 
tag passes should be conducted across a wide range of flow conditions, at least bracketing 
those occurring during fish migration periods.

Test tag passes provide an expectation of DEmig for tagged fish, but this index could be 
biased due to depth, speed, and movement pattern differences. When the interest is in esti-
mating survival, actual DEmig (or p) can be estimated from fish tag detection data using CJS 
models. If survival rates during migrations are low such that few tagged fish cross a particular 
receiver line, or if DEmig is relatively low at and after a detection line, large sample sizes may 
be required to achieve reasonable precision in estimates. If survival and DEmig are both rela-
tively high, reasonable precision can be achieved with a tagged sample size of 50–100 fish. 
Estimating DEmig from actual fish detection data ensures that the depth and speed of tags dur-
ing crossing events are representative of the study species.

If multiple groups of tagged fish are released and share at least some portion of their mi-
gration routes passing a site, DEmig estimates can be constrained to be equal among groups at 
this location (Burnham et al. 1987; Lebreton et al. 1992; Melnychuk 2009a). This can increase 
sample sizes for estimating DEmig, avoid over-fitting to sparse data, and provide estimates that 
are more precise than group-specific DEmig estimates. To further increase the parsimony of 
CJS models, DEmig estimates can be constrained as a function of an environmental covariate 
like river flow (Melnychuk 2009a), measured background noise, or geometrical properties 
of a receiver line. If receivers on a line are deployed closely to one another, we would ex-
pect fewer tagged fish to pass by undetected. The overlap of receiver coverage on a line can 
be assessed by determining the frequency of simultaneous detections on adjacent receivers 
(Voegeli et al. 1998).

Finally, DEmig could be predicted based on the results of fine-scale range testing. If the 
relationship between DEsingle and distance is quantified at several distance intervals with sta-
tionary test tag range testing or with test tag tows by boat, these probabilities can be used 
along with fish speed and tag interval time to predict DEsingle for each transmission during a 
crossing event. The complement of the product of (1-DEsingle) for all transmissions gives an 
overall DEmig. Assessments of DEmig from test tag passes, tows, or fine-scale range testing 
should not take the place of mark–recapture estimates if the latter are estimable, but can be 
used simultaneously to explore the effect of factors like current speed and receiver spacing on 
DEmig. The researcher has more control over estimating the effect of these factors when using 
test tags than when using only detection data from tagged fish.
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Area swept in mobile tracking studies

When the number and location of tags in some area at some time are unknown, mo-
bile tracking surveys can be used to search for tags. Surveys usually consist of linear 
transects, typically arranged in parallel lines spaced some standardized distance apart. 
The probability of detecting a tag present in the area swept, DEmobile, can be estimated at 
least three ways. First, similar to how DEsingle may decline with increasing distance from 
tag to stationary receiver, we might expect that tags further away from the center line of a 
mobile transect are less likely to be detected (either at any given moment, or over the long 
term). When tags are detected during blind transects and their locations are triangulated, 
the perpendicular distance to the center line can be measured. When a sufficient number 
of tags are detected to produce a frequency distribution of perpendicular distances (≥20 or 
30 tags), attenuation functions can be fit to these measurements to estimate how DEmobile 
decreases with increasing distance from the center line (Anderson et al. 1979; Melnychuk 
and Christensen 2009).

