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Autonomous underwater vehicles (AUVs) or gliders are increasingly being used with acoustic telemetry to elucidate fish movements while
collecting simultaneous environmental data. We assessed the utility of an AUV equipped with an integrated acoustic receiver to detect Pacific
herring (Clupea pallasii) in Prince William Sound, AK, USA. A range test evaluated the effect of glider flight characteristics and environmental con-
ditions on the detection efficiency of transmitters at varying depths. While distance from transmitters was the strongest predictor of detections,
glider depth had a variable effect on detection efficiency which depended on transmitter depth and dive orientation. The detection efficiency of
the glidermounted acoustic receiver was less affected by wind speed and water level than that of stationary acoustic receivers deployed within
the study area. The AUV also performed repeated, adaptive transects in an area of ~630 km? area and detected 30 Pacific herring transmitters
without a priori knowledge of their locations. Of these herring transmitters, 14 were presumed shed after repeated detections within the same
area, and 2 were detected at multiple locations. This study is the first to demonstrate that glidermounted acoustic receivers have high detection

efficiency for transmitters at varying depths and can detect movements of migratory forage fish in large search areas.
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Introduction

Passive acoustic telemetry provides a means to study the mi-
gratory behaviour of acoustically tagged fish using automated,
stationary listening stations. These listening stations, acoustic
receivers or hydrophones, can repeatedly detect and identify
acoustically tagged fish that pass within range of a receiver,
generally <1 km depending on equipment and weather con-
ditions (Eiler and Bishop, 2016). While there are many advan-
tages to this methodology, there are trade-offs between the
probability of detecting acoustically tagged fish and provid-
ing enough spatial receiver coverage to represent large areas
used by migratory fish. Vessel-based acoustic telemetry allows
users to cover a larger area than stationary receivers, but the
signal strength of acoustic transmissions degrades with higher
vessel engine or sea surface noise (Eiler et al., 2013; Mathies
et al., 2014). Alternatively, autonomous underwater vehicles
(AUVs) or gliders are becoming an efficient, mobile alterna-
tive for acoustic receiver mounting that offers simultaneous
environmental monitoring.

AUVs can carry acoustic receivers as payload to detect
acoustically tagged fish (Grothues et al., 2010; Eiler et al.,
2013; Eiler et al., 2019), evaluate fish distributions (Dodson
et al., 2018; Zemeckis et al., 2019), characterize fish habi-
tat (Grothues et al., 2008; Haulsee et al., 2015), and docu-
ment the influence of oceanographic features on fish move-
ment (Oliver et al., 2013; Breece et al., 2016). Glider-mounted

platforms overcome some of the limitations of passive acous-
tic telemetry by allowing users to track individual telemetered
fish and explore habitats not suitable for stationary passive
receivers (Grothues et al., 2008; Oliver et al., 2013; Zemeckis
etal.,;2019). In comparison to vessel-based acoustic telemetry,
AUVs operate remotely and sample throughout the water col-
umn, which provides a higher detection probability in deeper
waters (Eiler et al., 2013). Changes in buoyancy create ver-
tical movement, which is turned into forward propulsion by
lift from the wings (Webb et al., 2001). This makes AUVs an
energy-efficient option for longer deployments. While AUVs
provide many advantages, they also introduce mobility to
the listening platform and a broader range of environmen-
tal conditions that may affect acoustic detection efficiency.
Therefore, the purpose of this work was to evaluate how
glider mobility and varying environmental conditions affect
acoustic detections and determine whether the glider-mounted
receiver can detect acoustically tagged fish in the study
area.

Due to the numerous factors that can influence detections
on a mobile platform, the first objective of this study was to
evaluate the detection efficiency of the AUV-mounted acoustic
receiver. This was accomplished with a range test whereby the
probability of detecting individual transmissions (detection ef-
ficiency) from acoustic transmitters was compared to glider
flight characteristics (e.g. distance, depth, etc.) and oceano-
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Figure 1. Map of study area within southeast PWS (a) and range test area (b) in Port Gravina. The glider conducted a range test to evaluate the detection
efficiency of the glidermounted VR2C for acoustic transmitters and repeatedly transited a 630 km? herring search area (a; dashed polygon) to detect
acoustically tagged Pacific herring. For the range test (b), the glider conducted transects (T) between programmed AUV end points with the transmitter
moored at the centre. The transmitter mooring was equipped with three acoustic transmitters at varying depths (4, 64, and 119 m) and a stationary
VR2AR acoustic receiver at 124 m (TMR_124). An adjacent receiver mooring was equipped with a VR2AR at 126 m (RMR_126) and a VR2\W at 65 m

(RMR_65).

graphic conditions (e.g. gust speed, water level, etc.). It is
evident that the detection efficiency of both stationary and
mobile acoustic receivers is affected by distance from trans-
mitters, ambient noise, and local environmental conditions
(Shroyer and Logsdon, 2009; How and de Lestang, 2012;
Gijelland and Hedger, 2013; Kessel et al., 2014; Mathies et
al., 2014; Huveneers et al., 2016; Klinard et al., 2019). Few
investigations have assessed how the mobility of the glider-
mounted platform affects acoustic detection efficiency (Eiler
et al., 2013; Oliver et al., 2017; Ennasr et al., 2020). These
range tests identified glider orientation in relation to transmit-
ters (Ennasr et al., 2020), water depth, and wind speed (Oliver
et al., 2017) as important factors that influence acoustic de-
tections. Ocean stratification is another factor that frequently
affects acoustic detections when receivers and transmitters are
positioned on opposing sides of a thermocline (Shroyer and
Logsdon, 2009; Cagua et al., 2013; Mathies et al., 2014).
Here, we expanded on these range tests by including transmit-
ters at varying depths and environmental variables relevant to
subarctic oceanographic conditions.

