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TELEMETRY CASE REPORT

Acoustic telemetry detection probability 
and location accuracy in a freshwater wetland 
embayment
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Abstract 

Background: In recent years, large-scale acoustic telemetry observation networks have become established globally 
to gain a better understanding of the ecology, movements and population dynamics of fish stocks. When studying a 
species that uses different habitats throughout its life history difficulty may arise where acoustically suboptimal habi-
tats are used, such as shallow, vegetated areas. To test the feasibility of active tracking in these acoustically suboptimal 
habitats, we quantified detection probability and location error as a function of several environmental variables with 
two transmitter types in a shallow freshwater embayment.

Results: When placed in nearshore areas (< 1 m deep), the higher-powered transmitter (158 dB) had significantly 
greater detection probability than the lower-powered transmitter (152 dB). For both transmitter types, detection 
probability declined at 200 m; however, at the 100 m distance the higher-powered transmitter had greater than 
50% detection probability per ping cycle (50.4%) while the lower-powered transmitter was substantially less (29.4%). 
Additionally, detection probability increased when the transmitter was deployed within sparse, senescent Phragmites 
spp. vegetation (14%). Estimated positional accuracy of transmitters deployed at known locations (location error) was 
variable (error range: 13–259 m), and was generally higher for the more powerful transmitter. Location error was mini-
mized when the lower-powered transmitter was located near softened shoreline areas compared to near man-made 
armored shorelines (i.e., rip-rap).

Conclusion: While benefits exist for maximizing transmitter power (e.g., increased detection range in open-water 
environments), use of a lower-powered transmitter may be advantageous for active tracking specific locations of fish 
inhabiting shallow water environments, such as in estuarine tidal marshes and shallow wetlands. Thus, when plan-
ning acoustic telemetry studies, researchers should conduct site-specific preliminary detection probability/location 
error experiments to better understand the utility of acoustic telemetry to investigate fish movements in acoustically 
suboptimal conditions.
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Background
Acoustic telemetry has become an increasingly impor-
tant assessment tool in fisheries research and manage-
ment, with a near exponential increase in use during 

recent years [1]. Advances in technology (e.g., smaller 
transmitters, more powerful and longer-lived battery life, 
passive receivers) have resulted in this tool being applied 
to a variety of questions related to the spatial ecology of 
marine and freshwater fishes [2, 3]. However, acoustic 
telemetry is not a panacea, and like all sampling gears, it 
comes with distinct advantages and limitations [2]. For 
example, the ability of acoustic receivers to detect trans-
mitter signals can be substantively reduced in shallow 
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water (e.g., < 1 m), in areas with high ambient noise, and 
in environments with dense aquatic vegetation [2]. If 
study objectives necessitate work in environments with 
these characteristics, radio telemetry (e.g., [4, 5],) or pas-
sive integrated transponders (e.g., [6],) are often utilized. 
While these other technologies may be better suited in 
some applications, they also have their own limitations. 
Passive integrated transponders have short detection 
distances (< a few meters) and radio transmitters often 
perform poorly in deep water habitats, and in water with 
elevated salinity [4]. Additionally, when a species uses a 
range of habitats including both deep water across large 
spatial expanses and shallow habitats (e.g., during spawn-
ing), acoustic telemetry may be the best option to obtain 
information in all of these habitats. Examples include alo-
sine and salmonid species that use marine, estuarine, and 
open lake habitats, but spawn in confined freshwater/
estuarine lotic systems.

Large-scale acoustic telemetry observation networks 
are now established globally [7, 8]. Most of these obser-
vation networks are focused in the marine environment, 
but examples such as the Great Lakes Acoustic Telem-
etry Observation System (GLATOS; [9]) also exist in 
large freshwater systems. By linking individual projects 
together via shared equipment and detection data, the 
scope of participating projects is greatly expanded [9]. 
However, in order to achieve an expanded scope through 
shared data, participating researchers must use compat-
ible telemetry equipment (e.g., operate on similar acous-
tic frequencies).

