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Abstract

Studies involving acoustic telemetry typically use stationary acoustic receivers arranged in an array or grid. Unmanned
surface vehicle (USV)-based mobile receivers offer advantages over the latter approach: the USV can be programmed
to autonomously carry a receiver to and from target locations, more readily adapting to a survey's spatial scope

and scale. This work examines the acoustic detection performance of a low-cost USV developed as a flexible sens-

ing platform. The USV was fitted with an acoustic receiver and operated over multiple waypoints set at increasing
distances from the transmitter in two modes: drifting and station-keeping. While drifting, the USV was allowed

to drift from the waypoint; while station-keeping, the USV used its thruster to hold position. Detection performance
of the USV was similar to that of stationary receivers while drifting, but significantly worse while station-keeping. Noise
from the USV thruster was hypothesized as a potential cause of poor detection performance during station-keeping.
Detection performance varied with the depth of the tethered receiver such that detection range was greater dur-

ing the deepest (4.6 m) trials than during shallower (1.1 and 2.9 m) trials. These results provide insight and guidance
on how a USV can be best used for acoustic telemetry, namely, navigating to a planned waypoint, drifting and lower-
ing the receiver to a desired depth for listening, and then navigating to the next waypoint.

Background

Acoustic telemetry is a commonly used practice for
monitoring fish movement and migration in rivers [1],
lakes [2], and oceans [3, 4]. In acoustic telemetry, fish are
tagged with acoustic transmitters that broadcast a unique
ID code, released back into the environment, and then
tracked using acoustic hydrophones or ‘receivers’ Acous-
tic telemetry allows for more frequent observations of
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individual animals than might be expected using other
survey methods (e.g., trawls and gill nets). In most appli-
cations, networks of stationary receivers are used to
describe individual [5] or population-scale movements
[1, 3]. Increasing use of acoustic telemetry arrays has
allowed researchers to investigate how aquatic animals
interact with their environment in greater detail [6, 7],
but has also necessitated a more accurate characteriza-
tion of its performance [8, 9] as well as an understand-
ing of the limitations and advantages of possible study
designs [10]. Although this practice allows for data to be
collected continuously at multiple locations, researchers
must carefully select receiver locations to avoid intro-
ducing unintentional biases in the data, which may be
mitigated by applying in situ measures of acoustic array
performance [11, 12]. Performance of acoustic telemetry
systems also is dependent on environmental conditions
(e.g., thermal stratification [13—15], storms [14], surface
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water velocity [8], transmitter depth [8], ice presence and
thickness [8], aquatic vegetation [1]), many of which vary
over time and space.

Mobile telemetry, in which receivers are attached to
underwater or surface vehicles, is increasingly being
used as an alternative, or complement, to stationary
receiver arrays to describe movements and distribu-
tion of acoustic-tagged fish. Multiple studies have evalu-
ated factors affecting receiver detection efficiency while
attached to mobile platforms, as well as documented
the use of mobile telemetry platforms in science and
research [16-19]. Distance, water depth, and wind speed
were found to be the most significant factors affecting
the performance of mobile telemetry systems. Detec-
tion probability was found to decrease with increasing
wind speed and distance, and was found to increase with
increasing water depth [16]. Unmanned surface vehi-
cles (USVs), also known as autonomous surface vehicles
(ASVs), and autonomous underwater vehicles (AUVs)
are able to carry an acoustic receiver as either a self-
contained payload or as an integrated sensor. Saildrones
(Saildrone Inc., Alameda, CA, USA), a type of USV pow-
ered by solar and wind, were used to quantify the spatial
distribution of fishes in the Bering Sea [19]. REMUS-100
(Woods Hole Oceanographic Institute, Woods Hole,
MA, USA) propelled AUVs were used to autonomously
follow acoustically tagged basking sharks and to monitor
tagged sturgeon in their spawning habitat [20, 21]. Wave
gliders (Boeing—Liquid Robotics, Herdon, VA, USA) (a
type of AUV that move using wave energy collected by
a tethered float) [18] and buoyancy-driven underwater
gliders [16, 22, 23] are other examples of technologies
that have been used as mobile acoustic telemetry plat-
forms. Lastly, gliding robotic fish (e.g.,, GRACE, MSU
Smart Microsystems Laboratory, East Lansing, MI, USA)
[24-28], another form of buoyancy-driven AUV similar
to gliders, were also explored as a mobile telemetry plat-
form. For gliding robotic fish, detection efficiency was
higher when the hydrophone was pointed toward the
transmitter, and lower when it was pointed away. When
selecting a mobile platform for acoustic telemetry, there
are many important factors to consider including experi-
ment design, environment, spatial scale and cost. Propel-
ler-driven AUVs (e.g., REMUS-100, and Iver2, L3Harris
OceanServer, Fall River, MA, USA) generate more thrust
than other platforms, but consume more power [20, 21,
29]. Such AUVs may be more suitable for experiments
in high current over relatively short time frames and
smaller spatial scales. Robotic Sailboats (e.g., Saildrone,)
and buoyancy-driven AUVs (e.g., Slocum G3, Teledyne
Marine, Webb Research, North Falmouth, MA, USA) are
more power-efficient, but may not be suitable for higher
currents [16, 17, 19, 22, 23, 30]. Due to the relatively short
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distance radio waves can travel through water, AUVs can-
not communicate using RF signals unless they are at the
surface [31, 32]. This limits their ability to localize with
RF-based position sensors such as GPS, making them
less suitable for studies that require precise localiza-
tion. Although such AUVs have been explored as mobile
telemetry platforms, they are not commonly used due to
their high cost.