In addition to detection efficiency, it was important to eval-
uate whether the glider-mounted platform could detect acous-
tically tagged Pacific herring (Clupea pallasii), an ecologi-
cally important forage fish species in our study area, Prince
William Sound (PWS), AK, USA. PWS is a subarctic embay-
ment bordering the Gulf of Alaska (GoA) in southcentral
Alaska (Figurie 1a). PWS was once home to a robust Pacific
herring population and fishery prior to its collapse in 1993,
four years after the Exxon Valdez oil spill (EVOS). Since 2013,
the migratory patterns of the PWS herring population have
been monitored using the Ocean Tracking Network (OTN;
Dalhousie University, Nova Scotia, Canada), arrays of station-
ary acoustic receivers across the major entrances connecting
PWS to the GoA. These arrays record the date, time, and iden-
tity of acoustically tagged herring entering PWS from the GoA
or exiting PWS into the GoA. Because herring are the only
remaining fish species designated as injured after the EVOS

(EVOS, 2014), their movements within PWS are relevant for
assessing why this population has yet to recover. Therefore,
our second objective was to determine whether the glider-
mounted acoustic receiver could detect acoustically tagged
herring in southeast PWS, an ~630 km? area, without a priori
knowledge of their location.

The OTN has revealed how herring migrate out and into
PWS with seasonality and that the PWS herring population
consists of both resident and migratory fish (Eiler and Bishop,
2016; Bishop and Eiler, 2018; Bishop and Bernard, 2021).
Due to the design of the OTN, the movement of herring
within PWS is relatively unknown. Stationary acoustic re-
ceivers are not well suited for evaluating herring movements
within PWS due to geography, oceanographic conditions that
result in equipment loss, and the expense of receivers. While
an AUV-mounted acoustic receiver provides more spatial cov-
erage than stationary receivers, it can be difficult to track fish
in large areas without a priori knowledge of their location.
Other AUV-based acoustic telemetry studies have successfully
detected telemetered fish by releasing animals within proxim-
ity to glider transects (Eiler et al., 2013; White et al., 2016;
Eiler et al., 2019; Zemeckis et al., 2019), while fewer have
searched large areas without recent detection data or observa-
tions (Oliver et al., 2013). Repeated detections of individual
herring transmitters by the glider-mounted acoustic receiver
would provide novel data for the PWS study area and support
the broader use of glider platforms for studying migratory fish
In marine environments.

The purpose of this study was to determine whether a
glider-mounted acoustic receiver would supplement the exist-
ing OTN infrastructure to study the movements of Pacific her-
ring. The performance of the glider-mounted acoustic receiver
was delineated into detection efficiency, whether it had a high
probability of detecting transmitters at different depths under
varying mobile and environmental conditions, and its ability
to detect acoustically tagged herring in a large area without a
priori knowledge of their location.
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Table 1. Details on time and location for each glider deployment during the
study period.

Duration

Deployment # Start date Latitude Longitude (days)

1 25/01/2021  60.672°N  —146.767°W 29
2 23/03/2021  60.587°N  —146.010°W 29
3 29/04/2021  60.588°N —145.974°W 28

Methods

Study area

PWS is located on the coast of southcentral Alaska, primar-
ily between latitudes 60° and 61°N (Figure 1a). A number of
marine passageways, including Hinchinbrook Entrance and
Montague Strait, provide access to PWS from the northern
GoA. The southeast PWS study area included Port Gravina
and Orca Bay, with the range test focusing on a 1 km radius
around stationary moorings in Port Gravina (Figure 1b).

Glider deployment

Between 25 January and 27 May of 2021, a Teledyne Webb
Slocum AUV or glider was deployed three times in south-
east PWS (Table 1). Recovery and re-deployment were re-
quired for battery recharges, recovery of full-resolution data,
and maintenance. After a series of range tests and survey
transects to detect acoustically tagged herring, the AUV tran-
sited into Montague Strait for 4 d and exited PWS into
the GoA. Final recovery occurred in Resurrection Bay, AK,
USA. The total survey distance was 1531 km over an 86-d
deployment.

Prior to deployment, the AUV was equipped with an VR2C
acoustic receiver (Innovasea; Bedford, Nova Scotia, Canada)
that was positioned forward on the nose of the glider and pro-
grammed to detect 69 kHz acoustic transmitters for both the
range test and herring search transects. The VR2C was pro-
grammed to listen for transmitters during diving, hovering,
and climbing mission states and turned off when the glider
was commanded to surface. The AUV was also equipped with
a SeaBird conductivity, temperature, and depth (CTD) sensor,
a Wet Labs Ecopuck fluorometer, a Rinkoll optode for oxy-
gen saturation measurements, and a Biospherical Instruments
PAR sensor. The Wet Labs Ecopuck sensor was configured
to measure optical backscatter at 700 nm and chlorophyll-a
concentration using fluorescence. The glider estimated depth-
averaged velocity between surface events by comparing sur-
face GPS locations with dead-reckoning subsurface navigation
(Schofield et al., 2007).

During deployments, the glider performed surface events
every 2 h by inflating an air bladder to transmit data files
to a central server through an onboard iridium phone. Dur-
ing each surface event, the first downcast for temperature,
salinity, chlorophyll-a, backscatter, PAR, and dissolved oxy-
gen (subsampled every 8 s) in addition to all VR2C detec-
tions were transmitted. Before returning to its dive profile, the
glider turned on a GPS receiver to obtain latitude and longi-
tude data and downloaded new mission files. In total, surface
events lasted 10 min, during which time the VR2C did not
make acoustic detections.

The AUV was equipped with a magnetic drive propeller
designed to prevent the glider from going off course due to
strong currents. Typical horizontal glider speeds while survey-
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ing in eastern PWS were between 0.1 and 0.3 m s~'. Dur-
ing the transit through Montague Strait, tidal currents ap-
proached 0.5 m s™!, and required that the magnetic drive pro-
pellor be activated. After exiting into the GoA, the thruster
was turned off until final recovery in Resurrection Bay, near
Seward, AK, USA. The effect of the propeller activation on
detection efficiency was not evaluated.

Range test

To evaluate the detection efficiency of the glider-mounted
VR2C, a range test was conducted in southern Port Grav-
ina (Figure 1). The glider conducted a total of 26 transects
within a 1 km range of a transmitter mooring (Figure 1b) fit-
ted with three acoustic transmitters (Model V9-2x; 146 dB
power output; 4.7 g wt in air; 804 d estimated battery life;
70-150 s delay; Innovasea) at varying depths (surface, 4 m;
mid-water, 65 m; near-bottom, 119 m) and a VR2AR acoustic
receiver (TMR_124; Innovasea) at 124 m. Transmitter depths
were chosen to represent a depth range relevant for detect-
ing Pacific herring. During the winter months, herring schools
are typically found at a lower depth (50-85 m) than in the
spring, when herring concentrate near the surface to feed on
zooplankton (Carlson, 1980).

