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ABSTRACT

Acoustic bubble curtains have been marketed as relatively low cost and easily maintained
behavioural deterrents for fisheries management. Their energy efficiency can be improved by
reducing air flow and exploiting bubble resonance. In a series of three flume experiments, we:
(1) investigated the reactions of carp to a low air flow bubble curtain, (2) compared the
effectiveness of resonant versus non-resonant insonified bubble curtains (for the same volume
flux of gas injected through the nozzles) to deter passage, and determined the stimuli
responsible for eliciting deterrence, and (3) included the effect of visual cues generated by the
bubble curtain. This study showed that bubble curtains with a higher proportion of resonant
bubbles deterred carp relatively better. Passage rejection was likely influenced by multiple cues
at distances within a body length of the fish - specifically the rate of change in both particle
motion, and flow velocity caused by rising bubbles. All acoustic bubble curtains were less
effective in the presence of daylight, suggesting that vision plays an important role at mediating
carp reactions. We discuss the importance of ascertaining the bubble size distribution, in
addition to the gas flow rate and aperture size, when characterising acoustically active bubble

curtains.
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[. INTRODUCTION

River off-takes that abstract and convey water to irrigation channels, hydropower turbines,
power station cooling systems, or fish farms, can have multiple negative impacts on fish. Off-
stream water use (e.g. irrigation) can remove fish from a population, whereas in-stream use
(e.g. hydropower) can cause death, injury or delayed mortality at turbines and pumping stations
(Solomon, 1992). Traditionally, physical or mechanical screens are used to protect fish at these
structures, by blocking and/or guiding them to alternative, safer routes (Jansen et al., 2007).
When designed and operated correctly, physical screen guidance efficiencies can range
between 80-100% (Turnpenny & O’Keefe, 2005; Amaral et al., 2003; Inglis et al., 2003).
However, such methods can have several limitations often being costly to deploy and maintain,
particularly when there is debris accumulation (Solomon, 1992; Turnpenny & O’Keefe, 2005),
and can themselves harm fish through mechanical abrasion and impingement (Calles et al.,
2010). Furthermore, their effectiveness at blocking and guiding larval and juvenile life-stages
can be limited as these can pass through them (Turnpenny & O’Keefe, 2005; Kemp et al.,
2012) or lack the swimming capability to escape once impinged (Moser et al., 2014).
Consequently, this had led to an interest in developing and testing non-physical guidance

methods.

Behavioural guidance systems can use a diverse array of stimuli to repel and attract
fish, although attractors, such as pheromones (Johnson et al., 2009; Sorensen & Stacey, 2010),
are less frequently used than repellents. Repellents include electric fields, e.g. Eurasian ruffe,
Gymnocephalus cernuus (Dawson et al., 2006), air bubbles, e.g. gizzard shad, Dorosoma
cepedianum and striped bass, Morone saxatilis (Kuznetsov, 1971); common carp, Cyprinus
carpio and Asian carp, Hypopthalmichthys spp. (Zielinski & Sorensen, 2016); Atlantic salmon
smolts Salmo salar (Leander et al., 2021), strobe lights, e.g. Atlantic menhaden, Brevoortia

tyrannus, spot, Leiostornus xanthurus, and white perch, Morone americana (Mclninch &
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Hocutt, 1987) and continuous light, e.g. European eel, Anguilla anguilla (Lowe ,1952),
acoustics, e.qg. silver carp, Hypopthalmichthys molitrix (Vetter et al., 2015, 2018); bighead carp,
H. nobilis (Vetter et al., 2017); various estuarine species (Maes et al., 2004); European eel
(Sand et al., 2000; Deleau et al., 2019; Piper et al., 2019), river lamprey (Deleau et al., 2020),
hydrodynamics, e.g. chinook salmon, Oncorhynchus tshawytscha (Enders et al., 2009;
Goodwin et al., 2014), odours of decaying conspecifics, e.g. sea lamprey Petromyzon marinus
(Wagner et al., 2011), and shade, e.g. chinook salmon (Kemp et al., 2005). Efficiencies vary
greatly between studies and are often much lower than those obtained for physical screens
(Turnpenny et al., 1998) that, as a consequence, are the preference of many regulatory agencies
(Solomon, 1992; Turnpenny & O’Keefe., 2005). However based on applying the Theory of
Marginal Gains to fish screening (Deleau et al., 2019), where many small incremental
improvements in the system amount to a significant gains when added together, there remains
considerable potential for developing behavioural deterrents to enhance the performance of

physical devices when used in combination.

