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Two Saildrone unmanned surface vehicles (USVs) were instrumented with echosounders and deployed in the Bering Sea to make acoustic
observations of walleye pollock for 103 days. The Saildrones proved to be a suitable platform for measurement of fish backscatter: they pro-
duced high-quality measurements at wind speeds of <10 m s~ . Pollock backscatter measured from the Saildrones was compared to back-
scatter measured by a noise-reduced research vessel during two “follow-the-leader” comparisons. In a location where pollock were shallowly
distributed (30-100 m), there was evidence of depth-dependent avoidance reactions to the ship. This behaviour was not evident in a second
comparison, where the fish were primarily deeper than 90 m. Opportunistic comparisons indicate that backscatter where the ship and USVs
crossed paths was similar. However, the Saildrones observed higher densities of shallow fish, which is consistent with the diving response in-
ferred in the first follow-the-leader comparison. USVs equipped with echosounders, like all platforms, have inherent strengths (endurance)
and limitations (species identification) that should be carefully considered for a given application. USVs can complement traditional ship-
based surveys by increasing the spatial and temporal extent of acoustic observations, and their use is likely to become more widespread.
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Introduction

Acoustic measurements of fish abundance have been traditionally
made from research vessels. Given the high cost of research ves-
sels (National Research Council, 2009), there has been substantial
interest in measurement of acoustic backscatter from other plat-
forms such as fishing vessels (Karp, 2007), moorings (Trevorrow,
2005; Brierley et al., 2006), drifters (Lopez et al., 2017), and au-
tonomous underwater vehicles (Brierley et al, 2002). In recent

years, compact and highly capable echosounders with low power
requirements have become available (Lemon et al., 2012; Benoit-
Bird et al, 2018), and there have been substantial advances in au-
tonomous vehicles (Rudnick et al.,, 2018; Verfuss et al, 2019).
Together, these developments have the potential to make long-
term acoustic measurements of fish abundance more accessible.
Short-duration (<7 day) pilot studies with autonomous surface
vehicles (Greene et al., 2014; Swart et al, 2016), ocean gliders
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(Guihen et al, 2014), and autonomous underwater vehicles
(Moline et al., 2015; Benoit-Bird et al., 2018) equipped with
echosounders have produced promising results.

Autonomous vehicles equipped with echosounders have the
potential to complement traditional ship-based surveys by in-
creasing the spatial and temporal extent of acoustic observations.
Like all platforms used to collect acoustic data, they have inherent
strengths and limitations. One attractive capability of some un-
manned surface vehicles (USVs) is the potential for long-term
(>6 month) deployments (Verfuss et al, 2019). Many of these
vehicles use wind or wave power for propulsion and can generate
electrical power from solar or wind generators to support the
long-term power demand of instrumentation (Meinig et al,
2015; Meyer-Gutbrod et al., 2015). These vehicles are able operate
independently of ships in remote study areas, and can transmit
data summaries and be controlled remotely via satellite commu-
nications. Such USVs may allow for cost-effective long-term
acoustic measurements that would not otherwise be possible
(Rynne and von Ellenrieder, 2009).

However, the utility of additional acoustic measurements from
autonomous vehicles depends largely on overcoming the uncer-
tainties associated with identifying acoustic scatters. Ship-based
acoustic—trawl surveys rely on both trawl sampling and acoustic
measurements to estimate abundance as a function of species and
size (Simmonds and MacLennan, 2005). Thus, barring major
developments in species and size identification by acoustic means,
USVs are unlikely to replace ship-based surveys used to estimate
abundance at age indices used for stock assessment as trawling is
not possible. High-latitude areas are favourable environments for
echosounder measurements from autonomous vehicles as back-
scatter can be dominated by a single species. When these condi-
tions are met, long-term deployments of instrumented USVs may
allow for a broad range of applications including acoustic indices
of abundance (Honkalehto et al, 2011), studies of seasonal
changes in abundance/migration patterns (Geoffroy et al., 2011),
vessel avoidance (Fernandes et al., 2000), and studies of preda-
tor—prey relationships of satellite-tagged top predators (Mordy
etal., 2017).

The performance of acoustic instruments is platform-specific
and must be evaluated for specific weather conditions. Acoustic
instruments installed on surface vehicles may be susceptible to
biases introduced by transducer motion (Dunford, 2005) and ve-
hicle orientation (Guihen et al., 2014), as well as attenuation of
the transmitted signal by entrained bubbles (Novarini and Bruno,
1982). In addition, acoustic measurements of fish may be affected
by avoidance reactions to survey platforms, which can be an im-
portant source of error (De Robertis and Handegard, 2013). Fish
are presumably more likely to react to large ships than small,
quiet USVs.