A receiver mooring (Figure 1b) was also deployed, 0.5 km
to the east of the transmitter mooring, and was equipped with
a VR2AR (RMR_126; Innovasea) at 126 m and a second mid-
water column VR2W receiver at 65 m (RMR_635; Innovasea).
These receivers were within range (<0.5 km) to detect acoustic
transmitters on the transmitter mooring in order to compare
the detection efficiency of stationary receivers with the glider-
mounted VR2C. While different acoustic receivers (VR2W,
VR2AR, and VR2C) were utilized for this study, we expected
comparable performance between the similar VR2AR and
VR2W models. The primary difference between these receiver
models is that VR2ARs have added features to enhance recov-
ery and detecting a broader range of transmitters that are not
relevant to this study (Vemco, 2016). It was expected, how-
ever, that the VR2C would have reduced detection efficiency
when within 0.1 km of the transmitter mooring (Oliver ef al.,
2017), but would be similar otherwise.

During the range test, the glider was programmed to tran-
sit between two waypoints (60.6528°N, —146.329°W, and
60.6905°N, —146.2521°W) separated by 6 km, with the
transmitter mooring (Figure 1b) at the centre of the transect
line. The glider was set to surface at the two waypoints on
the outside of the transect line and every 2 h while transiting
along the line. While transecting, the glider was set to dive to
125 m and climb to 3 m below the surface, resulting in aver-
age horizontal speeds of 1 km per hour. While underwater, the
exact position of the glider in terms of latitude and longitude
is unknown. Therefore, the glider’s position is approximated
by linearly interpolating between the GPS fixes collected at the
surface, assuming that the glider travelled in a straight line at
constant speed while underwater.

Glider transects are separate instances where the glider
passed the transmitter mooring within 1 km and made acous-
tic detections (Figure 1b; Supplementary Table 1). For each
transect, the glider transited the area at a range (Figure 2) of
distances (0-1 km), depths (0-130 m), and pitches (—33.9-
32°) to evaluate the effect of glider flight variables on acous-
tic detection efficiency. Transects were also performed on
multiple days with varying weather conditions (26-31 Jan-
uary, 1-2 February, 30 March, and 20-21 April). Some tran-
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Figure 2. Distance-based dive profile for glider depth (a) and pitch (b) during a range test. The glider conducted 21 transects past a stationary mooring

with three acoustic transmitters at varying depths (4, 65, and 119 m). A binary indicator was used to designate whether the onboard VR2C “detected”
or “missed” each tag signal transmission at varying distances from the transmitter mooring. Detections were consistently made throughout the depth
and distance profile (a), but were restricted to when the pitch of the glider (b) was between 25 + 3° (climbing) and —25 + 3° (diving).

sects were removed prior to statistical analysis due to a
lack of detections or errors associated with the location of
the glider between surface events. A lack of detections oc-
curred for two transects due to the distance of the glider
being >1 km from the transmitter mooring for the dura-
tion of the transect or because the glider surfaced to trans-
mit data for most of the transect. An additional three tran-
sects were removed due to inconsistencies between the inter-
polated location of the glider between surface events and the
recorded location of acoustic detections. This error could be
due to stronger currents pushing the glider off of its desig-
nated path. In total, 21 transects were included in subsequent
analyses.

The transmitter mooring was fit with three acoustic trans-
mitters with a 70-150 s transmission delay. The expected col-
lision rate for three acoustic transmitters with a 70-150 s de-
lay is 10.3 £ 0.1%, which was calculated using the “glatos”
package in R (Holbrook et al.,2016). For observed detections,
we calculated that 22.8 4+ 8.0, 17.5 4+ 6.3, and 18.8 + 6.6%
of transmitter pings during 21 glider transects for the sur-
face, mid-water, and bottom transmitters, respectively, were
not heard by an acoustic receiver. While our unheard trans-

mission rates were higher than the expected collision rate, they
were comparable to previous work with Innovasea acoustic
receivers, where a 50-60% detection to transmission ratio is
common (Loher et al., 2017). Therefore, statistical analyses
only included data for pings that were heard by at least one
acoustic receiver.

Detection efficiency (Figure 3) was calculated from the
number of transmissions heard by each receiver out of all
known transmissions. To normalize detection efficiency for
comparison between all four receivers, stationary receiver
data were limited to the same timeframes as the 21 glider tran-
sects, and the glider-mounted VR2C data were limited to when
the glider was within 515 m of the transmitter mooring, the
maximum distance between stationary receivers and transmit-
ters (Figure 3c).

GAM modelling

The summed effect of numerous predictor variables on the
detection efficiency of stationary and AUV-mounted acoustic
receivers for each transmitter (surface, mid-water, and bot-
tom) was evaluated with general additive models (GAM) us-
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Figure 3. Detection efficiency, the proportion of total transmissions detected (a, b), and mooring designs (c; not drawn to scale). The average detection
efficiency (a) of the glidermounted VR2C, when within 515 m for comparison, and stationary receivers (TMR_124, RMR_126, and RMR_65) for three
acoustic transmitters at varying depths (surface; 4 m; mid-water; 65 m; bottom; 119 m). The detection efficiency of the VR2C decreased with distance
(b) from the transmitter mooring. The distance (m) between each receiver and transmitter is included at the base of each bar (a) and in the mooring
design (c). Significant differences are denoted by a bracket and p-value (<0.05).