This paper examines performance of a low-cost, easy-
to-manufacture USV as a potential acoustic telemetry
platform (dubbed CHASE, for Catamaran-Hulled Auton-
omous Surface Experimental platform). CHASE can be
pre-programmed with a mission plan using third-party
software or driven manually, and can be fitted with a
variety of sensors. CHASE is intended to be an accessi-
ble platform for use by non-experts, being constructed
from off-the-shelf components at a lower cost than other
USVs, and operated through a third party supported user
interface. In this study, detection efficiency is estimated
and compared between the CHASE platform and a line
of stationary receivers. The effects of operating mode
(drifting or station-keeping), thruster use, receiver depth,
and receiver configuration on detection performance
are investigated. This characterization of the CHASE
platform is intended to lay the groundwork for future
research into waypoint selection and using USVs for
localizing and tracking tagged fish.

Methods

CHASE USV platform

The CHASE USV (Smart Microsystems Laboratory,
Michigan State University, East Lansing, MI, USA),
shown in Fig. 1, is a flexible experimental platform
developed to be refitted with different sensors. CHASE
is designed to be a low-cost, easy-to-manufacture sens-
ing platform constructed with mostly off-the-shelf
components. An acoustic receiver, either integrated or
independent of the CHASE system, can be attached.
We conducted tests using an independent VEMCO
VR2Tx receiver (Halifax, NS, Canada) attached via a
paracord tether with the hydrophone oriented down. We
also tested an alternative configuration with a receiver
(VEMCO miniVR2C, Halifax, NS, Canada) wired into
an integrated sensor hub, which allowed remote access
to acoustic telemetry data over a Wi-Fi network in real
time. For both configurations, a 3.63 kg lead weight was
positioned 0.5 m above the receiver to maintain vertical
orientation of the tether. The sensor hub communicated
with the receiver using a Raspberry Pi 3B (Raspberry Pi
Foundation, Cambridge, England), and networked with
a Wi-Fi router (Linksys, Irvine, CA, USA) at the surface
using a kevlar-reinforced ethernet cable. CHASE was
controlled by a PixHawk 2.4.8 (Multiple manufacturers)
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Fig. 1 a Unmanned surface vehicle CHASE with acoustic receiver on a network tether, photograph by Xiaobo Tan, Michigan State Univeristy
(VEMCO mini VR2C); b diagram of experimental setup for CHASE mobile detection efficiency tests showing USV platform, receiver (VEMCO mini

VR2C or VEMCO VR2Tx), and test transmitter. Not to scale

running ArduRover 4.2.2 firmware, and QGroundCon-
trol software (version development HEAD:78cf9bbe6
2021-05-06 10:49:59 -0700, San Francisco, CA, USA) on
a ground control computer was used for vehicle navi-
gation control. Geographic location of the vehicle was
determined from a M8N GPS sensor (U-Blox, Thalwil,
Switzerland), which was integrated with the PixHawk’s
internal IMU (Inertial Measurement Unit) in a Kalman
filter to produce an accurate estimate of position and ori-
entation. Prerecorded mission files specifying waypoints
and loiter duration were loaded onto the USV from the
ground control computer. Position and orientation infor-
mation was sent over 915 MHz radio to the ground con-
trol computer at a nominal rate of 1 Hz. CHASE’s twin
hulls were made from resin-covered foam insulation, and
vehicle deck was constructed of a single piece of resin-
covered plywood. The vehicle was powered by a T-200
thruster (Blue Robotics, Torrance, CA, USA), and steer-
ing was accomplished using a servo motor to turn the
thruster. Due to the relatively small (1 m length) and
light nature of the CHASE USV, thrust was limited to

50 percent at maximum. Operating at 50 percent of the
maximum thrust was found to be sufficient for navigation
and station-keeping, whereas operating at higher thrusts
reduced vehicle stability.

Study area

The study area was chosen in Hammond Bay, an oligo-
trophic embayment of Lake Huron, in a location with
little boat traffic and relatively flat bathymetry. This area
was far enough away from other ongoing acoustic telem-
etry studies in Lake Huron to avoid interference from
acoustic-tagged fish. Local temperature and wind speed
data were recorded by the KMIMILLE10 weather sta-
tion in Millersburg, MI over the duration of the study
(Table 1).