Another method for estimating DEmobile involves simultaneous use of a second sampling 
method to detect tagged fish. If sampling methods are independent, the probability of detect-
ing a tag with both methods equals the product of the probabilities of detecting a tag with 
each method. For example, in mobile tracking laps around oil platforms on two days, Lowe 
et al. (2009) found more tags with a VEMCO VR-100 mobile receiver than were detected by 
an array of stationary VR-2 receivers over that same time period (the VR-100 typically has 
greater detection range). Different tags were heard on different systems, so neither system 
was perfect: of 100 fish originally tagged, 17 were detected only with mobile tracking, six 
were detected only on the VR-2 array during mobile tracking periods, and 15 were detected 
with both methods. The unknown number of tagged fish currently present in the area, X, can 
be estimated using the Lincoln-Petersen method (Seber 1982). We equate: (15/X) = ((17 + 
15)/X) · ((6 + 15)/X), which requires that X = 44.8. Thus the best estimate of DE on the mobile 
tracking system is 32/44.8 = 0.714 (or, more directly, 15/21 = 0.714). The estimate of DE is 
biased high if the two methods are not independent but share positive covariation. This can 
occur if some behavioral subset of fish are relatively easy to detect on both systems (e.g., 
pelagic-oriented fish) while another subset is difficult to detect on both systems (e.g., benthic-
oriented fish). Melnychuk and Christensen (2009) present a similar calculation for two mobile 
tracking systems operating simultaneously on the same tracking vessel.

Other studies have used multiple tagging technologies, which can be considered together 
for estimating DEmobile. Enders et al. (2007) used a combination of hand-held radio telemetry, 
PIT tag telemetry, and underwater visual surveys to compare DE of sampling methods for 
studying the behavior of juvenile salmonids in small streams. Even if DE cannot be estimated 
explicitly for the second sampling method, the method can still be used to calibrate DEmobile es-
timates. If acoustic-tagged fish are also given external markings like spaghetti tags, scuba div-
ing can be used to visually verify whether tagged fish are present in an area swept by mobile 
tracking transects. Overhead and surrounding benthic structures may interfere with acoustic 
signal detection even though the fish is easily seen (or vice versa). Alternatively, telemetry 
can provide the calibration for other sampling programs. Edwards et al. (2007) used telem-
etry and time-depth data loggers for estimating the detection probability of aerial surveys for 
manatees. Korman et al. (2002) used radio telemetry to calibrate estimates of visual observer 
efficiency during snorkel surveys for steelhead trout spawners.
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A third method for estimating DEmobile returns to test tag evaluations. A tag can be de-
ployed at a depth representative of the study species (especially important if fish are typically 
near the bottom surrounded by interfering structures), and transect passes can be repeatedly 
conducted past the tag to quantify the proportion of passes where the tag is detected. Since 
DEmobile is expected to vary with boat speed (Melnychuk and Christensen 2009), tag depth, 
tag-to-receiver distance, and environmental conditions, test tag passes should be conducted 
across a range of these variables. If tagged fish are confined to some area (e.g., a lake or res-
ervoir) and the entire area is sampled, then the probability of relocating tags on successive 
surveys can be calculated from the number missed but known to have been there because they 
were detected in later surveys (Hightower et al. 2001). This proportion might vary among 
sampling trips or seasonally. If mobile tracking is conducted in an area where acoustic condi-
tions show little variation over time, then prior calibrations of test tag acoustic strength (i.e., 
measuring dB levels of test tag signals at specific distances) can be used to later estimate the 
approximate distance to a fish tag in the area (Block et al. 1997). Finally, since boat-related 
noise may dominate the total background noise in mobile tracking studies, maximizing the 
distance between boat and hydrophone or taking other measures to reduce boat noise reaching 
the hydrophone will aid in increasing DEmobile.

CONCLUSIONS

Telemetry is a useful tool for studying the population dynamics and movement patterns of 
tagged fish, but if any inferences are to be made regarding survival or the presence of tagged 
fish in a study area, it is important to estimate the probability of detecting tagged fish. Assess-
ment of detection efficiencies should correspond to study objectives, since different measures 
are necessary for addressing different kinds of biological questions. Evaluations based either 
on test tags or fish detection data should explicitly consider how this nuisance parameter 
changes under a range of technological, environmental, and behavioral factors. Increasing the 
precision and accounting for any temporal trends or spatial variation in detection probability 
estimates will lead to greater precision and reduced bias, respectively, in the estimates of de-
mographic and movement parameters of fish populations.
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