ing the “mgecv” package in R (Wood, 2015). GAMs were
chosen because of their tolerance of nonlinear responses and
relaxed distributional assumptions (Zuur et al., 2009). Pre-
dictor variables addressed glider flight characteristics includ-
ing distance, depth, pitch, and orientation. Glider orienta-
tion included dive orientation, whether the glider was climb-
ing or diving in the water column, and transmitter orien-
tation, whether the glider-mounted VR2C was pointed at
the transmitter mooring or away. Environmental variables
were also evaluated and included glider-collected temperature
(2.8-11.0°C), salinity (24.6-33.3 PSU), and density (1019.1-
1026.4 kg m~3) data, which were used to evaluate ocean
stratification and calculated from conductivity and temper-
ature using the seawater equation of state (Fofonoff, 1985).
Additional random variables were incorporated, including
transect, day, and day/night. Wind and gust speed were col-
lected from NOAA tide station 9454050 (Cordova, AK, USA;
60.5578°N, 145.756°W), while tidal water level and tide di-
rection were obtained from the National Data Buoy Cen-
ter (Station 46060—West Orca Bay; 60.586°N, 146.787°W).
Ambient noise (mV) was collected from TMR_124 (144.8-
292.7 mV range), the VR2AR at the base of the transmitter
mooring, and is a metric for background noise in proximity
to the receiver. The ambient noise metric is constrained to the
69 kHz range of the receiver and is a diagnostic estimate of
environmental noise. In previous work, low noise conditions
are <300 mV, moderate conditions are 300-650 mV, and high
noise conditions are 650-950 mV (Cimino et al., 2018). Am-
bient noise can impact detections and was included in GAM
modelling for both the glider-mounted VR2C and stationary
receiver data.

Prior to model fitting, we evaluated the data for gaps
in glider coverage (Figure 2) and collinearity of predictor
variables. While preliminary models were run with wind
speed and/or gust speed, average wind speed was removed
from final models due to high collinearity (0.992) with gust
speed and minimal contribution to model parsimony. To iden-
tify the most parsimonious model, we implemented a step-
wise selection of variables (step.Gam in the “gam” pack-
age of R; Hastie, 2015) that included combinations of pre-
determined variables based on previous AUV-based ranged
tests (Oliver et al., 2017; Ennasr et al., 2020) and PWS
environmental conditions (Vaughan et al., 2001; Campbell,
2018). Predictor variables were excluded from the final
model if they did not improve the parsimony of the fitted
model.

For all GAMs, cubic regression splines with shrinkage
(bs = “cs”) were the primary smoothing functions utilized
for predictor variables, with estimates using restricted max-
imum likelihood and a maximum of 12 knots. Shrinkage
smoothers were incorporated because they penalize non-
significant smoothers, or predictor variables, out of the model
(Zuur et al.,2009; Marra and Wood, 2011), and prevent over-
fitting of the data (Wood, 2000; Wood and Augustin, 2002).
Random variables were also incorporated into models (bs =
“re”), including transect, day, and day/night. The significance
of each smoother was determined by the estimated p-value
(p < 0.05) testing the null hypothesis that the smoothing term
is zero and the estimated degrees of freedom. Fitted mod-
els were compared using the Akaike information criterion to
identify the most parsimonious model for evaluating the par-
tial effect of our predictors on the detection efficiency of all
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three acoustic transmitters (surface, mid-water, and bottom).
The final check for model fit utilized the gam.check function
in “mgecv” as described in Wood (2015) to evaluate the num-
ber of knots used for each smoother and determine if patterns
were missed in the data and if the distribution of the residuals
was non-random.

Because the stationary receivers were continuously detect-
ing transmissions from acoustic transmitters at a range of
0.5 km (Figure 1b), detections were consolidated into a per-
hour rate and limited to hours that the AUV came within 1 km
of the transmitter mooring. GAM models evaluated the addi-
tive effect of predictor variables on the detection rates of the
surface, mid-water, and bottom transmitters using a gaussian
distribution and an identity link function. The most parsimo-
nious model explained 60.6, 61.5, and 73.3% of the null de-
viance for the surface, mid-water, and bottom transmitters,
respectively, and had the following formula:

VR2AR/VR2W hourly detection rate ~ receiver
+s (noise, by = receiver)
+ s (gust speed, by = receiver)
+s (water level, by = receiver) + tide direction
+ s (day) + s (day : night) .

For the AUV-mounted receiver, a binary indicator was
used to represent detection (1) or non-detection (0) for
every known transmission from each acoustic transmit-
ter (surface, mid-water, and near-bottom). At each trans-
mission, we interpolated glider variables for distance from
the transmitter mooring, depth, dive orientation (diving or
climbing), mooring orientation (pointing towards mooring,
pointing away from mooring), pitch, heading, and environ-
mental variables (temperature, salinity, density, wind speed,
gust speed, tidal water level, tide direction, and ambient
noise). Random effects were also included (transect, day,
and day/night). Data were included from 21 transects (Sup-
plementary Table 1) performed by the AUV between 26
January and 21 April, for a total of 25 h spent transect-
ing. The average time of each transect was 1.2 4+ 0.3 h.
The most parsimonious model explained 21.5, 17.5, and
28.7% of the null deviance for the surface, mid-water, and
bottom transmitters, respectively, and had the following
formula:

VR2C detection ~ s (glider distance)
+s (glider depth, by = dive orientation)
+ s (glider pitch, by = mooring orientation)
+ dive orientation + mooring orientation
+ s (gust speed) + s (water level)

+tide direction + s (Transect) .

Herring transects

Throughout all three glider deployments, we monitored data
transmissions from the glider as it transited southeastern
PWS, an area of ~630 km?, for detections of herring fit
with acoustic transmitters (Model V9-2x; power output 145
dB; battery life 832-d; 70-150 s delay; Innovasea) in April
2019 and 2020 (see Eiler and Bishop, 2016 for acoustic
tagging methodology). Herring spawn activity in southeast

A.D. Cypher et al.

PWS occurs from late March to early May (McGowan et
al., 2021) and is typically concentrated near the mouth of
Port Gravina. Based on previous detections recorded using
stationary arrays on the southeast PWS spawning grounds
(Bishop and Bernard, 2021; M. A. Bishop, unpublished data),
we anticipated that acoustically tagged herring would be in
the study area during glider deployments between late Jan-
uary and early May. We did not, however, have recent sta-
tionary acoustic telemetry data at the time of glider de-
ployment to confirm the presence of tagged herring within
PWS.