One of the potential explanations for the lower than expected performance of
behavioural deterrents is that their development has historically been unsystematic and based
largely on a process of trial-and-error (Katopodis & Williams, 2012), rather than focusing on
fundamental principles and an understanding that responses to stimuli vary among species, life-
stage and individuals (Budaev et al., 2002; Noatch & Suski., 2012). Results are often
contradictory, particularly if insufficient rigour has been applied during testing (Hocutt, 1980;
Noatch & Suski, 2012), and may reflect differences in site or approach adopted, e.g. field
studies versus controlled experiments (Noatch & Suski, 2012; Zielinski et al., 2015; Leighton
et al., 2020). Concerns have also been raised with regard to a lack of habituation studies
(Putland & Mensinger, 2019; Popper & Hawkins, 2019), insufficient quantitative data, and use

of proprietary acoustic stimuli in previous studies, precluding testing by third parties (Putland
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& Mensinger, 2019). As a result, river managers and environmental engineers can receive
mixed messages, and so far the use of behavioural methods to complement physical screens

remains limited (Turnpenny & O’Keefe, 2005).

The efficiency of behavioural guidance devices may be improved if more than one
stimulus is used in combination (Noatch & Suski, 2012). Multiple stimuli have proven more
effective in studies that compared them against their constituent stimuli alone. These include
strobe lights with bubbles e.g. Atlantic menhaden, spot, and white perch (Mclninch & Hocultt,
1987; Sager et al., 1987), alewife Alosa psuedoharengus, rainbow smelt Osmerus mordax, and
gizzard shad (Patrick et al., 1985), sound with electric fields e.g. Atlantic salmon (IOE Group
1994), and bubbles with broadband sound e.g. Atlantic salmon smolts (Welton et al., 2002),
bighead carp (Taylor et al., 2005; Dennis et al., 2019). It is likely that these improvements in
performance are the result of using multi-modal cues operating via different sensory systems
in which stimuli can either act independently, or where one stimulus improves responsiveness

to another (Vowles & Kemp, 2012; Vowles et al., 2014).

Insonified bubble curtains (i.e. bubble curtains driven by a sound field) present multi-
modal acoustic, hydrodynamic, and visual stimuli. Bubbles introduced underwater generate
sound and create turbulence that is influenced by bubble density and rise velocity (Brevik &
Kristiansen, 2002). Furthermore, they can create a visual barrier by obscuring a fish’s line of
sight (Flammang et al., 2014; Stewart et al., 2014), although guidance efficiencies are generally
higher at night for species such as walleye Sander vitreus (Flammang et al., 2014), muskellunge
Esox masquinongy (Stewart et al., 2014), largemouth bass Micropterus salmoides (Lewis et
al., 1968), and sockeye salmon Oncorhynchus nerka (Brett & MacKinnon, 1953). This might
be because fish can detect gaps during daylight hours through which they can pass, as suggested

for Atlantic salmon smolts (Welton et al., 2002). Despite these examples, few studies account
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for the influence of visual cues when quantifying the guidance efficiencies of behavioural

deterrents.

Although insonified bubble curtain deterrents are commercially available and can,
attain high levels of efficiency (e.g. Welton et al., 2002; Taylor et al., 2005; Dennis et al.,
2019), there is potential to improve their cost-effectiveness. Reductions in air flows to below
those recommended in industry best practice guidance (60 - 240 L min" m™ of bubbler length)
could save power, which although not a trivial challenge, could be achieved by exploiting the
little-explored fundamental principles of bubble resonance and coalescence. When driven by
an external sound field, a bubble will extract energy from it and pulsate, in the process radiating
some energy while the remaining is ultimately converted to heat through viscothermal
processes in the gas and liquid. However, if the size of the bubble is such that the frequency of
the sound field causes the bubble to pulsate close to resonance, then this effect is magnified
resulting in greater absorption of the sound, and a local resonance peak in scattering (Leighton,
1994). This property can be used to trap sound between bubble plumes of a size tuned to the
sound field, creating a sharper sound gradient, and potentially improving the effectiveness of

the insonified bubble curtain.