Stationary receiver tests

An acoustic transmitter (V13-1x, Innovasea, Halifax,
NS, Canada) was suspended 6.1 m off bottom at a site
where bottom depth was 22.6 m (Fig. 2). Transmis-
sions were broadcast at 69 kHz in alternating low- and

Table 1 Description of operating mode, tether length, acoustic receiver used, and weather conditions for each trial [42].

Trial number Mode Tether length Receiver Date Duration Weather conditions
1 Station-Keeping 46 m VR2TX 8/17/2022 1:56 21.1°C, 1.7 m/s wind
2 Drifting 46m VR2TX 8/18/2022 1:54 13.8°C, 1.2 m/s wind
3 Drifting 29m VR2TX 8/18/2022 1:44 15.6 °C,0.9 m/s wind
4 Station-Keeping 29m VR2TX 8/18/2022 1:24 23°C,0m/s wind

5 Drifting 29m VR2TX 8/19/2022 1:20 16.1°C,0 m/s wind

6 Drifting 1.1m VR2TX 8/19/2022 1:37 15.7°C, 0.4 m/s wind
7 Station-Keeping 1.1m VR2TX 8/19/2022 1:38 18.9°C, 0.6 m/s wind
8 Drifting 29m Mini VR2C 8/19/2022 1:54 24.5°C,0.4 m/s wind
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Fig. 2 (Left) Location of Hammond Bay, Lake Huron. (Right) Locations of test transmitter tag, stationary receivers and USV waypoints (approximately
1 km). Microsoft Excel software (Microsoft, Redmond, WA, USA) was used to generate map images

high-power (low power output=147 dB re 1 pPa @ 1 m;
high power output=152 dB re 1 pPa @ 1 m) with each
power setting uniquely coded. Transmissions occurred at
a nominal delay of 60 s, resulting in uniformly distributed
random intervals from 34 to 94 s, assuming a 4-s burst
duration for each transmission. Due to the alternating
nature of the transmissions, intervals between unique
codes were assumed to be 68 to 128 s. For comparison
with the mobile telemetry platform, ten VEMCO VR2AR
(Halifax, NS, Canada) stationary receivers were placed in
a line extending north from the transmitter at approxi-
mate distances of 50 m, 100 m, 150 m, 200 m, 250 m,
350 m, 450 m, 550 m, 650 m, and 750 m from the trans-
mitter (Fig. 2) at bottom depths ranging 22.9-27.1 m
(mean=24.9 m). Receivers were suspended with floats
3 m off the lake bottom (resulting depth of receivers in
the water column: range=19.9-24.1 m) with the hydro-
phone up, which is a standard receiver mooring arrange-
ment in the Great Lakes. Stationary receivers recorded
any transmissions from the test transmitter that were
successfully received for the duration of the mobile
detection efficiency tests, to provide an in situ measure of
baseline receiver detection efficiency.

Mobile detection efficiency tests
Several detection efficiency trials were conducted using
the CHASE USV to quantify overall detection efficiency

and to determine if detection efficiency was affected by
(1) operating mode (drifting vs. station-keeping); (2)
instantaneous use of the thruster (on vs. off); (3) tether
length; and (4) receiver integration (integrated sensor
hub vs. independent tether). Initial pilot runs revealed a
relatively low detection probability using the integrated
sensor hub, so seven of the eight trials were conducted
using an independent VEMCO VR2Tx acoustic receiver
on a paracord tether. Detections were recorded for the
entire trial, including during travel between waypoints
and time spent loitering at waypoints. The seven trials
conducted with the independent receiver were used to
evaluate effects of operating mode (drifting vs. station-
keeping), thruster condition, and tether length. In drift-
ing mode, the USV was driven to each waypoint and
allowed to drift freely for 5 min before moving to the next
waypoint. The median distance that the USV drifted from
the waypoint across all trials was found to be 40.3 m,
while the maximum distance that the USV drifted was
found to be 73 m. In station-keeping mode, autonomous
control was used to visit each waypoint for 5 min dur-
ing which the thruster held position within 2.14 m of the
waypoint, the minimum value allowed by the firmware.
While station-keeping, the thruster was used only when
needed and instantaneous use of the thruster at the time
of each transmission was recorded. Waypoints were
spaced at 50-m intervals, beginning at the transmitter
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and extending eastward to a distance of 500 m, with one
final waypoint at a distance of 600 m from the trans-
mitter (Fig. 2). Initial trials extended further than this
distance, but later trials were shortened due to poor per-
formance beyond 600 m. Waypoints were chosen to the
east of the transmitter to avoid potential collisions with
stationary receiver buoys to the north of the transmit-
ter. We make the assumption that direction of waypoints
from the transmitter would not have a meaningful influ-
ence on detection probability given that lake bathymetry
was relatively flat and uniform over the study area and
that elevation of all instruments above the lake bottom
ensured line of sight, regardless of direction from the
transmitter. Positive detections beyond 650 m were rare
(1 detection of 118 transmissions); therefore, data from
USV runs were filtered to include transmissions only
when the USV was within 650 m of the transmitter. Trials
in each operating mode were conducted at tether lengths
of 1.1 m (short), 2.9 m (medium), and 4.6 m (long). All
combinations of operating mode and tether length were
tested with a duplicate of the test of drifting mode at the
medium tether length for a total of seven trials using
the VR2Tx. The test of drifting mode at medium tether
length was repeated to ensure consistency after a storm
occurred. An eighth trial was conducted with a receiver
(VEMCO miniVR2C) connected to an underwater sen-
sor hub in drifting mode at the medium tether length.
For a description of each trial conducted, see Table 1.