During each surfacing event, the glider transmitted near
real-time detection data that allowed us to implement adap-
tive sampling strategies, altering the glider path based on de-
tections to revisit areas where herring transmitters were de-
tected. In the absence of herring detections, the glider path was
designed to provide optimum coverage of this area, with the
most concentrated searches occurring in proximity to coast-
lines where herring are more likely to be detected (Bishop and
Eiler, 2018). We monitored the VR2C data uploads for her-
ring detections daily. When a herring transmitter was detected,
the glider path was modified to return to within 1 km of the
original location of detection. Re-transiting areas with herring
detections allowed for distinguishing transmitters that were
shed, ejected from the peritoneal cavity after tagging or the
result of a mortality, and were presumed to be stationary on
the sea bottom. If herring transmitters were not re-detected
during a subsequent transect, herring were designated as alive
and having moved away from the area. A herring move-
ment was only designated if a herring transmitter was re-
detected in a separate location >1 km from the original
detection site.

Results

Range test

Overall, the glider-mounted VR2C detected 65.7% of all
acoustic transmissions that occurred during transects when
within 1 km of the transmitter mooring. When the glider-
mounted VR2C was within a 515 m range, the maximum
distance between stationary receivers and transmitters, it had
slightly higher detection efficiency for the surface transmitter
(83.8%, p = 0.02) than the mid-water (72.7%) and bottom
transmitters (75.5%; Figure 3a). By comparison, the station-
ary receivers (TMR_124, RMR_126,and RMR_65) had vari-
able detection efficiency for transmitters that was unexplained
by distance alone. The detection efficiency of TMR_124 was
98.5% for the bottom transmitter (5 m above) in compari-
son to 26% for the surface transmitter (120 m above), de-
spite the distance between the receiver and surface transmit-
ter being within range (<0.5 km) to expect high detectabil-
ity based on previous range tests for the OTN (Eiler and
Bishop, 2016). By contrast, RMR_126 detected 64.7% of sur-
face transmitter pings and had the highest detection efficiency
for the mid-water transmitter (68.9%, 504.2 m) and the low-
est for the bottom transmitter (47.5%, 500.1 m). The mid-
water column receiver, RMR_635, had the lowest overall detec-
tion efficiency for all three transmitters, detecting 28 and 11%
of transmissions from the surface and bottom transmitters,
respectively.

While the average detection efficiency of the glider-mounted
VR2C was consistently >70% for all three transmitters, the
detectability of the bottom transmitter was the most affected
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by distance (Figure 3b). The detection efficiency of the glider-
mounted VR2C for the surface and mid-water transmitters
remained >50% up to 0.7 and 0.6 km from the transmit-
ter mooring, respectively. For the bottom transmitter, detec-
tion efficiency declined at a higher rate than at the surface
(p = 0.03; #-test) and mid-water transmitters (p = 0.03),
falling <50% between 0.5 and 0.6 km, with no detections
once the glider was greater than 0.9 km away. A detection ef-
ficiency >75% occurred for all three transmitters when the
glider was 0.4-0.5 km away from the transmitter mooring.
The closest and farthest detections occurred when the glider
was 0.012 and 1.46 km from the transmitter mooring, respec-
tively.

The GAM models for the glider-mounted VR2C identified
several predictor variables that differentially affected the de-
tectability of transmitters at varying depths (Figure 4). Dis-
tance from the transmitter mooring was the most important
variable affecting acoustic detections for all three transmitters
(Figure 4a) and was unaffected by the orientation of the glider
(pointed towards or away from the transmitter mooring, as-
cending or descending in the water column, excluded from the
model). The model response function for the bottom transmit-
ter corroborated the detection efficiency results (Figure 3b)
in that detection probability decreased at a higher rate than
for the surface and mid-water transmitters. The model re-
sponse for all three transmitters indicates that distance re-
duces the response below the average value (the O-line) at
~0.5 km.

Glider depth affected acoustic detections at the surface and
mid-water transmitters and varied by whether the glider was
diving or surfacing (Figure 4b and ¢), but not by mooring ori-
entation (the glider pointed towards or away from the trans-
mitter mooring, which was excluded from the model). During
diving, the glider had the highest detection efficiency for the
surface transmitter at ~75 m depth (Figure 4b), with decreas-
ing acoustic detections as depth increased thereafter. Con-
versely, when surfacing, the glider had higher detection effi-
ciency at depth (~125 m), with acoustic detections being the
lowest when closer to the surface (Figure 4c), and presumably
closer to the surface transmitter. The detection of the mid-
water transmitter was consistent across depths when the glider
was diving, but when surfacing, acoustic detections were high-
est when closer to the surface, decreasing with depth (Figure
4c¢). Overall, this pattern differed from what was observed for
the mid-water column, stationary receiver, RMR_65, which
had the lowest detection efficiency (<30%). When the glider-
mounted VR2C was at a similar depth (55-75 m) and range
(450-550 m) to the RMR_63, the detection probability was
58.8,63.6,and 68.4% for the surface, mid-water, and bottom
transmitters, respectively.

Glider pitch had a minimal effect on the acoustic detec-
tions of all three transmitters but varied by mooring ori-
entation, whether the glider was oriented towards or away
from the transmitter mooring (Figure 4d and e). Most acous-
tic detections occurred when the glider was surfacing at a
pitch of 25 + 3° or diving at a pitch of —25 £ 3° (Figure
2b). During transitions between surfacing and diving, the
glider only made four detections due to science sampling,
including the VR2C, shutting down to prepare data files
for transmission upon surfacing. Despite the reduced range
of pitch at which the glider-mounted VR2C was able to
make acoustic detections, the VR2C detected 20% more
transmissions from the mid-water transmitter (Figure 4d,
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p = 0.005) while climbing (positive pitch) than when div-
ing (negative pitch) when oriented towards the transmitter
mooring. The VR2C also detected 40% more transmission
from the bottom transmitter (Figure 4e, p = 0.008) when div-
ing (negative pitch) when oriented away from the transmitter
mooring.

The detection efficiency of the glider-mounted VR2C was
not affected by ambient ultrasonic noise (excluded from the
model), which was recorded by TMR_124. Ambient noise,
however, was the most important variable that degraded the
detection efficiency of the stationary moorings (Supplemen-
tary Figure 1). Ambient noise in excess of 200 mV significantly
decreased the detection probability of each stationary acous-
tic receiver in most cases. Detectability by TMR_124 for the
bottom transmitter (positioned 5 m above) was the only in-
stance where detection efficiency was unaffected by ambient
noise (p = 0.5).