Here, we present a case study aimed at evaluating the 
feasibility of using acoustic telemetry in an environ-
ment where it is known to perform sub-optimally (i.e., 
shallow vegetated embayments [10, 11]). Specifically, 
our study objectives were to understand the limitations 
and variables affecting detection probability and associ-
ated error in positional estimates obtained from active 
tracking in a shallow (i.e., < 3  m), freshwater wetland 
with high- (158 dB) and low-powered (152 dB) acoustic 
transmitters. Our study was centered around the spawn-
ing ecology of Northern Pike (Esox lucius), a phytophilic 
broadcast-spawning fish that uses shallow wetland hab-
itats during early spring (< 1  m; [12, 13]) to spawn, but 
post-spawn adults use extensive regions of open-water 
habitats where they may be detected by the complex 
GLATOS network.

In the Great Lakes, destruction of wetland habitat 
and overexploitation have caused Northern Pike popu-
lations to decline from historic levels in the early 1900s 
(e.g., ~ 507,000  kg of commercial harvest from Lake 
Erie in 1906, [14]) and they have never fully recovered. 
While a general understanding of Northern Pike spatial 
and temporal ecology is well-known [13], specific abiotic 

factors regulating year-class production, particularly in 
the Great Lakes region, is needed to support restora-
tion efforts. If acoustic telemetry can be used to identify 
specific areas where Northern Pike spawn in shallow, 
nearshore areas, then it may be possible to identify the 
abiotic factors (e.g., water level oscillations, seiches) regu-
lating spawning success and suggest management actions 
that could be taken to improve habitat conditions.

Methods
Study site
Our study was conducted in a shallow (mean 
depth = 2 m), 741-ha wetland embayment (East Harbor) 
of Lake Erie during April 2019. At the time this study was 
conducted, submerged aquatic vegetation (SAV, Cerato-
phyllum demersum and Myriophyllum spp.) was dormant 
and only senescent stalks of Phragmites spp. were present 
along the shoreline. Similar to water levels across the 
Great Lakes basin, 2019 was a historically high water year 
in Lake Erie. These senescent Phragmites spp. stalks were 
present in water depth up to 0.5 m, which are known to 
provide suitable egg deposition habitat for Northern Pike 
in other locales [12]. Although the predominant shore-
line habitat consisted of this emergent vegetation, exten-
sive areas of “hardened” shoreline areas (i.e., man-made 
rip-rap) were also present along the perimeter of East 
Harbor. These attributes are important because SAV is 
known to negatively affect acoustic detection [15], and 
hardened shorelines can interfere with signal location as 
it will cause code collision issues from the reflected trans-
missions off the hard substrate which in turn reduces 
detection efficiency [16].