Here, we describe the integration of a recently developed split-
beam autonomous echosounder (Benoit-Bird et al, 2018; De
Robertis et al, 2018), with the Saildrone USV (Meinig et al,
2015). We evaluate the potential of Saildrones as a platform for
autonomous measurements of fish backscatter during a long-
term deployment in the eastern Bering Sea, a low-diversity envi-
ronment where acoustic scattering is dominated by walleye
pollock (Honkalehto et al., 2011). We evaluate the quality of the
Saildrone measurements and compare observations of acoustic
backscatter made with the Saildrones to those made with a noise-
reduced research vessel designed to make high-quality backscatter
measurements and minimize avoidance reactions (Mitson, 1995).

A. De Robertis et al.

Methods

Saildrone USV

The Saildrone generation 3 USV (SD) used in this study is a 5.8
m wind and solar powered autonomous vehicle constructed from
carbon fibre (Figure 1a). The vehicle is described by Meinig et al.
(2015), and is thus only briefly described here. Power for propul-
sion is supplied by a 4 m wing sail controlled by an actuator remi-
niscent of an airplane wing flap. The vehicle has three moving
parts: small actuators on the tail flap and the rudder, and a
rolling-element bearing which allows the vertical wing to rotate.
Solar panels on the hull and wing replenish electrical power for
vehicle control, communications, and scientific payloads (Meinig
et al., 2015). The vehicle navigates autonomously between way-
points provided by the operator. The vehicle communicates to
shore via a satellite link every 10 min, allowing for near real-time
transmission of data, control of instrumentation, and issuing of
waypoints.

Echosounder installation

A fisheries echosounder was added to the SD’s suite of meteoro-
logical and oceanographic instruments in 2016 (Meinig et al,
2015; Mordy et al., 2017). Simrad split-beam wideband autono-
mous transceiver (WBAT) split-beam echosounders were inte-
grated with two SD vehicles (SD 126 and SD 128). The WBAT, an
existing instrument designed as a self-contained device for use on
moorings (De Robertis et al., 2018) was used to evaluate the po-
tential of the SD as a platform for acoustic measurements. The in-
strument was modified to accept power from SD, and the
firmware was altered to allow the instrument to be controlled via
serial commands delivered via satellite link. To allow for control
of power consumption, 12 min ping ensembles were transmitted
at user selectable 12.5-100% duty cycles. The echosounder trans-
mitted 70 kHz narrowband pings every 1.5 s. A 1 ms pulse dura-
tion was used to reduce data volumes so that long-term
deployments could be conducted with the available storage (data
volumes are inversely proportional to pulse duration). The
WBAT’s timestamp was synchronized with SD’s at the beginning
of each ensemble. Backscatter data were recorded to a range of
200 m and stored to flash memory inside the WBAT.

An 18° beamwidth 70 kHz Simrad transducer (model ES70-
18CD) was mounted on each SD’s keel at a depth of 1.9 m
(Figure 1a). Like all sail-powered vessels, the SD heels as it moves
at an angle to the wind (i.e. there is a consistent roll bias on many
points of sail). Although the vehicle also pitches, average pitch is
close to zero over long periods, and pitch is lower and less ex-
treme than roll (in deployment described below, pitch averaged
47% of roll). To keep the transducer pointed down as the SD
tacked back and forth, the transducer was mounted on a one-way
gravity gimbal mount consisting of a hinge allowing *32° of ro-
tation and a 27 kg lead mass (Figure 1b and c). This mechanism
dampened the heeling motion of the transducer, keeping the
transducer pointing down and minimizing its motion
(Figure 1d). A bend-stable transducer cable (Igus chainflex) and a
mechanical bend radius limiter (Figure 1b and ¢) were employed
to minimize cable fatigue as the transducer moved relative to the
vehicle.

A series of diagnostic messages reported by the echosounder
(e.g. error messages, disk write times, and the number of pings
transmitted), were integrated into the SD’s data telemetry stream.
During the 2016 deployment, the WBAT on one vehicle
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Figure 1. Saildrone vehicle and transducer installation. (a) Saildrone vehicle during initial testing. The WBAT echosounder is mounted on the front
of the Saildrone. The instrument was later installed inside the Saildrone. (b) Transducer installed on the keel. Arrows indicate the bend limiter (BL)
and gimbal assembly (GA). (c) Roll measured above and below the gimbal showing that the transducer roll is dampened by the gimbal.

experienced a data storage failure, which was identified via an er-
ror message. This SD transited to a nearby island (see below for
details), where the WBAT was replaced with a prototype WBT
Mini echosounder, a more compact but equivalent instrument
designed for use on autonomous vehicles (Benoit-Bird et al.,
2018).

Echosounder calibration

The WBATSs were calibrated using the on-axis standard sphere
method (Demer et al., 2015) before and after deployment at a
range of 17-25 m with a 38.1 mm tungsten carbide sphere. The
before-deployment calibrations were conducted on 28 April 2016
in situ with a sphere deployed below the drifting Saildrones. A
post-deployment calibration was conducted on 17 November
from a boat using the transducer, echosounder, and cabling used
on each SD. The WBT Mini was calibrated at the end of the de-
ployment. The gain from the two WBAT calibrations differed by
0.1 dB in the case of SD 126 and 0.3 dB in the case of SD 128. The
mean gain (averaged in linear units) was used to process the
WBAT data. These repeat calibrations provide an indication of
calibration precision: If we had chosen to apply either of the

individual calibrations instead of the mean value, the observed
backscatter would differ by 2 or 6%, respectively.