While environmental conditions were expected to affect
acoustic detections by the glider-mounted VR2C and station-
ary moorings, only two variables were included in the fi-
nal GAM models: gust speed and tidal water level (Figure
5). Additionally, these variables affected the detectability
of the stationary receivers more than the glider-mounted
VR2C. For gust speed (Figure 5a; 1-13.9 knot range), acous-
tic detections by the stationary receivers were affected by
increasing gust speed. For TMR_124, detectability of the
surface and mid-water transmitter decreased (p < 0.0001,
p < 0.0001) with increasing gust speed. The detectability mea-
sured by RMR_126, however, was not affected by gust speed
(p = 0.1, 0.5, and 0.9). For RMR_635, gust speed only re-
duced the detectability of the mid-water column transmit-
ter (p = 0.001). While gust speed affected acoustic detec-
tions of stationary receivers, the detectability of the surface,
mid-water, and bottom transmitters by the glider-mounted
VR2C was unaffected by gust speed (p = 0.9, 0.4, and 0.1,
respectively).

Water level from tidal fluctuations affected acoustic de-
tections by all four receivers, primarily the surface trans-
mitter (Figure 5b). Higher water levels (>2.5 m) increased
the detectability of the surface transmitter for RMR_126
and RMR_65 (p < 0.0001; 0.005; Figure Sb), but decreased
detectability for TMR_124 (p = 0.006). The detectability
of the mid-water column transmitter was only affected for
RMR_126, increasing after 2.5 m (p < 0.001). For the glider-
mounted VR2C, the model response for the surface transmit-
ter (Figure 5b) decreased as water level approached 1.5 m
and then subsequently increased with increasing water level
(p = 0.006). Overall, the glider-mounted VR2C and receiver
moorings (RMR_126 and RMR_65) had higher acoustic de-
tections at higher water levels, while the transmitter moor-
ing receiver (TMR_124) had fewer (Figure 5b). During glider
transects, 20.9 and 18.4% of all acoustic transmissions oc-
curred during water level intervals of 1.8-2.3 and 3.8—4.3 m,
respectively, while the remainder were evenly spread (4.6—
9.7%) across remaining water levels (—0.6—4.3 m range).

While gust speed and tidal water level were the only envi-
ronmental variables included in the final GAM models, nu-
merous environmental predictors were evaluated, including
ocean stratification. During the range test, the AUV recorded
differences in stratification that were not significant predic-
tors (density, temperature, and salinity) identified by the fit-
ted GAM model. In January and February, surface waters
were colder (4°C) and fresher (30.25 PSU) than the bottom
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(125 m; 6.6°C; 31.75 PSU), with a transition at 35 m depth.
In March, the water column was relatively mixed, with a con-
sistent temperature and salinity of 4.5-5°C and 31.5-31.75
PSU, respectively, throughout the water column. In April, a
nascent pycnocline was observed at 8 m depth with warmer,

fresher water at the surface (6.5°C, 30.75 PSU) in comparison
to at depth (125 m, 5°C, 32.0 PSU), but the density difference
(~1.3 £ 0.4 kg m~3) was more modest than seen at the sea-
sonal pycnocline of PWS (>6 kg m~3: Campbell, 2018) and
does not appear to have impeded detections.
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Herring detections

During all three glider deployments, including the range
test, the VR2C detected herring transmitters in Port Gravina
(n = 14), Orca Bay (n = 12), Montague Strait (7 = 3), and
the GoA (n = 1; Figure 6). In total, the glider detected 30 her-
ring transmitters, including 3 implanted in 2019 and 27 in
2020. Most herring transmitters were detected in proximity
to known spawning areas near the mouth of Port Gravina in-
cluding Knowles Head, Redhead, and Hells Hole, in addition
to Orca Bay (Figure 6B). Although the glider was originally
directed to pass within 1 km of detected herring during a re-
peat pass, the results of the range test indicated that 0.5 km
(Figure 3b, Figure 4a) is a more suitable range for determin-
ing if a herring transmitter is shed or alive. Therefore, of the
30 herring detected, 14 were detected within a 0.5 km range
on at least two passes, occurring on separate days, and were
therefore designated as shed (Table 2). These shed transmitters
were found to be within a range of 1.6-41.8 km from where
they were originally released after tagging.

Of the remaining 16 herring transmitters, 8 were designated
as alive, and the remaining 8 were designated as undetermined
(Table 2). Herring were designated as undetermined when de-
tections occurred during one time period and the area was not
re-surveyed within a 0.5 km range. For the herring designated
as alive, six were detected during one event at one location,
but re-surveying of the area within 0.5 km did not result in a
re-detection, indicating that the animal moved away from the
area. Lastly, there were two herring detected in two separate
locations, demonstrating movement within the inside waters
of PWS by 14.8 and 59.5 km (Figure 6; Table 2). The herring
that travelled 59.5 km was first detected on 19 April near the
mouth of Port Gravina and was re-detected on 5 May 2021,
in Montague Strait.

Discussion

Our results support those from previous range tests (Oliver
et al., 2017; Ennasr et al., 2020), whereby glider distance,
depth, pitch, and orientation are all important variables af-
fecting acoustic detections. While we evaluated a suite of en-
vironmental conditions, water level with tidal fluctuations
was the only variable that affected acoustic detections by the
glider-mounted VR2C. We further demonstrate that the ef-
fect of each of these variables differs between transmitters
at varying depths (Figure 4). This is an important distinc-
tion since range tests do not typically incorporate transmit-
ter depth, even though acoustically tagged animals may be
present throughout the water column when within range of
an acoustic receiver. Despite this effect, the glider-mounted
VR2C had >75% detection efficiency for all three transmit-
ters (surface, mid-water, and bottom) when within 0.5 km. By
contrast, stationary receivers positioned 0.5 km from trans-
mitters had lower detection efficiencies (RMR_126; 47-69%,
RMR_65; 11-28%) that were more affected by transmitter
depth (Figure 3) and environmental conditions (Figure 5).
The effect of transmitter depth on acoustic detections
by stationary receivers is typical and important to consider
when designing stationary acoustic receiver arrays. Receivers
should be positioned to optimally detect acoustic transmis-
sions where they are most likely to occur in the water column
(Clements et al., 2005). Typically, acoustic receivers are ori-
ented vertically in the water column and near the ocean bot-
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tom to maximize horizontal range and detect transmissions
near the sea surface. Conversely, if targeting benthic acous-
tically tagged animals, the receiver should be positioned up-
side down near the surface (Clements et al., 2005; Vemco,
2016). In this study, RMR_65 was positioned at mid-depth
(~65 m) and experienced the lowest detection efficiency (10—
28%) for all three acoustic transmitters (Figure 3a). When the
glider-mounted VR2C was at a similar depth (55-75 m) and
range (450-550 m) to the RMR_635, the detection probability
was >58%. The stationary position of RMR_63, at the same
depth as the mid-water transmitter and 60 m above the bot-
tom transmitter, did not provide high detection efficiency due
to the hydrophone receiver being oriented towards the surface.
However, it is evident that the forward position and mobility
of the VR2C on the nose of the glider provided a better 3-D
detection range around the VR2C to effectively detect all three
transmitters.