Temperature profile

To determine if thermal stratification of the water col-
umn affected comparisons of detection performance
between stationary and vehicle-mounted receivers, seven
temperature sensors (Onset Hobo Water Temp Pro V2,
Bourne, MA, USA) affixed to an anchored line about
370 m north of the test transmitter location in 25.0 m
water depth recorded the temperature in the water col-
umn for the duration of the experiments. Water column
temperature was monitored at a single station (Fig. 2)
with loggers deployed at depths of 3.6 m, 6.9 m, 10 m,
13.3 m, 16.7 m, 19.9 m, and 23.3 m, below the surface.
Loggers were deployed about 3 days prior to the first trial
and were retrieved after about 8 days, after all trials had
been conducted. Strength of stratification was quantified
as the temperature gradient (°C/m) between 16.7 m (i.e.,
the logger at the water depth nearest the transmitter) and
3.6 m for the mobile receiver and 23.3 m for the station-
ary receivers, averaged for each trial.

Data analysis

Detection efficiency was quantified by assigning each
transmission as a success or failure (i.e., missed detec-
tion) at each receiver. Every transmission during each
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trial was assumed to be heard by at least one receiver
based on standardization of detections across all station-
ary receivers. Detections were standardized by apply-
ing a linear time correction to the data collected by all
receivers using VDAT software (Innovasea), then apply-
ing a pattern-matching algorithm that uses the unique
sequence of random delays from the transmitter by treat-
ing the receiver closest to the transmitter as the reference
clock. Following standardization, time between detec-
tions was always between 33 and 94 s, suggesting that
all transmissions were detected by at least one receiver.
Resulting data were binomial (0: failure, 1: success) and
were filtered to include only detection data during USV
trials. All data collected by the mobile receiver within
650 m of the transmitter (i.e., regardless of whether the
USV was at a waypoint or in transit) were included in
analyses, unless otherwise specified below. High- and
low-power transmissions were modeled independently in
all subsequently described analyses.

Operating mode and stationary receiver comparison

We first compared overall detection efficiency of sta-
tionary receivers to USV trials in each operating mode,
drifting and station-keeping, with the tethered receiver.
Detection probability curves were constructed using a
generalized additive mixed model (GAMM) with a bino-
mial error structure (model 1). The effect of USV oper-
ating mode or stationary receivers on detection range
curves was evaluated in model 1. Detection probability
was modeled as a function of operating mode (i.e., drift-
ing or station-keeping modes of the USV, or stationary
receivers), a smoothed function of distance, a smoothed
function of distance for each mode, a random effect of
trial, and a random effect of trial by distance. Random
effects relating to trial were included to account for envi-
ronmentally influenced differences in detection efficiency
that would have been reflected in the mobile and station-
ary receivers during a trial.

Effects of thruster and tether length

The effects of two potential explanatory covariates on
detection efficiency were evaluated using a generalized
additive model (GAM) with a binomial error structure
(model 2). Detection probability from USV trials only
(i.e., excluding stationary receivers) was modeled as a
function of operating mode, tether length, instantane-
ous thruster use at the time of transmission, a smoothed
function of distance, a smoothed function of distance
for each mode, a smoothed function of distance for each
tether length, and a smoothed function of distance for
each thruster status. Tether length was treated as a factor
with values of short (1.1 m), medium (2.9 m), and long
(4.6 m). Thruster was treated as a binary factor, either off
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(0) or on at any thruster level (1), taken from the time of
transmission/detection.

Effect of mobile receiver integration

Detection performance of the integrated sensor hub was
compared to performance in analogous trials with the
tethered receiver using a GAM with a binomial error
structure (model 3). Only data from trials in drifting
mode with the medium tether length were used for model
3, which included two trials with the tethered receiver
and one trial with the sensor hub (Table 1). Additionally,
data were filtered to only consider transmissions when
the USV thruster was off, as no positive detections were
recorded when the USV thruster was on in these trials.
Detection probability from filtered trials was modeled
as a function of receiver type (tethered VR2Tx or sensor
hub mini VR2C), a smoothed function of distance, and a
smoothed function of distance by receiver type.