Detection probability
To estimate detection range of acoustic transmissions 
in shallow water environments, acoustic transmitters 
were suspended 30  cm above the substrate to simulate 
a “tagged” fish. Two transmitters with different power 
levels were evaluated: low-powered (152  dB, InnovaSea 
69  kHz V13-1H, nominal delay = 30–90  s) and high-
powered (158  dB, InnovaSea 69  kHz V16-4H, nominal 
delay = 60–180  s) acoustic transmitters. The high- and 
low-powered transmitter configurations were selected 
because they have been used extensively in other Lake 
Erie GLATOS studies to monitor the broad-scale move-
ments of fishes in tributary and open-water environ-
ments [17–20]. Additionally, we needed to be able to 
track movement of Northern Pike in open-water areas 
of Lake Erie where the widely spaced GLATOS receiver 
grid could be employed effectively. Weather conditions 
were consistent among trials as we only sampled on fair 
weather days (i.e., wind speeds < 2.6 m s-1) as we would 
expect to be optimal for Northern Pike spawning.
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Acoustic transmitters were suspended horizontally in 
the water column via a bouyant polypropylene line and 
float attached to a concrete anchor mooring rig deployed 
in water < 1  m deep. Transmitters were placed either 
inside (0.5 m) or outside (~ 0.5 m) these vegetated areas 
along the shoreline to determine if this sparse emergent 
vegetation negatively impacted detection probability. A 
total of six transmitter deployment locations were used 
(i.e., three within emergent vegetation, three outside 
the vegetation; both transmitters at the same locations) 
in early April. Transmitter detection probability was 
estimated at distances of 25, 50, 100, and 200  m from 
deployed transmitters (perpendicular to the shore). At 
each distance, the boat was anchored (i.e., with multi-
ple anchors) to minimize boat movement. A directional 
hydrophone (InnovaSea VR100 receiver and VH100 
directional hydrophone with a normal filter setting) was 
pointed at the transmitter for 20  min, and this process 
was repeated at four hydrophone sensitivity settings (gain 
values of 0, 6, 12, and 24 dB), for a total of 80 min of sam-
pling at each distance giving us a total of 192 measures 
of detection probability (6 locations × 4 distances × 4 
gain settings × 2 transmitter powers). A supplementally 
located receiver that was placed near the transmitters 
did not obtain 100% transmission detection (coding) as 
there were times the active tracking unit had more detec-
tions than the VR2W receiver. Thus, a mean transmission 
rate and the number of times an acoustic transmission 
was coded at each distance and gain setting was used to 
determine the probability of detection. For example, if a 
low-powered transmitter (mean transmission rate = 1 
transmission/minute) was coded by the VR100 16 times 
within a 20-min period, the detection probability was 0.8 
(16 (detections)/20 (expected average detections) = 0.8). 
We recognize there is variability in the actual number 
of transmissions in a 20-min period due to the nominal 
delay (variability in transmission frequency to reduce 
code interference). The number of actual transmissions 
varied for each 20-min observation period (up to ± 2). 
Supplemental analysis of randomly varying the expected 
number of tag transmissions based on each transmitter’s 
nominal delay suggested little change in our final results. 
Therefore, we used average transmission rate values in 
our analysis of detection probability.

For data visualization and variable selection, a classi-
fication and regression tree (CART) model was built (R 
“rpart” package; [21]) as described by Qian [22] CART is 
a useful tool in understanding data structure due to its 
ability to handle both continuous and discrete variables 
and simplistic visualization where breaks occur. CART 
analysis also identifies the best partitioning of the results 
(branching) and includes visualization of likely variable 
interactions (i.e., one variable on a branch but not on 

other branches). Factors included in the CART model 
were transmitter power (152  dB and 158  dB; V13 and 
V16, respectively), gain setting, depth of transmitter, dis-
tance from receiver, and transmitter location (i.e., within 
or outside vegetation). All factors contributing to detec-
tion probability by the CART model were then included 
in the generalized linear mixed effects modeling. No 
factors were selected against in this process. Using this 
approach provided a valuable look at the data structure 
and potential impacts that variables may have on the 
models.

A generalized linear mixed effects model with binomial 
error distribution was used to determine the influence of 
transmitter power, transmitter depth, receiver gain, dis-
tance from the transmitter and proximity to vegetation 
on detection probability. Individual transmitter deploy-
ment location was treated as a random effect. Therefore, 
each transmitter deployment location had dependent 
measurements from high- and low-powered transmitters 
at all gain settings and all four distances. Each location 
had a single depth associated with all measures as the 
transmitter was not moved between trials. Nesting ran-
dom effects caused singularity in complex models; there-
fore, only the transmitter deployment location was used 
as a random effect. Interactions were also not included in 
the model to reduce overfitting the models. Models were 
built using the “lme4” package in R [23, 24]. Selection 
occurred by creating a model for every combination of 
predictors, which were compared using AICc and ΔAICc 
[25]. Model selection occurred if ΔAICc was 2 less than a 
less complex model for each additional variable.