Bering Sea Saildrone deployment

Two Saildrones were deployed from a dock in Dutch Harbor,
Alaska on 23 May 2016. They were recovered at the same location
103 days later on 3 September. Together, the Saildrones measured
acoustic backscatter over 10 999 km of the southeastern Bering
shelf (Figure 2) as part of a multidisciplinary study examining
ocean conditions, fishes, and marine mammals (Mordy et al,
2017). A WBAT echosounder on one of the Saildrones failed on 2
July, and the Saildrone navigated to St. Paul Island (Figure 2,
57.1°N 170.3°W), where the WBAT was replaced with the WBT
Mini prototype on 14 July. The echosounders were operated at a
100% duty cycle until 14 August after which they were operated
at 50 or 25% duty to reduce power consumption as shorter days
began to limit the power generated by the solar panels.

Acoustic-trawl survey

The NOAA ship Oscar Dyson (DY), a 64-m noise-reduced re-
search vessel conducted an acoustic—trawl survey of walleye pol-
lock (Gadus chalcogrammus) concurrently (12 June—17 August)
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Figure 2. Map showing where Saildrone acoustic data were
collected, the locations of Oscar Dyson survey transects, and trawl
sites (n = 62). The locations of follow-the-leader comparisons are
indicated by the thick grey shading. The 50, 100, and 200 m depth
contours are depicted by grey lines.

with the Saildrone deployment. During this survey (Figure 2),
acoustic backscatter was measured during daylight hours on
transects spaced 37 km apart, and targeted trawls were used to
identify acoustic scatterers (Honkalehto and McCarthy, 2015).
Observations from DY’s 70 kHz Simrad EK60 echosounder were
compared to measurements from SD. A 7° beamwidth ES70-7C
transducer was operated at a 1 s ping rate and 0.5-ms pulse
length, which is a narrower beam and a shorter pulse than used
by SD. The echosounder was calibrated on 13 June and 16 August
2016 in the same fashion as SD’s instruments. The mean estimate
of gain from both calibrations was applied in processing: gain
from these calibrations differed by 0.1 dB. Trawl sampling con-
firmed that as in previous years (Honkalehto et al, 2011;
Honkalehto and McCarthy, 2015) semi-demersal fishes in the
study area were dominated by walleye pollock. In 61 pelagic and
bottom trawls targeting acoustically detected fish aggregations in
the study area (Figure 1), pollock comprised 92.7% of catch
weight. The second-most common species in these catches was
Chrysaora melanaster, a weakly scattering jellyfish (De Robertis
and Taylor, 2014) which accounted for 4.7% of catch weight.
Thus, acoustic backscatter in the study area was primarily attrib-
utable to pollock.

Follow-the-leader comparison

DY interrupted the survey and conducted two “follow-the-leader”
comparisons, one with each SD. A location where spatially exten-
sive aggregations of pollock were observed was identified
(Figure 2). SD navigated in a straight line with the echosounder
operating at a 100% duty cycle. DY matched course and speed,
trailing SD by 500 m. DY was offset by 100 m to starboard to fa-
cilitate navigation. SD and DY made a single turn during each
comparison. A trawl was deployed at each site to confirm the size
and species composition of the fishes.

A. De Robertis et al.

The first comparison (SD 126) was conducted from 0025 to
2158 on 10 July in water depths of 95-121 m and winds averaging
55ms ! (range: 1.4-11.5 m s~ ). Pollock accounted for 99.7%
of the trawl catch by weight, and fork length averaged 41 cm
(90% were 38—45 cm). The vehicles travelled 73 km at average
speed of 1.0 m s~ (range: 0.1-1.8 m s~ '). The second compari-
son (SD 128) was conducted from 1805 to 1300 on 19-20 July, in
water depths of 114-132 m and winds averaging 8.7 m s~ ' (range:
5-13.3 m s_l). Pollock accounted for 99.8% of the catch, and
length averaged 45 cm (90% were 40-51 cm). The vehicles trav-
elled 89 km at a mean speed of 1.4 m s ' (range: 0.9-2.1 m s~ ).

The measurements from DY and SD were aligned into elemen-
tary distance sampling units (EDSUs) of 2 km by finding the
along-track segments for SD closest to each 2 km section of DY’s
trackline. Data while the vehicles were turning were excluded.
This resulted in 33 EDSU’s for the first comparison and 42 for
the second.

Large-scale comparison

To complement the follow-the-leader comparisons, we compared
backscatter measurements when SD and DY crossed paths during
the larger-scale survey. Given the use of equivalent vehicles and
instrumentation, the SDs were assumed to produce equivalent
results and observations from both SDs were pooled. Areas where
SD and DY crossed paths within 20 km and 7 days of each other
were identified (Supplementary Figure S1, n = 17 locations, 365
DY EDSUs and 571 SD EDSUs). Bottom depth at the comparison
sites ranged from 70 to 118 m. Only daytime SD observations
were used to match the daytime DY survey.