In all three models described above, the basis for
smoothed functions was a cubic regression spline with
shrinkage and 5 knots. The use of a smoothed function
with shrinkage allowed non-meaningful parameters
to be reduced in their effective degrees of freedom to a
value as small as zero [33], thereby effectively excluding
these parameters without the need for hierarchical model
selection. All models were fit using restricted maximum
likelihood with the “gam” function from the “mgcv”
library [34] in R 4.2.2 [35].
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Results

Operating mode and stationary receiver comparison
Detection efficiency of the mobile receiver attached to
the CHASE USV was similar to or lower than that of
stationary receivers at most distances and configura-
tions. Detection probability for stationary receivers was
greater than 95% up to 250 m from the transmitter for
high-power transmissions and up to 200 m from the
transmitter for low-power transmissions, and decreased
with increasing distance from the transmitter after these
points (Fig. 3). Conversely, detection probability of the
mobile receiver followed a concave-shaped curve with
distance, i.e., detection probability peaked at an interme-
diate distance from the transmitter, under both operat-
ing modes (Fig. 3). Detection performance of the mobile
receiver was substantially lower in station-keeping mode
compared to the mobile receiver in drifting mode and the
stationary receivers at all distances for both high- and
low-power transmissions (Fig. 3). In drifting mode, over-
all mobile receiver performance was similar to that of sta-
tionary receivers at distances between roughly 250 and
500 m from the transmitter for high-power transmissions
and greater than 250 m from the transmitter for low-
power transmissions (Fig. 3). Mobile receiver detection
performance in drifting mode was lower than stationary
receiver performance at distances close (i.e., <250 m) to
the transmitter for high- and low-power transmissions
and at distances far (i.e.,>500 m) from the transmitter for
high-power transmissions (Fig. 3).
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Fig. 3 Detection range curves for high- (left) and low-power (right) transmissions. Lines represent GAM outputs for stationary receivers (solid
orange) and the mobile receiver trials in drifting mode (small-dashed blue) and station-keeping mode (large-dashed green). Shaded regions are

95% confidence intervals of model predictions



Gaskell et al. Animal Biotelemetry (2023) 11:41

Effects of thruster and tether length

Detection probability of the mobile receiver was depend-
ent on several covariates including operating mode,
thruster, and tether length. When accounting for thruster
and tether length, detection probability for high-power
transmissions followed a concave curve with detection
probability peaking around 210 m from the transmitter
(Figs. 4a, 5). Detection probability for low-power trans-
missions generally followed a decreasing logistic-style
curve, characterized by stable detection probability fol-
lowed by decreasing probability with increasing distance
from the transmitter (Figs. 4b, 5). Detection probability
was higher in drifting mode than in station-keeping mode
for high- and low-power transmissions (Table 2). High-
and low-power detection efficiency was lower when the
thruster was on compared to when it was off (Table 2).
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probability was 0 and 3% in drifting and station-keeping
modes, respectively, when the thruster was on compared
to 78% and 50%, respectively, when the thruster was off.
Similarly, for low-power transmissions, overall detection
probability was 0 and 11% in drifting and station-keeping
modes, respectively, when the thruster was on compared
to 70% and 37%, respectively, when the thruster was off.
Length of the tether attached to the mobile receiver
(i.e., depth of the receiver) influenced detection prob-
ability, such that the long tether length resulted in slightly
longer detection range than the short and medium
tether lengths (Fig. 5). Model 2 suggested the long
tether length had a significant positive interaction with
distance on detection efficiency of high-power trans-
missions (Fig. 4c), resulting in a detection range curve
extending further from the transmitter (Fig. 5, Table 2).
Considering drifting mode with the thruster off, the

Low

i Distance
p < 0.001

0 200 400 600

Distance (m)

Fig. 4 Partial effects of significant smoother functions on detection probability identified by the GAM considering thruster use and tether length.
The left column depicts significant smooths for high-power transmissions: a distance and c tether length of 4.6 m as a function of distance. The
right plot depicts the only significant smooth function for low-power transmissions, b distance. P-values are given for each effect (see Table 2).

Shaded regions are 95% confidence intervals of model predictions
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and low-power (right) transmissions. Shaded regions are 95% confidence intervals of model predictions

50% detection probability from the high-power range
curve was 83.3 and 102.2 m further from the trans-
mitter for the long tether compared to the short and
medium tether lengths, respectively (Fig. 5). For low-
power transmissions, the long tether length had a sig-
nificantly higher detection probability than the short
[estimate + se, log(odds)=1.37+0.56, Z-value=— 2.47,
p-value=0.014] and medium tethers [estimate+se,
log(odds) =1.52+0.52, Z-value=— 2.95, p-value=0.003],
regardless of distance (Fig. 5, Table 2). Detection range
curves for the short and medium tethers were similar
with overlapping confidence intervals for high- and low-
power transmissions (Fig. 5, Table 2).