Associated error in positional estimates
The gain reduction method [26] was used in a blind 
study design to assess the accuracy of active tracking to 
locate acoustically tagged fish in this shallow water envi-
ronment. The gain reduction method uses a directional 
hydrophone and involves gradually reducing receiver 
gain to increase accuracy of location estimates as the 
mobile receiver is moved closer to the transmitter. Inde-
pendent crews deployed/relocated acoustic transmitters 
in East Harbor on four dates during April 2019. Each day, 
four acoustic transmitters (two high-powered, two low-
powered) were moored to the substrate (0.5 m above the 
bottom) in varying habitat types (i.e., depths and shore-
line composition) and the deployment coordinates were 
recorded using a handheld GPS unit (Garmin78sc, loca-
tion error ~  ± 3  m). After transmitters were deployed, 
an independent crew attempted to determine the loca-
tion of each transmitter via active tracking. First, broad-
scale listening stations were established ~ 200  m apart 
throughout East Harbor in a grid-like pattern similar to 
the design described by Kraus et al. [27]. Results from the 
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detection range portion of this study guided positioning 
of the listening stations as they were placed 2 times the 
longest distance that at least 50% detection probability 
occurred for both transmitter powers at the highest gain. 
At each listening station, an omni-directional hydro-
phone (VH165 InnovaSea) at full gain (48 dB) was used 
to monitor the vicinity over three-ping cycles (i.e., dura-
tion based on programmed transmission delay) to ensure 
detection of any transmitters in the area. If a transmitter 
was heard but not coded, additional time (10  min) was 
spent at that location until it was determined whether or 
not a transmitter was likely present. If no transmitter was 
detected, we proceeded to the next listening station. If a 
transmitter was detected (coded), the omni-directional 
hydrophone was exchanged for a directional hydrophone. 
Direction (i.e., orientation) of the transmitter relative to 
the boat position was determined with the directional 
hydrophone by systematic rotation of the hydrophone 
in 90º increments every three-ping cycles until direc-
tion was either determined or no pings were coded. After 
rotating back to the original position (360º), a bisector 
direction was sampled between each 90º increment and 
the same method was applied. Typically, by the last direc-
tion a ping was at least heard, if not coded. When this 
occurred, adjustments of < 20º to either side were made 
to maximize signal strength of received pings. Once 
direction was determined by maximizing signal strength 
(dB) of a coded transmitter, we moved in that direction. 
After each move, the directional hydrophone was first 
sampled in the same direction as the previous positive 
direction, and then was systematically rotated to adjust 
directionality of the next move. As we drew closer to 
the estimated transmitter location, the gain setting was 
progressively reduced until the transmitter was coded at 
0 dB gain (lowest setting) with a power of at least 85 dB. 
At this power, the directional hydrophone was assumed 
to be pointing nearly directly at the transmitter. Once 
that occurred, the transmitter was triangulated by going 
to two additional locations. The supplementary loca-
tions were taken ~ 30 m to the left and right of the origi-
nal bearing using the same directionality adjustments 
as used previously while remaining on 0-dB gain. When 
signal strength was at least 85db for the other two direc-
tions, a GPS point (Garmin etrex 15 ± 3 m location error) 
was then placed at the triangulated location where the 
transmitter was estimated to be.

Distance between the predicted and actual locations 
was calculated using haversine in the “geosphere” pack-
age in R [28]. Because we had a relatively small sample 
size (n = 15); (one transmitter stopped functioning) 
descriptive statistics of mean and standard error were 
generated to compare location error between transmit-
ter power and shoreline type, as they appeared to have 

a large effect on location accuracy. Shoreline type was 
assessed based on the nearest shoreline to the transmit-
ter and was assigned as either soft (gradual slope with 
emergent vegetation) or hardened (with rip-rap). Formal 
statistics and candidate models were not used due to the 
relatively low sample sizes and potential of overfitting the 
model.