Receiver positioning also explains the differences in detec-
tion efficiency (Figure 3a) observed between the bottom re-
ceivers, TMR_124 and RMR_126, of the transmitter and re-
ceiver mooring, respectively. Non-uniform detection areas, of-
ten described as the “doughnut effect”, can degrade detec-
tion efficiency when acoustic transmissions occur within close
range (<0.1 km) of the receiver (Kessel et al., 2015; Oliver
et al., 2017). This is caused by close proximity detection in-
terference (CPDI), where high-power transmissions encounter
reflective barriers, such as the water surface, stratification in
the water column, or substrate, causing echoes that interfere
with receiver detection (Kessel et al.,, 2015). This may have
contributed to the unexpectedly low detection efficiency of
TMR_124 for the surface transmitter, just 120 m above. How-
ever, previous range tests using VR2ARs have not demon-
strated evidence of CPDI for transmitters with similar power
outputs to those used for this study (146 dB; Reubens et al.,
2019; Brownscombe et al., 2020). The detection efficiency of
TMR_124 for the surface transmitter was, however, the only
model response affected by gust speed (Figure 5a), tidal water
level (Figure 5b), and ambient ultrasonic noise (Supplemen-
tary Figure 1). Therefore, the proximity of the surface trans-
mitter to the sea surface and its susceptibility to environmen-
tal conditions, in combination with a non-uniform detection
area, may be the cause of poor detection efficiency in this case.

The positional variability of the glider-mounted VR2C dur-
ing each transect improved its ability to effectively detect
transmitters at varying depths in comparison to the stationary
receivers (Figure 3a). During each transect, the glider-mounted
VR2C continuously changed its distance, depth, and orienta-
tion in relation to the transmitter mooring. Unlike the mid-
water column receiver (RMR_635), the glider-mounted VR2C
had a high probability of making acoustic detections (58.8—
68.4%) when at mid-depth (Figure 4b). However, detection
efficiency did vary by depth and depend on whether the glider
was climbing towards the surface or diving towards the bot-
tom (Figure 4b and c). Even when the hydrophone, which
was oriented towards the nose of the glider, was pointed
down, it effectively detected the surface transmitter at mid-
water depths (Figure 4b). When the glider was climbing, de-
tectability of the surface transmitter decreased as the glider ap-
proached the surface (Figure 4c). This may be due to the glider
transitioning into surface mode, at which time the VR2C pow-
ers down, or the higher susceptibility of VR2Cs to the “dough-
nut effect” than VR2W and VR2AR models (Oliver et al.,
2017). However, there was no evidence of CPDI in our VR2C
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Figure 6. The glider path and acoustic herring transmitters were detected within the entire study area (a) and herring search area (b) near known
spawning areas (x). The glidermounted VR2C detected a total of 30 herring transmitters implanted into herring in 2019 (n = 3) and 2020 (n = 27).
Transmitters re-detected in the same location were deemed “shed" If the area was not re-surveyed, transmitters were designated as “undetermined”
Transmitters detected a single time are deemed “alive” if re-surveying of the area (<0.5 km) does not result in re-detection. Two herring moved
between Port Gravina and Orca Bay (15.4 km) and between Port Gravina and Montague Strait (69.5 km). The locations of the OTN receivers at the

entrances to PWS are included for reference.

detections (Figure 3b), and the lower power outputs utilized
here are not as susceptible to CPDI as higher output transmit-
ters (Kessel et al., 2015).

Environmental conditions affected the detection efficiency
of the stationary receivers more than the glider-mounted
VR2C (Figure 5). It is evident that the detectability of trans-
mitters closer to the sea surface by the stationary receivers was
more susceptible to gust speed and water level while the bot-
tom transmitter was unaffected (Figure 5a). This indicates that
OTN receivers may be less efficient during high gust speeds at
detecting herring when they are congregating near the surface
during feeding but not when they are at depth in the winter
months (Carlson, 1980). The glider-mounted VR2C, however,
was unaffected by gust speed and therefore may be more likely
to detect herring, regardless of depth, during high gust speeds.
Water level, however, reduced the detectability of the surface
transmitter by the VR2C when water level was ~1.5 m (—1-
4.6 range for Port Gravina; Figure 5b). This may be due to
higher ambient noise during tidal fluctuations, which would
interfere with acoustic detections (Mathies et al., 2014; Huve-
neers et al., 2016). However, ambient noise, which was only
measured by TMR_124, did not significantly affect the de-
tectability of the glider and was therefore not included in the
final model. However, ambient noise conditions for the glider-
mounted VR2C likely differ from those for the stationary re-
ceivers due to its changing position in the water column, which
would expose it to noise events not experienced by the station-
ary acoustic receivers.

Overall, the detection efficiency of the glider-mounted
VR2C was more consistent across transmitters with varying
depths (Figure 3a) and detected >75% of detections from each

transmitter when <0.5 km from the transmitter mooring. This
detection efficiency is similar (~80%; VR2Tx; Innovasea; En-
nasr et al., 2020) or higher than that observed for previous
range tests (~50%; VR2C; Innovasea; Oliver et al., 2017).
However, our results corroborate that distance is the greatest
predictor of acoustic detections and that orientation (point-
ing towards transmitters or away), pitch, and depth affect
the detectability of transmitters (Oliver et al., 2017; Ennasr
et al., 2020). The high detection efficiency observed in this
study indicated that the glider-mounted VR2C would have a
high probability of detecting acoustically tagged herring dur-
ing transects throughout the herring search area (Figure 1a) if
the AUV came within a 0.5 km range.