Effect of mobile receiver integration

The tethered receiver had generally better performance
than the integrated sensor hub. Detection efficiency was
higher for the tethered receiver than for the sensor hub
(effect of tethered receiver: high-power=3.94+ 1.39 [esti-
mate t se, log (odds)], p=0.005; low-power: 4.88 +2.07;
p=0.018). For high- and low-power transmissions, the
tethered receiver had a higher probability of a posi-
tive detection than the sensor hub at distances greater
than 40 m from the transmitter (Fig. 6). While confi-
dence intervals were wide due to small sample size in
this model, confidence intervals were non-overlapping
between 125 and 440 m for high-power transmissions
and between 120 and 395 m for low-power transmissions
(Fig. 6).

Temperature

Strength of stratification was similar across all trials
and was weak (i.e.,<1 °C/m) overall. Average tempera-
ture per trial ranged 14.7-17.4 °C (mean=16.4 °C) near
the transmitter, 20.2—-20.9 °C (mean=20.6 °C) near the
mobile receiver, and 8.4-12.9 °C (mean=10.0 °C) near
the deepest stationary receiver. The temperature gradient
from the transmitter to the mobile receiver ranged from
— 0.43 to — 0.21 °C/m (mean=— 0.32 °C/m) while the
temperature gradient from the transmitter to the deep-
est stationary receivers ranged from 0.28 to 0.62 °C/m
(mean=0.49 °C/m) during trials. Temperature gradient
recorded during trials was similar to the average gradient
during the approximately 8-day period the temperature
loggers were deployed (transmitter to mobile receiv-
ers=— 0.27 °C/m; transmitter to the deepest stationary
receiver=0.51 °C/m) (Additional file 1).

Discussion

The detection performance in the drifting mode relative
to the performance of nearby stationary receivers dem-
onstrate the potential promise of USVs as mobile telem-
etry platform. Drifting buoys have been explored as a
potential acoustic telemetry platform in lakes, where they
were found to cover more area and detect more tagged
fish than stationary receivers [36]. In drifting mode, USV-
based telemetry platforms have the potential to survey
more area than the same number of stationary receivers,
without the need to deploy and retrieve receivers and
without sacrificing detection efficiency. We hypothesized
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Table 2 Summary table of parametric coefficients and smooth terms for Model 2, GAMs testing the effect of operating mode, tether
length, thruster, a smoothed function of distance, a smoothed function of distance for each mode, a smoothed function of distance
for each tether length, and a smoothed function of distance for each thruster status on detection probability of high- (top) and low-

power (bottom) transmissions

Parametric coefficients Estimate SE 4 p-value

High-power
(Intercept) 1.88 0.57 3.30 951E-04
Mode = Station-keeping -225 0.62 —3.65 2.59E-04
Tether=29m - 058 0.60 -0.96 0.335
Tether=4.6m 1.22 0.76 1.60 0.110
Thruster=on -527 0.91 -578 7.26E-09

Smoothing terms EDF X2 p-value

S (distance) 3.00 3393 <2E-16

S (distance): mode = Drifting 1.23E-05 1.08E-06 0.823

S (distance): mode = Station-keeping 1.21E-05 1.27E-06 0.795

S (distance): tether=1.1 m 3.15E-06 8.97E-08 0.945

S (distance): tether=29m 2.72E-06 1.66E-07 0.880

S (distance): tether=4.6 m 1.05 497 0.015

S (distance): thruster = off 2.58E-03 2.52E-03 0.259

S (distance): thruster=on 9.58E-02 0.11 0.284

Parametric coefficients Estimate SE z p-value

Low-power
(Intercept) 0.54 042 1.29 0.199
Mode = Station-keeping - 141 044 -3.20 0.001
Tether=29m -0.15 0.45 -032 0.746
Tether=4.6m 137 0.56 247 0.014
Thruster=on —-291 0.54 —-543 5.54E-08

Smoothing terms EDF X2 p-value

S (distance) 2.74 25.75 5.62E-07

S (distance): mode = Drifting 1.43E-05 5.56E—-06 0.545

S (distance): mode = Station-keeping 1.28E-05 5.81E-06 0.509

S (distance): tether=1.1m 0.75 1.65 0117

S (distance): tether=29m 3.12E-05 7 49E-06 0.566

S (distance): tether=4.6 m 0.64 1.35 0.125

S (distance): thruster =off 1.24E-05 7.35E-06 0432

S (distance): thruster=on 2.17E-05 1.21E-05 0456

For each model (high- (top) and low-power (bottom) transmissions), parametric coefficients are provided with the estimate, standard error (SE), test statistic (2), and
p-value for the null hypothesis that the parameter is zero and smoothing terms are provided with the estimated degrees of freedom (EDF), test statistic (x2), and
approximate p-value for the null hypothesis that the smoothing term is zero. Italicized p-values are significant at a significance level of 0.05, see Fig. 5 for the partial