Results
Detection probability
Our ability to detect acoustic transmitters in shallow 
water was influenced by all five variables measured: 
distance to transmitter, transmitter depth, transmit-
ter power, proximity to emergent vegetation (inside vs. 
outside), and gain setting (CART model, Fig.  1). Dis-
tance between the transmitter and receiver was the most 
important variable evaluated with detection probabili-
ties lower at 200 m than at distances ≤ 100 m. At 200 m, 
transmitter depth, followed by transmitter power and 
receiver gain were the most influential variables, while 
location inside/outside emergent vegetation was not 
identified as an important variable at this distance. How-
ever, at distances ≤ 100 m, transmitter location inside or 
outside emergent vegetation was the next most impor-
tant variable identified. The importance of distance to 
transmitter, transmitter depth from the surface, trans-
mitter power, and receiver gain varied when transmitters 
were located 25–100 m from the receiver. Relative to all 
the variables evaluated, the effect of receiver gain was 
the least influential for detecting acoustic transmissions 
when ≤ 100 m from the receiver.

The generalized mixed effects model with a bino-
mial error structure that had the most support (lowest 
AICc and most parsimonious; Table  1) included only 
transmitter power (dB), distance between transmitter 
and receiver, and transmitter location relative to veg-
etation. This indicated that transmitter depth and gain 
settings were not important for predicting detection 
probability of transmitters in this system (Table  2). The 
high-power transmitter had generally greater detection 
probability (mean = 12.6%, coefficient = 0.77, SE = 0.36) 
than the lower-power transmitter, and detection prob-
ability decreased with increasing distance from the trans-
mitter (Fig.  2). At the most distant sampling location 
(200 m), detection probability declined by 40% compared 
to the detection probability at 25 m (coefficient = − 2.77, 
SE = 0.64) and was below the 50% threshold for adequate 
detection probability (58% at 25  m vs 18% at 200  m, 
Fig.  2). Detection probability was also on average 14% 
greater within vegetation, as compared to just out-
side this sparse emergent vegetation (coefficient = 1.80, 
SE = 0.38, Table 2).
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Error in positional estimates
Considerable variability was observed when estimat-
ing acoustic telemetry transmitter locations within East 
Harbor using the gain reduction method. Across all tri-
als, accuracy (i.e., actual vs. estimated location) ranged 
between 13 and 259 m. Mean accuracy for low-powered 
transmitters located on hard and soft shoreline was 
85.3 m (n = 6, SE. = 55.4 m) and 25.1 m (n = 2, SE = 7.36), 
respectively. With the high-powered transmitters loca-
tion accuracy was 174.40  m (n = 4, SE = 93.3  m) and 
71.4  m (n = 3, S.E. = 82.2  m) with hard and soft shore-
line, respectively (Fig.  3). The time required to locate 
each transmitter after initial detection averaged 34.5 min 

(SE =  ± 16.3  min). Consistently, transmitter proximity 
to hardened shoreline created problems obtaining accu-
rate directional estimates. Formal statistical analysis of 
the location error results was not completed due to small 
sample size. 

Discussion
Our results suggest that acoustic transmitters can be 
used in acoustically suboptimal, shallow water envi-
ronments to achieve specific research objectives, but 
researchers must be aware of how the physical environ-
ment and habitat use of study species influence detection 
probability and accuracy of positional estimates. While 

Fig. 1 Classification and regression tree (CART) results for factors influencing detection probability of acoustic transmissions in a shallow wetland 
in Lake Erie (average depth ~ 2 m; 192 total observation). Equal number of replicates occured for each distance, gain setting, transmitter power (V13 
and V16) and location (inside or outside of sparse and senescent emergent Phragmites spp) 

Table 1 The best selected mixed effects models for describing 
detection probablity of acoustic signals in shallow wetland 
habitats