Data processing

Echosounder measurements from SD and DY were processed
with Myriax Echoview 8.0.86. In the case of the follow-the-leader
comparisons, data from 12 m below the sea surface to 0.5 m
above the sounder-detected bottom (determined with Echoview’s
best bottom candidate algorithm) were integrated using a —70 dB
re 1 m~ ' integration threshold in 100-m along-track and 1-m
vertical bins. The large-scale comparison was processed over a
slightly different scale to match the available archived DY survey
data: data from 16 m depth to 1 m above bottom were exported
in 1000-m along-track and 1-m deep bins.

The data sets differ in that the SDs exhibited evidence of atten-
uation of the acoustic signal from surface bubbles swept below
the transducer at wind speeds >10 m s~ ! (i.e. there was evidence
of backscatter from surface bubbles, and/or signs that the trans-
mitted signal was attenuated by bubbles as sea state increased). In
contrast, DY is equipped a centreboard extending to 9.15 m, and
the echosounder is thus much less sensitive to bubble attenuation
(Shabangu et al., 2014). As a first-order correction we identified
and excluded SD pings with a locally weak bottom echo or a per-
turbed index of the transmit pulse as these indicate attenuation of
the echosounder signal (Honkalehto et al, 2011; Ryan et al,
2015). Pings where the maximum bottom echo was 6 dB lower
than that computed over a 61 ping running median were ex-
cluded. In addition, pings where an index of the transmit pulse
(mean S, from 0 to 3 m range) differed by >0.1 dB (2.3% in lin-
ear terms) from the median value in a 61 ping running window
were excluded (Honkalehto et al., 2011). In areas where the bot-
tom echo was not recorded (i.e. depths >195 m), only the trans-
mit pulse criterion was applied.
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Long-term measurements of fish backscatter from Saildrone USVs

Because the echosounder used on SD had a wider beamwidth
and longer pulse length, the near-bottom acoustic dead zone
(ADZ) where fish cannot be detected near the seafloor is larger
for SD. At 100 m range, the ADZ is 2.6 m for SD and 0.8 m for
DY (Ona and Mitson, 1996). We thus implemented a correction
(Ona and Mitson, 1996) to compensate for this effect. Backscatter
above the sounder-detected bottom (0.5-2 m above bottom for
the follow-the leader and 1-2.5 m for the large-scale comparison)
was integrated and extrapolated into the ADZ. This correction
assumes a flat bottom over the beam footprint, which is reason-
able for the low-relief eastern Bering Sea. This correction was
modest: mean water column backscatter observed by SD/DY in-
creased by 2.3/1.0% in the first follow-the-leader comparison and
1.8/1.3% in the second.

Statistical analysis

We applied methods used in previous vessel comparisons (Kieser
et al, 1987) to estimate the vessel backscatter ratio (i.e.
R = (sasp + ADZgp)/sapy + ADZpy) where s, is the nautical
area scattering coefficient (MacLennan et al, 2002), and ADZ is
the dead zone correction. R can be derived from the mean differ-
ence in log-transformed backscatter observations in the paired
EDSU’s

R =exp (nl Z (lrl(SA,s]_).i + ADZgp ; )71H(5A,DY,i + ADZDY,,-))> s

1

where i denotes the EDSU, and #n the total number of EDSUs.
The differences between the two platforms [ie. In(spsp +
ADZgsp)-In(sypy + ADZpy)] were not significantly autocorre-
lated (p > 0.05) at the 2 km EDSU distance. The backscatter dif-
ferences can be expressed in terms of a per cent difference relative
to the DY observations [i.e. (R—1)-100].

The vertical distribution of backscatter was summarized as the
mean weighted depth for each EDSU

where d is the depth (m) of layer L
The difference in mwd between SD and DY was computed as

n
D=un"" Z (deSD,i - deDY,i)~
i

As the transducer depths are different for SD and DY, only the
commonly observed depths (>12 m for the follow-the-leader
comparisons, and >16 m for the large-scale comparisons) were
compared. Note that mwd will be slightly deeper for DY than SD
in cases where fish are close to the seafloor as DY’s echosounder
can resolve targets closer to the seafloor.

Approximate bootstrap confidence intervals for R and D were
estimated by drawing bootstrap samples with replacement from
the EDSUs. In each bootstrap realization, a series of # EDSUs was
drawn at random from the original observations with replace-
ment. Approximate 95% confidence intervals were estimated by
finding the 2.5 and 97.5% percentiles of R and D from 5000 boot-
strap realizations.
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Figure 3. Wind speeds and relationship with Saildrone speed and
backscatter observations. (a) Distribution of 5-min averaged wind
speed observations. (b) Mean Saildrone speed as a function of wind
speed. (c) Effect of removing pings showing evidence of bubble
attenuation as a function of wind speed expressed as the ratio of
backscatter computed with all pings and only those passing the
filter criteria. (d) Fraction of pings removed by the filter. Panels (c)
and (d) are derived from analysis of a subset of SD data (4087 1-km
EDSUs). The black lines indicate a LOWESS smooth (f = 0.1,
Cleveland, 1979).