effects plots of significant smoothing terms

that the poor detection probability of CHASE in station-
keeping mode was caused by noise from the thruster or
from water moving over the hydrophone (i.e., hydrody-
namic noise). Thrusters are integral to many potential
mobile telemetry platforms and, thus, optimization of
AUVs/USVs as telemetry platforms will require strate-
gies for minimizing or masking noise from thrusters
and/or motors. While detection efficiency suffered when
the thruster was on at the time of transmission, thruster

status alone did not completely explain the poorer detec-
tion performance in station-keeping mode compared
to drifting mode. However, thruster status was taken at
the time of detection, recorded at a resolution of one
second at the end of the 3—4 s burst time of the trans-
mission. Therefore, the thruster could have been acti-
vated but unaccounted for during the burst time, which
could prevent the acoustic receiver from decoding the
entire transmission. Hydrodynamic noise is known to
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Fig. 6 Detection range curves of USV trials in drifting mode with a tether length (i.e, receiver depth) of 2.9 m when the thruster was off. Lines are
model predictions from trials with a tethered receiver (VEMCO VR2Tx; dashed maroon) or integrated sensor hub (VEMCO miniVR2C/RXlive; solid
beige) for high- (left) and low-power (right) transmissions. Shaded regions are 95% confidence intervals of model predictions

affect stationary acoustic receiver performance in envi-
ronments with pronounced flows [37], and, similarly, is
expected to affect any aquatic vehicle under active pro-
pulsion. Although thruster-driven USVs are not immune
to either of these noise sources, their ability to move
quickly over the water surface, track their position, and
navigate with precision makes them uniquely suited to
grid-style telemetry surveys in which both of those noise
sources are minimized during discrete listening intervals
(i.e., the drifting mode tested here). Although receiv-
ers performed poorly during station-holding, hardware
or software improvements could minimize the effects of
thruster and hydrodynamic noise so that station-keeping
mode could be useful during adverse weather conditions
or for experiments requiring more precise localization
of the acoustic receiver than what the drifting mode can
provide.

Detection probability of the mobile receivers was
low at distances near the transmitter and peaked at
an intermediate distance, which could be indicative of
close proximity detection interference, also termed the
“doughnut-effect” [38]. Close proximity detection inter-
ference can be caused by echoes of a transmission reflect-
ing off hard surfaces, such as rocky substrate or the lake
surface, which are detected before the next transmission
in a pulse train (i.e., transmission burst), causing failed or
misinterpreted detections [38, 39]. To minimize detection
of echoes, the types of receivers used in this study stop
listening for 260 ms (blanking interval) after detection of
each pulse. Thus, close proximity detection interference

can only occur when (1) the reflective surface causing
the echo is far enough away from the receiver and/or
transmitter that the echo arrives at the receiver after the
blanking interval and (2) the echo arrives at the receiver
with sufficient strength to be detected. This type of
detection interference is typically most severe for higher
power transmissions [8, 38, 39], as is seen in the present
study. However, stationary receivers did not experience
close proximity detection interference, suggesting that
close proximity detection interference is more prevalent
near the surface than the bottom in environments like
our study site. We hypothesize that prevalence of echoes
from distant objects is positively associated with receiver
height off bottom because the amount of substrate in
“sight” of a receiver increases with elevation. Transmit-
ters and receivers could be placed at variable depths
spanning the water column to investigate critical depths
that create, or avoid, conditions that support this detec-
tion interference. If our hypothesis is supported, then
receiver depth may be modified (via tether length) to
minimize close proximity detection interference in cer-
tain environments.

Over the range of tether lengths used in this study
(1.1-4.6 m), the lower detection range observed for the
medium and short tether lengths could be attributed to
proximity to the lake surface. Conditions of the lake sur-
face can decrease acoustic detection efficiency through
air entrainment resulting from wind and wave action
[40, 41]. Interactions between the lake surface and the
USV may produce additional noise that could decrease
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detection efficiency, even when the USV is motionless.
Additionally, temperature differences near the lake sur-
face that we were unable to record at a fine enough res-
olution could contribute to tether length differences in
detection range as temperature gradients can negatively
impact detection efficiency [13—15]. Weather conditions
were ideal during the study period, with low wind speeds,
waves typically less than 1 ft, and little thermal stratifica-
tion. Temporal studies performed when weather condi-
tions are degraded could reveal the effects of wind and
thermal stratification on mobile detection performance
under a wider range of conditions. In addition, longer
tether lengths than were used in this study could aid
in determining optimal lengths that maximize detec-
tion efficiency and range in different water depths and
conditions. Examining the impact of different encod-
ing schemes, as close proximity detection interference is
thought to be unique to the PPM encoding scheme, could
inform study design to avoid such an effect.