All models included the transmitter deployment location where measurements 
took place as a random effect. For each transmitter location, detection estimates 
were determined for 4 distances from the transmitter (25,50,100 and 200 m), 
and 4 gain settings (0,6,12,24 dBs) at each distance. Half of the transmitter 
deployment locations were within vegetation (Phragmites spp.) and the other 
half were directly adjacent to the vegetation

Model AICc ΔAICc

Distance + transmitter power + vegetation 202.13 –

Distance + transmitter power + vegetation + depth 203.51 1.38

Distance + vegetation + depth 205.92 3.79

Distance + transmitter power + vegetation + gain 208.09 5.96

Distance + transmitter power + vegeta-
tion + depth + gain

209.83 7.70

Table 2 The best supported mixed effects model to estimate 
detection probability

Coefficients (estimates) and standard error of each of the factors in the best 
supported binomial mixed effects model with logit transformation to estimate 
detection probability using an active tracking unit (AICc = − 202.13, ΔAICc=0). 
Coefficients indicate log of odds ratios. compared to the first case of that factor: 
the distances are all compared to the distance of 25 m, the 158-dB transmitter 
is compared to the 152 dB and within vegetation is compared to outside of 
vegetation.

Factor Coefficient Standard error z-value p-value

Intercept − 1.29 0.43 − 3.01  < 0.001

Distance 50 m − 0.42 0.46 − 0.91 0.36

Distance 100 m − 1.08 0.48 − 2.26 0.02

Distance 200 m − 2.77 0.64 − 4.32  < 0.001

158-dB transmitter 0.77 0.36 2.10  < 0.04

Within vegetation 1.80 0.38 4.74  < 0.001
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we detected a significant difference in detection prob-
ability between the transmitters placed inside vs. outside 
stands of emergent vegetation (i.e., a positive effect on 
detection probability of transmitter location in vegeta-
tion), this is the opposite observed by others when con-
sidering dense submerged aquatic vegetation [10, 11, 15]. 
In our study system, Phragmites spp. was the dominant 
emergent vegetation and may not have played a sub-
stantive role, as it was not very dense and had a simple 
structure under the water during our trials. During other 
times in the year, additional submerged aquatic mac-
rophyte growth would likely impede transmitter signals 
from reaching the receiver as has been documented else-
where (e.g., [15]). The positive effect of vegetation pres-
ence on detection probability that we observed could be 
an artifact of the nested nature of our random effects that 
we could not account for in our efforts to reduce statisti-
cal singularity issues. It could also just be statistical noise. 
However, detection probability was not hindered by the 
presence of this emergent vegetation (sparse Phragmites 
spp. stems), and so detection ranges could be generated 
without needing to account for a vegetation effect in our 
case. Caution should be made when using our results in 
planning future studies in other locations.

Quantifying detection probability is an increasingly 
common practice when designing and conducting 
passive acoustic telemetry studies (e.g., [29–32],), yet 
few active tracking studies address this metric. Kessel 
et al. [30] reviewed 378 acoustic telemetry studies and 
only a single study included active tracking methods 
when evaluating detection probabilities. In that exam-
ple, active tracking locations were compared to pas-
sive receiver detections of tagged fish within an array 
to estimate detection range [33]. More recently, detec-
tion probability was assessed for two different acous-
tic transmitters in a hydropower reservoir by allowing 
the active receiver to passively sample while gradu-
ally increasing distance from the known transmitter 
location until detection did not occur [34]. While the 
underlying questions differed from those in our study, 
it exemplifies the need to address detection probability 
in active tracking studies to aid in data interpretation 
[35]. Our results suggested that detection probability 
out to 100  m was often about 50% at the highest gain 
tested (24  dB) even with the less powerful transmitter 
(i.e., 152 vs 158 dB). Given a 50% detection probability 
and a 120  s average delay (60–180  s) for such a trans-
mitter, researchers using a 10-min listening window 

Fig. 2 Observed detection probability (proportion) for 152 and 158 dB acoustic transmitters as a function of distance between transmitter and 
active tracking receiver (VR100). Proportion of detections was based on total detections (coding of transmitter signal) during 20 min of sampling. 
For each transmitter type (power), detections were made at six transmitter locations associated with stands of senescent emergent Phragmites spp. 
(three inside (0.5 m) and three outside (0.5 m)) in April 2019. At each location, detections were made at four distances from the transmitter and for 
four gain settings of the receiver
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within 100  m of the transmitter would expect a > 87% 
chance that the transmitter would be detected at least 
once.