During adaptive glider transects within the herring search
area (Figure 1a), we detected a total of 30 herring transmitters,
14 of which were presumed shed (Figure 6; Table 2). Because
herring are sensitive to handling during acoustic tagging (Seitz
et al., 2010), we anticipated that a small percentage of herring
transmitters would be shed or the result of post-release mor-
tality. It was, therefore, important to conduct repeated tran-
sects to determine if a transmitter was still in a live herring or
lying on the ocean bottom. This study was the first demonstra-
tion in PWS that shed transmitters could be detected repeat-
edly within the same area (<1 km). Because these shed trans-
mitters were within close proximity to their original release
sites (1.6—41.8 km), we expect that many of these transmitters
were shed shortly after tagging. While all three herring trans-
mitters implanted in 2019 were sheds and nearing the end of
their battery life at the time of this study, shed transmitters
made up 5.9% of the herring tagged in 2020 (z = 185). This
is comparable to previous work demonstrating that shed and
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Table 2. Each herring transmitter detected by the glide-mounted VR2C
was designated as “shed’ “undetermined’ “alive’ or “moved"” based on
whether the area was re-surveyed (Y/N) and whether the transmitter was
re-detected.

Area
Transmitter re-surveyed Detection
Designation ID (Y/N) events
Shed 22127 Y 6
Shed 22136 Y 3
Shed 22 140 Y 2
Shed 22211 Y 3
Shed 56 794 Y 3
Shed 56 807 Y 3
Shed 56 810 Y 3
Shed 56 837 Y 3
Shed 56 864 Y 2
Shed 56 869 Y 3
Shed 56 877 Y 2
Shed 56 878 Y S
Shed 56 880 Y 4
Shed 56 894 Y 2
Undetermined 22171 N 1
Undetermined 27 463 N 1
Undetermined 56 865 N 1
Undetermined 56 892 N 1
Undetermined 22187 N 1
Undetermined 56 868 N 1
Undetermined 56 804 N 1
Undetermined 56 853 N 1
Alive 22201 Y 1
Alive 56 780 Y 1
Alive 56782 Y 1
Alive 56 799 Y 1
Alive 56 823 Y 1
Alive 56 848 Y 1
Moved 22214 Y 2
Moved 56 816 Y 2

Detection events are separate instances (>1 d apart) when the glider detected
a transmitter.

mortality rates of herring after transmitter implantation are
~4% each (Seitz et al., 2010).

Of the eight herring designated as undetermined (Figure
6), three were detected in the southern Montague Strait and
one in the GoA. Each of these transmitters was only detected
once as the glider was unable to re-transit the area due to
strong currents toward the GoA. The most recent OTN de-
tections for these herring occurred at the Montague Strait
OTN array (Figure 6a for reference), with three occurring 1-
4 d prior to detection by the glider-mounted VR2C. These
observations suggest that these herring were alive and mov-
ing during the time of this study. Importantly, these herring
transmitters were the first to be detected south of OTN ar-
rays (Figure 6a for reference) or in the GoA. Based on the
timing (post-spawn) and location of detection, we anticipate
that these herring were migrating to the GoA for summer
foraging.

In total, six herring were designated as alive, while an addi-
tional two were detected moving within PWS. In addition, the
four undetermined herring detected in Montague Strait and
the GoA, and recently detected by OTN receivers, are also
likely to be alive. Therefore, 12 of the 30 herring transmit-
ters detected were alive and moving during the time of this
study. Of the six herring originally designated as alive, each
was detected in close proximity to spawning grounds (Figure
6b) during the 28 March-29 April spawning event (Alaska
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Department of Fish and Game, unpublished data) in south-
east PWS.

We detected two herring movements, demonstrating that
the glider-mounted VR2C can re-detect herring within a large
herring search area (630 km?) and relatively short deploy-
ment time (86-d). While one herring was detected moving
14.8 km within southeast PWS (Figure 6b), the other her-
ring moved 59.5 km from the spawning grounds to Montague
Strait (Figure 6a). The herring detected in Port Gravina and
subsequently northern Montague Strait was likely present for
spawning during initial detection and then migrating through
Montague Strait to exit PWS to the GoA for summer forag-
ing. In addition, this herring was detected on the western side
of Montague Strait, suggesting that herring may not be us-
ing the more protected bays and coastline habitat on the east-
ern side of Montague Strait for migration (Figure 6a). In ad-
dition, this male herring was the Sth longest (230 mm) and
11th heaviest (146 g) herring tagged with a V9 transmitter
(n = 185) in 2020. This aligns with OTN acoustic telemetry
data, which shows that herring primarily leave PWS through
Hinchinbrook Entrance (Figure 6a for reference) after spawn-
ing, but that a smaller proportion of larger, older individu-
als will utilize Montague Strait (Bishop and Bernard, 2021).
While this evidence is anecdotal, the ability of the glider to
detect any individuals of an original sample size of 185 in a
630 km? area without recent release or location data provides
strong support for the use of glider-mounted acoustic receivers
as supplements to acoustic receiver arrays like the OTN.

Our results demonstrate that glider-mounted acoustic re-
ceivers provide consistent detection efficiency of acoustic
transmitters at varying depths i.e. >75% when within 0.5 km.
In relatively large areas like PWS, the glider was able to detect
14.6% of Pacific herring acoustically tagged with V9 trans-
mitters in 2020, a year prior to this study. While a proportion
of these transmitters were shed, the glider was able to discern
transmitters from alive fish and detected two herring move-
ments within PWS. Due to the logistics of remotely operat-
ing a glider, we were unable to focus our search in near-shore
areas where herring are most likely to be detected (Bishop
and Eiler, 2018). This is one shortcoming of using a glider-
mounted acoustic receiver. However, the glider provided new
detections for this study area by detecting shed transmitters
near post-tagging release sites and herring transmitters south
of the Montague Strait OTN array and in the GoA (Figure 6a).
We strongly support the addition of glider-mounted acoustic
telemetry to the study of herring movement in PWS and for
advancing the study of fish movement in areas where geogra-
phy and oceanographic conditions prevent expansive station-
ary receiver coverage.
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