Results

Saildrone speed in relation to wind

Wind speeds were generally low during the deployment, averag-
ing 5.9 * 2.8 m s~' (5 min averages = SD) with 95% of wind
speeds <11 m s~ !, and maximum wind speeds of 19.5 m s~'
(Figure 3a). The Saildrones travelled at an average speed of 0.7 =
0.5 m s, achieving a maximum speed of 3.9 m s~'. As a wind-
powered vehicle, the Saildrones cannot sail upwind, and must
tack at angles to the wind to move upwind. Averaged over all
points of sail, the Saildrones travelled at ~12% of the wind speed,
moving at 0.6 m s~ at wind speeds of 5m s~ ' and 1.3 m s~ " at
wind speeds of 10 m s~ (Figure 3b). At wind speeds >13 m s/,
SD speed no longer increased with wind speed (Figure 3b), likely
due to increased sea states.

Saildrone echosounder measurements

Backscatter measurements from the Saildrones were free from ob-
vious artefacts (Figure 4), except at the highest wind speeds,
where near-surface backscatter from bubbles was evident.
Comparison of backscatter from all pings and only those passing
the criteria used to identify bubble attenuation indicated that, as
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Figure 5. Echograms from the follow-the-leader comparisons. During the first comparison it was evident that (a) DY consistently detected
less backscatter from shallow pollock backscatter than (b) SD. During the second comparison, the depth distribution from (c) DY and (d) SD
was more similar. Note that SD’s wider beam samples a larger volume and fish schools thus appear larger and more diffuse. Colour scale as in

Figure 4.

expected, including pings with evidence of bubble attenuation
lowered backscatter measurements (Figure 3c). The impact of
wind speed on the correction was nonlinear: at wind speeds of 10
m s}, the raw measurements were ~4% lower than when the fil-
ters were applied, and the discrepancy increased sharply at higher
wind speeds. As wind speed increased past 5 ms™ ', the fraction of
pings removed by these criteria approximately doubled for every
5m s ' increase in wind speed (Figure 3d).

Follow-the-leader comparisons

The first follow-the-leader comparison exhibited discrepancies in
the amount and depth distribution of pollock backscatter, consis-
tent with shallow pollock reacting more to DY than SD. SD con-
sistently detected more backscatter from shallow pollock
(Figure 5a and b), particularly at night (Figure 6a and c). Water
column backscatter from SD was 15% higher than from DY (R =
1.15 [1.02-1.28], —X [95% CI]). SD observed shallower distribu-
tions during the day, and greater backscatter at night. During
daytime, both platforms recorded similar backscatter (Figure 6a
and b, R = 1.04 [0.87-1.24]). However, backscatter observed by
SD was consistently shallower than that observed by DY

(Figure 6a, D = —4.6 m, [—8.7 to —0.4 m]). At night, SD ob-
served 29% greater backscatter (Figure 6a and b, R = 1.29, [1.17—
1.43]) than DY. This was primarily due to SD’s observations of
greater backscatter between 30 and 60 m (Figure 6c¢).
Observations at approximately >70 m were similar (Figure 6c).
SD detected shallower backscatter than DY at night (Figure 6b),
but this was not significantly different (D of —6.5 m [—14.5 to
2.0 m]).

In contrast, in the second comparison, there were no obvious
differences when comparing the echograms or backscatter time
series (Figures 5 and 7). Pollock were patchier and distributed
deeper and closer to the bottom than in the first comparison
(Figures 5 and 7b and c). On average, SD observed ~11% less
backscatter than DY (R = 0.89, [0.81-0.99]). However, this dif-
ference is no longer significant if a single compact high-
abundance school detected by DY during daytime (Figure 7a) is
excluded (R = 0.91, [0.83-1.0]). Overall, the depth distribution
of backscatter observed from SD and DY was equivalent
(Figure 7b and ¢, D = 1.2 m, [—0.2 to 2.7 m]). During daytime,
backscatter from SD was ~14% less than from DY (R = 0.86,
[0.76-0.97]). Mean-weighted depth from DY was slightly deeper
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Figure 6. First follow-the-leader comparison. (a) Backscatter time series with night indicated by grey shading. Average backscatter during the
comparison period shown in 1 m bins during (b) day and (c) night. The bands show bootstrapped 95% confidence intervals.