Surprisingly, gain setting did not play a major role in 
predicting detection probability. It did not appear to have 
any effect until the greatest distances from the transmit-
ter. Even at the lowest gain, the receiver was capable of 
detecting these transmitters at fairly substantive dis-
tances (~ 200 m). This result may be driven by use of two 
transmitter types that were both relatively high-power 
and we may have observed a different outcome had we 
included an even lower power transmitter (e.g., Vemco 
V7, 137 dB).

We do suspect that our detection probabilities may 
have been negatively influenced by close proximity detec-
tion interference, where signal transmission echoes inter-
fere with the coding sequence in close proximity to the 
receiver [36]. We did not test this specifically however, 
but there were cases in which detection probability was 
lower at the 25  m distance than at greater distances at 
the same transmitter location. This can be particularly 
problematic for higher powered transmitters such as 
those used here. Therefore, attention must be paid to 
ensure that reduction of detection probability does not 

occur when trying to determine fine-scale positioning of 
transmitters.

Variation in the accuracy of estimated transmitter 
locations was often greater in our study than previously 
found [37–39]. With our lower-powered transmitters 
(152 dB) located in close proximity to soft shoreline (i.e., 
emergent vegetation, tapered beach) where Northern 
Pike would likely aggregate during spawning [13, 40], we 
had a tolerable error range (19–34 m). Taylor and Litvak 
[38] reported triangulation error of 18.44 ± 0.85 m when 
using 3-point triangulation like we used. They also found 
that location accuracy increased as the number of direc-
tional estimates increased. However, a trade-off exists 
with increasing time needed to complete additional bear-
ing estimates, especially for a highly mobile species.

In systems dominated with rip-rap or other hard shore-
lines, acoustic telemetry may be less suited for iden-
tifying accurate locations of tagged animals; in these 
shoreline conditions, we determined high location errors 
(i.e., > 100 m) for both high and low-power transmitters. 
Anecdotally, there were times during this study when the 
directional hydrophone detected a signal reflecting from 
a rip-rap wall in the opposite direction of the hidden 
transmitter. While we were able to determine this post 

Fig. 3 Deviation between actual and estimated transmitter locations achieved using the gain reduction method (and 3-point triangulation) with 
an active tracking receiver, directional hydrophone (VEMCO VR100), and acoustic transmitters with 152 dB (n = 8) and 158 dB (n = 7) signal strength 
(V13 and V16, respectively). Transmitters were placed in various locations throughout a shallow wetland in water less than 3 m deep. A naïve locator 
determined transmitter locations. Hard shoreline substrate included cobble rip-rap, while soft substrates had gradual sand/mud shorelines or 
emergent vegetation. All data points are indicated by circles
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hoc, it could lead to erroneous location estimates when 
active tracking is needed to immediately find the target. 
There were occasions when detecting a false direction 
was possible in the field because the signal strength was 
weaker facing the hard shoreline than in another direc-
tion. However, this was not always the case. Although 
novel methods exist that might accommodate such issues 
during analysis (e.g., [16]), these are not applicable to 
active tracking studies when the information is needed 
immediately. Care should be made to confirm direction-
ality in active tracking studies to avoid a false direction 
estimate as it could drastically impact location accuracy. 
This is especially present when tracking species that uti-
lize hardened substrates such as rock reefs or rip-rap 
walls. In these cases, using a lower power transmitter 
could reduce positional error, although another method 
(e.g., radio telemetry) may be more applicable.