The control of the size of bubbles generated is challenging at high flow rates, such as
those typically used in industry, because of bubble coalescence. A commonly used method to
control bubble size is to change the aperture of the orifice used to introduce air underwater (e.g.
Zielinski et al., 2014). This is ineffective because when a series of air bubbles are introduced
underwater these will tend to merge with growing successor bubbles at the nozzle, creating a
bubble with a diameter much larger than that of the orifice (Leighton et al., 1991). This process
occurs unpredictably, leading to the production of a wide distribution of bubble sizes, and its

effect increases with air flow (Leighton et al., 1991). Although this problem can be mitigated
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by substantially reducing the airflow to generate a more consistent bubble size, this reduces the
throughput of gas, requiring more orifices, and has a limited effect for bubbles much smaller
than approximately a millimetre diameter (Leighton et al., 1991). Leighton et al., (2012)
demonstrated how the mass flux of gas through a needle could be made to deliver varying but
controllable changes to the acoustic absorption, by vibrating the needle with a mobile phone
vibrator. This allows the control of bubble size for the same volume of gas flowing through it
by preventing coalescence. Vibrating the nozzles at different rates while using identical
apertures and gas fluxes allows for the generation of bubble clouds with distinct characteristics.
This method was applied in this study to test how changing bubble size distribution can

influence the acoustic effects of the bubble curtain and its effectiveness as a deterrent.

This study investigated the potential of resonant acoustic bubble curtains to deter fish,
comparing to what extent control of the bubble size can cause changes in the sound field. . The
objectives, which built progressively on each other, were to: (1) test the reactions of fish to a
bubble curtain that uses a lower air flow than those found in the literature, (2) compare the
effectiveness of resonant versus non-resonant insonified bubble curtains to deter passage, using
identical gas volume flow rates through the same set of injectors, and determine the stimuli
responsible for eliciting this response, and (3) include the effect of visual cues generated by the
bubble curtain by quantifying fish response to insonified bubbles under conditions of daylight

and darkness.

Il METHODS

To achieve the objectives set, three experiments were conducted to investigate carp response
to: a bubble curtain generated by low air flow (Experiment 1); resonant and non-resonant
insonified bubbles (Experiment 2); insonified bubbles in the presence and absence of visual

cues (Experiment 3).
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A. Experimental setup

All experimental trials were conducted using an annular raceway at the International Centre
for Ecohydraulics Research (ICER) research facility, Southampton Science Park (Fig. 1). The
channel (1.0 m wide) contained still, conditioned tap water (0.60 m deep). An experimental
section (8.0 m total length) was separated from the rest of the channel by wooden framed
polyester mesh barriers (1 cm mesh size). Four underwater cameras were suspended to just
below the water surface. Each had an effective field of view of 60 x 60 cm of the channel floor
that overlapped to ensure complete coverage of the approach to a bubble curtain and sufficient
to capture all rejection responses since tracking data revealed that 95% occurred within 30 cm
of the bubble curtain, and none further than 41 cm. To control for visual cues in Experiments
1 and 2, trials were conducted under conditions of darkness during the night only with the
experimental area illuminated by infra-red light (850 nm) units so that fish behaviour could be
recorded. Visual cues were accommodated in Experiment 3 by conducting the trials during
both day and night, illuminated by daylight and infra-red lighting, respectively. The raceway
was covered by a sheet of tarpaulin to prevent any natural or artificial sources of light affecting
the experiment. Luminous flux was measured using a Di-log 7030N with peak sensitivity of
550 nm and sensitivity range of 500 — 625 nm (night trials: 0.0 — 0.02 Lux / 0.0 - 0.0002 Wm"

2, day trials: 105 — 3306 Lux / 0.91 — 28.5 Wm).

In Experiment 1, the bubbler was constructed from two rows of 38 mm grey PVC
piping, with 3 mm holes drilled at 5 mm intervals. The two rows were 15 cm apart. A total of
36 gauge 21 (38.1 mm length, 0.8 mm internal diameter) hypodermic needles were used as
injection nozzles connected to each hole. Air (at 60 L min™, pressure: 1 bar, or 30 L mint m™*
of bubbler) was supplied to the bubbler via 6.4 mm ID nylon tubing leading to a compressor

(Clarke Bandit, 1HP), and flow monitored with an air flow meter (IDS, MR3000).
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An insonified bubble curtain was used in Experiments 2 and 3 (Fig. 1). The bubble
curtain consisted of two bubble clouds, one on either side of an Electrovoice UW-30
underwater speaker. Bubbles were generated using a device consisting of 18 linearly arranged,
horizontal, gauge 21 needles secured using luer-to-barbed adaptors (Cole Parmer, WZ-45518-
46), and housed within modified lengths of plastic trunking (FIG. 1) (See supplementary
material at [URL will be inserted by AIP] for photograph of the device). Air supply (at 2 bar)
was provided individually to the needles, via manifold air tubes (4 mm ID silicone), and 6.4
mm ID nylon tubing leading to a compressor (Clarke Bandit, 1 HP). Fine-scale control of air
flow was ensured by using a three-way pressure reducing valve (Honeywell, PRV) and air flow
meter (IDS, MR3030). Vibration of the nozzles was provided by a total of 36 haptic feedback
motors, one of which was attached to each injection nozzle (Precision microdrives, 307-103).
Adjusting the voltage supplied to the motors allowed control of the magnitude of the vibration.
To protect the fragile flying leads, each motor was placed within a custom-made 3D printed
cylindrical housing and sealed in potting compound. Power was provided by two 30 V /3 A
DC Power blocks (Isotech, IPS 303DD). Each motor was connected in parallel using a series

of terminal blocks.