(D = —2.6 m, [—4.7 to —0.5 m]). However, the difference in
depth distribution is sensitive to the method used summarize the
vertical distribution. Although mwd was deeper from DY, back-
scatter from DY was shallower when the vertical distribution is
computed as the average over the entire comparison (Figure 7b).
This discrepancy is because this calculation weights high-
abundance locations more heavily than the mwd analysis.
Furthermore, the difference in mwd was no longer significant
when the ADZ correction was added to the deepest depth bin in
the EDSU prior to calculating mwd (D = —1.8 m, [CI —4.0 to 0.1
m]). Together this suggests that the interpretation of depth differ-
ence in the second comparison is questionable as the conclusions
are sensitive to the analysis method. At night, the backscatter (R
= 0.97, [0.81-1.15]) and depth distribution (D = —0.3 m, [—3.1
to 3.1 m]) from SD and DY were equivalent.

We considered two potential explanations for the lower day-
time backscatter observed by SD in the second comparison. One
possibility is that there was elevated attenuation of SD’s
echosounder transmissions by near-surface bubbles due to a

shallower transducer. However, winds were similar during day
and night, averaging 8.5 m s~ ' (range: 5.2-11.6) during daytime,
and 8.6 m s (range: 7.5-9.5) at night. Furthermore, the vessel
ratio R observed in a given EDSU was not correlated with wind
speed (r = 0.001, p < 0.05). Finally, daytime near-surface back-
scatter which would also be affected by this mechanism was simi-
lar for SD and DY, (Figure 7b, R for upper 30 m was 0.96 [0.89—
1.03]). Thus, attenuation by near-surface bubbles is unlikely to
explain the observed discrepancy.

Another possibility is that the near-bottom pollock present
during the daytime during the second comparison were less likely
to be observed by SD, which has a larger near-bottom ADZ. The
ADZ correction assumes that fish density above the unobserved
near-bottom zone is equivalent to that in the adjacent observed
zone (Ona and Mitson, 1996). The correction will be an underes-
timate if fish abundance increases substantially in close proximity
to the bottom as in these observations (Figure 7). The vessel ratio
close to the seafloor where the ADZ effect will be highest (from 1
to 5 m above the seafloor echo) shows that SD detected
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Figure 7. Second follow-the-leader comparison. (a) Backscatter time series with night indicated by grey shading. Note that scale is truncated
to exclude a single high-backscatter aggregation (11 000 m? nmi~2) observed by DY at 2304. Average backscatter during the comparison
period shown in 1 m bins during (b) day and (c) night. The bands show bootstrapped 95% confidence intervals.

substantially less backscatter than DY even after ADZ correction
(R = 0.76, [0.59—0.97]). In contrast, >5 m above bottom the
observations from SD and DY were not significantly different (R
= 0.91, [0.78-1.04]). This indicates that the observed differences
are at least partially attributable to differences in the ability of SD
and DY to detect fish near the seafloor.

Large-scale comparison

Overall, average backscatter from SD and DY was similar but the
depth distributions differed (Figure 8a and b). Over the water
column, SD detected equivalent backscatter to DY (Figure 8b, R
= 1.09, [0.93-1.27]). SD observed greater backscatter than DY at
<70 m, while DY measured higher backscatter at >100 m
(Figure 8a). At <30 m, where backscatter was dominated by a
near-surface layer of unknown origin (Figures 4 and 5) DY and
SD measured similar backscatter (Figure 8b). However, at depths
>30 m where backscatter in this survey is dominated by walleye

pollock SD tended to detect higher abundances of pollock in shal-
low water (Figure 8a). For example, at depths of 30-70 m SD ob-
served 40% greater backscatter than DY (R = 1.40, [1.06-1.92]).
However, at >70 m DY tended to record higher values
(Figure 8a) but this was not significantly different (Figure 8b). SD
detected consistently shallower backscatter than DY. On average,
backscatter was 4.9 m shallower from SD than DY (Figure 8c,
D= —4.9m [—8.7 to —1.2 m]). This was driven by the depth dis-
tribution of pollock at >70 m, which were consistently deeper
when detected by DY than SD (Figure 8c). These results are not
sensitive to the time window used in the comparison
(Supplementary Figure S2).

Discussion

Backscatter measurement from Saildrones

Ocean-going robotic vehicles and low-power echosounders suit-
able for use with these vehicles have advanced substantially in
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Figure 8. Summary of large-scale comparison. (a) Average backscatter in 1-m depth bins. (b) Vessel ratio calculated for several depth zones.
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recent years (Verfuss et al, 2019). Although USVs have been
instrumented with fisheries echosounders in the past, deploy-
ments have generally been limited to short-duration demonstra-
tion studies (Greene et al., 2014; Swart et al., 2016). This study
demonstrates that it is now practical to make routine long-term
measurements of acoustic backscatter over a wide area with an
USV equipped with an echosounder equivalent to those used in
fisheries surveys. The echosounder used in this study (Benoit-
Bird et al., 2018; De Robertis et al., 2018) is capable of split-beam
operation, which allows for accurate calibration and estimation
of fish target strength (Ona, 1999) as well as multi-frequency and
broadband operation, which allows scatterers to be better charac-
terized (Bassett et al., 2017; Korneliussen, 2018). Solar charging
allowed for operation of the echosounder and an extensive suite
of meteorological and oceanographic instruments (Mordy et al,
2017) during a deployment exceeding 100 days. The SDs exhib-
ited considerable operational flexibility. Ships were not required
for deployment or recovery: the vehicles were deployed from a
dock and transited to a remote study area. A vehicle transited to
an accessible location to address an instrument malfunction.