Ideally, a USV-based mobile telemetry platform would
allow real-time access to data from the acoustic receiver
and other sensors (e.g., temperature). Therefore, an inte-
grated receiver like the mini VR2C should be desired
over an electrically isolated VR2Tx. We speculate that
poor performance of the mini VR2C receiver connected
via sensor hub was caused by electromagnetic or acous-
tic noise produced by the sensor hub. Such noise may
have interfered with detections, but further testing is
needed to establish the cause of the poor performance.
If the issues with the sensor hub or mini VR2C can be
resolved, then further integration of the mini VR2C
receiver with the USV may allow operational parameters
to be changed in response to in situ environmental con-
ditions (e.g., thermocline) or feedback (e.g., test transmit-
ter detections).

Although USVs have advantages over stationary
receivers, they also have several limitations. The spatial
and time scales of the study will be limited by battery
capacity and accessibility of the vehicle for servicing.
For a given duration (e.g., battery life), increasing spa-
tial scale may require allocating more time to moving
among waypoints, during which detection efficiency
will be poorer than when the USV is not moving. USV-
based telemetry platforms may also be more likely to be
lost or damaged during a survey, although such losses
may be more readily detected and mitigated in mobile
platforms than in stationary arrays. Finally, a criti-
cal assumption underlying the development of mobile
receiver platforms is that stationary receivers are best
suited to detection of highly mobile animals (or time
periods when animals are highly mobile) and that
mobile receivers are best suited to detection of animals
with limited mobility (or periods of time when mobility
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is limited). Due to periodicity in mobility within the life
cycle of many organisms and variety of questions that
telemetry can be used to address, we expect mobile
telemetry to most often complement, rather than
replace, stationary telemetry methods.

Conclusion

Detection efficiency of an acoustic telemetry receiver
affixed to the CHASE USV was maximized, and most
similar to stationary acoustic receivers, when (1) the
USV passively drifted (vs. active station-holding) while
sampling at each waypoint; (2) an electrically isolated
(VR2Tx) receiver was used (vs. a cabled mini VR2C
receiver connected via a communications hub); and
(3) the receiver was suspended on a 4.6 m (vs. 1.1 m
or 2.9 m) tether. Thus, fundamental design elements
(e.g., receiver type; attachment method) and opera-
tional parameters (e.g., operating mode, and depth
of receiver) can have substantial consequences to the
efficacy of USV-mounted receivers. Although perfor-
mance of USV-mounted receivers was similar to sta-
tionary receivers under certain conditions (e.g., in
drifting mode with a VR2Tx receiver suspended on a
4.6 m tether), this work also identified processes (e.g.,
close proximity detection interference) and factors
(e.g., receiver depth) that are poorly understood, yet
could inform changes to further improve performance.
Specifically, optimization of USV-mounted receiver
platforms would further benefit from understanding:
(1) if lower detection efficiencies while station-keeping
than while drifting were caused by interference from
the thruster or hydraulic turbulence; (2) if poor perfor-
mance of a cabled mini VR2C receiver connected via
sensor hub was caused by acoustic or electromagnetic
interference; (3) if higher detection efficiencies with the
longest tethers used in this study were related to isola-
tion from surface noise; and (4) if tether lengths longer
than those used in this study could further improve
detection performance by reducing close proximity
detection interference or by mitigating effects of other
environmental factors (e.g., thermal stratification;
weather-related noise).

Overall, the performance of the CHASE USV in drift-
ing mode makes it a promising platform for telemetry
experiments. Mobile platforms may increase the study
area and decrease the labor required for a study without
significantly sacrificing performance. Better character-
izing the effects of transmitter depth and tether length,
examining the problem of waypoint selection, and final-
izing the design of the USV before disseminating plans
for its construction could improve the performance of
the CHASE USV.
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Additional file 1: Figure S1. Unmanned surface vessel (USV) tracks (black
line), stationary receivers (pink), and tag (green) location in the study area.
Panels provide each run (1-8) with USV trials operated in station-keeping
mode in the left column (trials 1,4, and 7) and trials operated in drifting
mode in the center and right columns (trials 2, 3, 5, 6, and 8). Figure S2.
OPTION A. Temperature (°C) over time recorded at seven temperature
loggers suspended within the water column near the line of stationary
receivers in Hammond Bay, Lake Huron (45.5155, — 84.06943). Each line
represents temperature recorded by a single logger, colored by height
off bottom (m). Shaded regions indicate unmanned surface vessel (USV)
trials with trial number given at the top (see Table 1 for trial descriptions).
Heights off bottom notable to the study include: transmitter nearest to
8.3 m off bottom, USV receiver nearest to 21.35 m off bottom, stationary
receivers nearest to 1.65 m off bottom. OPTION B. Temperature (°C) over
time recorded at seven temperature loggers suspended within the water
column near the line of stationary receivers in Hammond Bay, Lake Huron
(455155, — 84.06943). Each line represents temperature recorded by a
single logger, shown at the depth of the logger within the water column
and colored by temperature (°C). Shaded regions indicate unmanned
surface vessel (USV) trials with trial number given at the top (see Table 1
for trial descriptions). Dashed lines are labeled with the height of receivers
and the transmitter used in the study (see methods for details).
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