Error in positional estimates obtained via active track-
ing of radio-tagged fishes is much more commonly 
reported than that for acoustic telemetry (e.g., [26, 
41–43]). Aerial radio telemetry estimates seem to have 
slightly worse positional accuracy (22–476  m, [42]), 
whereas ground tracking can perform slightly better than 
aerial surveys (1 to 131 m (median = 24 m), [43]) or even 
substantially better when used in a small stream setting 
(0.91 m, SD ± 1.4, [26]). It appears that habitat scale can 
influence location accuracy, as Sullivan et al. [26] found 
much lower error estimates in small streams compared 
to the large tributaries sampled by Heim et al. [43]. Sul-
livan et  al. [26] also used the gain reduction method as 
opposed to triangulation methods. The wetland in our 
study was not a riverine system, so the results and impli-
cations may not be directly comparable; however, there 
appears to be similar error associated between triangu-
lating radio frequencies and acoustic telemetry in larger 
systems.

If more accurate positional estimates are needed to 
identify fine-scale habitat selection than can be provided 
by the gain reduction method used here, multi-receiver 
positioning systems that use time difference of signal 
arrival are available (e.g., Vemco Positioning System). 
With this method, a set of stationary receivers work 
in unison to measure travel time of acoustic signals to 
determine location of transmitters with a high level of 
accuracy (i.e., observed error rates of 1.3–9.7  m; [44–
46]). However, performance of these positional arrays 
can vary extensively. Detection probability and positional 
accuracy was worse in littoral areas than in pelagic areas 
of two small (< 25 ha) European lakes [12]. Additionally, 
Binder et  al. [47] attributed high spatial and temporal 
variability in detection to environmental factors such as 
seasonality, thermal stratification, depth and wave height, 
as well as transmitter density within the array, as did 

Steel et al. [46]. Importantly, when using a multi-receiver 
positioning system, location estimation is not immedi-
ately available as receiver data must be downloaded and 
processed; therefore, collecting habitat variables would 
need to be conducted post hoc when habitat may have 
changed depending on the lag time in analysis.

Ultimately, a clear trade-off exists in our effort to accu-
rately locate spawning Northern Pike in shallow wetlands 
and monitor their movements when in more open-water 
environments (e.g., main basin of Lake Erie) during non-
spawning periods. Specifically, the need to balance accu-
racy during active tracking while maximizing detection 
range during non-spawning periods requires carefully 
considering a transmitter’s power level and transmission 
rate. Higher power transmitters will be detected at longer 
ranges in the main lake environment but are more diffi-
cult to accurately position in shallow wetlands. Similarly, 
a shorter delay between transmissions may increase the 
odds of successfully locating a spawning individual but 
decrease battery life and limit the longevity of tracking 
during spawning and non-spawning periods. Based on 
results from this study and the need to track Northern 
Pike across multiple years in spawning and non-spawning 
periods, we elected to deploy 152-dB transmitters with 
an average transmission rate of 60  s during the spawn-
ing period and 300 s for the rest of the year, with an esti-
mated battery life of 903  days. These specifications will 
allow us to track tagged individuals for multiple spawn-
ing seasons and identify spawning habitat with minimal 
location error, while also provide broad-scale movement 
information of the species using the existing GLATOS 
array.

Conclusions
The use of acoustic telemetry is an applicable method 
in shallow freshwater embayments despite its known 
shortcomings. When active tracking and the gain reduc-
tion method are utilized, positional estimates can have 
similar accuracy to radio telemetry in similar-sized sys-
tems except when shorelines are dominated by hardened 
rip-rap or breakwalls. A trade-off does occur as lower-
powered transmitters result in more accurate positional 
estimates, but detection range is reduced. Therefore, 
assessment of research project goals should be conducted 
prior to implanting fishes for tracking. A priori detection 
range and location error testing should occur in individ-
ual systems to ensure applicability of acoustic telemetry 
to meet the needs of the research goals.
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