Overall the Saildrones produced echo-integration measure-
ments of good quality, but there was evidence for degradation of
the measurements at higher wind speeds (>10 m s !) due to
bubbles entrained under the transducer (Novarini and Bruno,
1982). These wind speeds are similar to those at which bubble at-
tenuation becomes a concern with hull-mounted echosounders
on ships (Shabangu et al., 2014; Delacroix et al., 2016) and USVs
(Swart et al., 2016). Acoustic measurements from near-surface
transducers (regardless of platform) are subject to degradation by
bubbles at higher sea states, which will limit the conditions under
which high-quality data can be collected. If adverse conditions
occur a small fraction of the time, this can be mitigated by paus-
ing surveys at higher sea states.

Autonomous vehicles and low-power instruments suitable for
these vehicles are currently undergoing a period of rapid develop-
ment (Rudnick et al., 2018; Verfuss et al., 2019). There have been
several developments in the Saildrone vehicles since this study. In
subsequent work we have used the more compact WBT Mini
echosounder (Benoit-Bird et al., 2018), and a dual-frequency (38
kHz split-beam, 200 kHz single beam) transducer. This trans-
ducer was selected as 38 kHz is the frequency most used in

acoustic—trawl surveys of fish (Simmonds and MacLennan,
2005), and it is less sensitive to bubbles (Novarini and Bruno,
1982; Delacroix et al., 2016). Multiple frequencies and broadband
operation will allow for additional characterization of the acous-
tic targets (Bassett et al., 2017). We have added the capability to
summarize echosounder data and transmit them to shore
(Supplementary Figure S3), which allows the vehicle to be adap-
tively tasked in response to the echosounder observations
(Moline et al., 2015; Swart et al., 2016). The current 5th genera-
tion Saildrone is larger, can provide more power, and is substan-
tially faster (Supplementary Figure S4).

Comparison of backscatter observed from Saildrones
and a research vessel and evidence of avoidance
reactions

The echosounder measurements from the Saildrones compared
well to those from the Oscar Dyson, a state-of-the-art research
vessel. However, there were consistent differences during the first
follow-the-leader comparison, with the Saildrones recording con-
sistently more or shallower fish backscatter than the research ves-
sel. If pollock did not react to DY, one would expect both SD and
DY to observe equivalent backscatter and depth distributions.
The observed differences are attributed to vessel avoidance reac-
tions to DY, which is a noise-reduced vessel designed to minimize
avoidance reactions (Mitson, 1995; De Robertis and Handegard,
2013). SD, which was 500 m in front of DY, is likely to have ob-
served the undisturbed behaviour of pollock (pollock have been
observed to react to ships at ranges of 270 m, De Robertis and
Wilson, 2010). During daytime, SD observed consistently shal-
lower pollock distributions, but similar total backscatter as DY,
which is consistent with a diving response (Ona et al., 2007). In
contrast, at night, when pollock were more shallowly distributed,
SD observed higher backscatter at <70 m, which is consistent
with lateral avoidance and/or changes in fish orientation in re-
sponse to DY (De Robertis and Handegard, 2013). Although the
day/night differences in behaviour are unexplained, they are con-
sistent with previous observations of pollock exhibiting stronger
vessel avoidance responses at night (De Robertis and Wilson,
2010; De Robertis and Handegard, 2013).
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In contrast, during the second follow-the-leader comparison,
DY detected more backscatter than SD (~11% more overall and
~14% more during daytime). However, this difference is likely
attributable to differences in instrumentation rather than fish
avoidance reactions. Pollock were distributed close to the bottom
throughout the second comparison. The echosounder used on
DY is able to resolve fish closer to the seafloor than the
echosounder used on SD due to the use of a narrower-beam
transducer and a shorter pulse length. We applied an ADZ cor-
rection (Ona and Mitson, 1996), but the correction assumes that
fish abundance is uniform with respect to height above the sea-
floor, and that the echosounder’s beam is perpendicular to a flat
seafloor. In practice, the correction will be an under-estimate as
pollock are likely to be more abundant in the ADZ than the ob-
served area directly above the ADZ (Kotwicki et al., 2013) and the
beam may not be completely perpendicular to the seafloor.

Other differences in instrumentation may also play a role. The
EK60 instrument slightly overestimates backscatter from low den-
sities of fish at longer ranges by up to ~20%, (De Robertis et al.,
2019), which may contribute to the higher backscatter observa-
tions from DY than SD. In addition, calibration uncertainty was
not included in the error bounds, and, based on the use of 1-2
calibrations, this adds uncertainty of ~10 to 20% to the vessel ra-
tio (De Robertis et al., 2019).

The large-scale comparison of daytime echo integration meas-
urements from SD and DY was consistent with the follow-the-
leader comparisons. Overall, SD detected equivalent backscatter
to DY (to within 10%), which is consistent with the agreement in
previous comparisons of acoustic measurements from a USV and
a research vessel (Swart et al, 2016), different vessels (De
Robertis and Handegard, 2013), and different instruments on the
same vessel (Macaulay et al., 2018). However, there were differen-
ces in vertical distribution. SD consistently detected pollock to be
shallower than DY, which supports the inference that shallow
pollock dive in response to DY. This implies that the depth-
distribution from these daytime pollock surveys (but not the ver-
tically integrated backscatter) may be biased deep due to vessel
avoidance. However, one should keep in mind that the observa-
tions in this study were made at 70 rather than 38 kHz, the pri-
mary frequency used in survey. Scattering from fishes is more
directional at higher frequencies (Foote, 1985), and if fish dive as
DY approaches, the expected reduction in backscatter will be
smaller at 38 kHz.

These observations along with the follow-the-leader compari-
sons provide further evidence that noise-reduction of research
vessels (Mitson, 1995; Fernandes et al., 2000) does not guarantee
the elimination of fish reactions (De Robertis and Handegard,
2013). This is the case even for slow vessel speeds at which vessels
such as DY emit substantially less radiated noise than at survey
speed (Mitson, 1995). Avoidance reactions are difficult to quan-
tify (Ona et al., 2007; De Robertis and Handegard, 2013), and
acoustic measurement of fish with autonomous vehicles may ulti-
mately reveal that vessel avoidance reactions are more widespread
than was previously recognized.

Applications of echosounder-equipped USVs

Autonomous vehicles are becoming accessible as acoustic survey
platforms and have the potential to facilitate studies covering
temporal and spatial scales that would not otherwise be possible
(Powell and Ohman, 2015; Verfuss et al., 2019). However, one

A. De Robertis et al.

must recognize the limitations of the approach. For example,
many fisheries agencies conduct ship-based acoustic—trawl sur-
veys to inform fisheries management. Given that requirements
for ships and staff to make measurements at sea may outstrip
available resources, there is interest in using autonomous vehicles
as a substitute for ships in these surveys (Greene et al., 2014).
However, these surveys rely on temporally concurrent acoustic
and trawl measurements to estimate abundance as a function of
species/size/age. Trawl measurements are a critical component of
these surveys and they cannot be made from autonomous
vehicles. It will prove difficult for wind or wave-powered USVs to
remain in close proximity with a trawl-capable ship conducting a
survey as USV speeds are slow and unpredictable relative to the
ship, leading to substantial time lags between USV acoustic obser-
vations and the ship-based trawls. Although there is potential in
some cases to infer the species and size composition of sound
scatterers from acoustic measurements alone (Stanton et al.,
2010; Bassett et al., 2017; Korneliussen, 2018) these methods, in
their current state, are not a sufficient replacement for trawl sam-
pling in most applications. Until it can be convincingly demon-
strated that this key limitation can be overcome, autonomous
vehicles should be considered a way to augment rather than re-
place the capabilities of ships in such surveys, for example by us-
ing autonomous vehicles on reconnaissance missions to identify
areas or time periods where more extensive sampling with re-
search vessels is warranted (Swart et al., 2016).

Autonomous vehicles are thus best used in applications where
increased spatial and temporal coverage is beneficial and the lack
of concurrent biological sampling is not a critical limitation. In
some environments (e.g. low-diversity high latitude ecosystems),
it will be possible to ascribe acoustic backscatter to dominant spe-
cies (Geoffroy et al., 2011; Honkalehto et al., 2011). In other
instances, it may be possible to develop robust acoustic-derived
measures of key trophic/functional groups to support ecosystem-
based management (Trenkel et al, 2011; Ressler et al., 2012;
Godg et al., 2014). USVs aslo have the ability to transit to remote
study areas and conduct adaptive survey designs in response to
real-time observations. For example, USVs can be used to inform
the decision of where/when to survey most effectively with ships,
and conduct studies of fish migrations, vessel avoidance, and prey
availability of satellite-tracked predators. USVs are becoming in-
creasingly accessible, and their use for a wide range of applica-
tions is likely to increase in the near future.

There have been rapid advances in autonomous vehicles and
acoustic instruments in recent years, and it is clear that high-
quality acoustic echo-integration measurements are possible from
autonomous platforms (Brierley et al., 2002; Greene et al., 2014;
Moline et al., 2015; Swart et al., 2016). This work builds on these
studies, extends the duration of these deployments, and provides
further support to the idea that echosounder measurements com-
parable to those from research vessels are possible from USVs
over extended temporal and spatial scales. Looking to the future,
the key challenge is not how to make backscatter measurements
from autonomous surface vehicles, but rather how to best apply
the capabilities of autonomous platforms instrumented with
echosounders in studies of marine ecosystems. To this end, future
work should focus on applied studies evaluating how autono-
mous platforms can advance understanding of the abundance,
distribution, and behaviour of marine organisms.
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