For Experiment 2, two bubble populations were generated by injecting air (air flow: 6 L min™,
or 3 L mint m? of bubbler) through nozzles with or without vibration at 3V. The two bubble
clouds were either insonified by a 1750 Hz (144 dB re 1 pPa at 1 m) or a 4000 Hz (151 dB re
1 pPaat 1 m) continuous pure tone signal, each frequency driving one population to resonance.
For Experiment 3, two bubble populations were generated by injecting air (air flow: 10 L min
1 or5 L min"t m? of bubbler) through nozzles with or without vibration at 2.2 V. The bubbles
were insonified by a continuous 1000 Hz pure tone signal at a source level of 140 dB re 1 uPa
at 1 m. Frequencies were chosen after characterising the bubble size distributions for each

population, after which Minnaert’s (1933) equation, which relates bubble radius to resonance
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frequency, was used to calculate a frequency most likely to drive significant proportions of
bubbles to resonance. A single insonifying frequency was considered adequate because
although complex sounds are more effective than pure tones at deterring carp (Vetter et al
2015), bubble curtains are sources of multiple stimuli including broadband sound (Zielinski &
Sorensen, 2016). By placing the speaker between the two bubble clouds as opposed to within
them, the acoustical loading on the speaker was not changed so greatly by the bubbles, and the

field it initially radiated would be less affected by the bubble size produced.

Compressor

Ball valve

. Needle valve
Air flow meter

DC Power | _
Supply

____________

Injection nozzle with
luer-to-thread adaptor

18-way splitter

UW Cameras
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«— (0 «—
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[ ]
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(suspended)

FIG. 1 (a) Schematic of the bubble curtain and air supply system used for Experiments 2 and
3 of a study to investigate the response of common carp to insonified bubble curtains in the
presence and absence of visual cues. A single needle is shown for simplification, all needles
were at the same depth. (b) Plan of the experimental set-up used in Experiments 2 and 3. Grey

areas indicate the section of flume not used in the experiment, dark grey blocks indicate mesh
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barriers. The asterisk indicates the release point for fish at the start of each trial. Set-up was
asymmetrical due to presence of a walkway, although attempts and passage efficiency did not

differ with side of approach.
B. Bubble sizing

To characterise the size distribution of the bubble populations, a short length of the bubbler
used for Experiments 2 and 3 was tested in a glass tank (length: 80 cm; height: 40 cm; width:
40 cm). The size of the bubbles generated for fluxes equivalent to 6.0, and 10 L min™* were
determined at a pressure of 2 bar for vibration intensities of 0 V, 2.2 V, and 3 V (Fig. 2). For
each set-up, five high-speed (1/800 s) photographs of the bubble streams were taken using a
digital single-lens reflex (DSLR) camera with a macro lens, and processed in Fiji

(https://imagej.net/Fiji) (See supplementary material at [URL will be inserted by AIP] for

original high-speed frames at 6 L min™).

a) ov 3V

Rl Sy v S———— [H]F"' '

10" 10"® 10% 10%® 10* 10*° 10* 10" 10"° 10% 10%° 10* 10*° 10°

b) ov | 2.2V

D-". FRSPAY Y77 i e ey yyve B Y S PV SR PV Y
10" 10"® 10% 10%® 10* 10*° 10* 10" 10"° 10% 10%° 10* 10*° 10*
Bubble Diameter (uM)

FIG. 2. — Distribution of bubble diameters (um) at (a) 6 L min™, with standard injection (0 V),
and vibration at 3 V; and (b) 10 L min with standard injection (0 V) and vibration at 2.2 V.

When the vibrating motors were activated, the general increase in bubble counts for the same
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volume gas flux was because the gas was distributed in more, smaller bubbles. Note that the
volume of gas in the largest non-vibrating bubble peaks (diameters >103%° microns for [a] and
>10° microns for [b]) disappeared when vibration (3 V) was activated, and these peaks
contained the bulk of the gas.

C. Determination of extinction cross-sections

The interaction of an acoustic field with an object, such as a bubble, can be characterised by
three related quantities: the scattering (o;), absorption (¢,), and extinction (o,) cross-sections.
The o, and o, are defined as the ratio of the power scattered or absorbed by a single bubble,
divided by the intensity of an incident plane wave, and have dimensions of area. The ratio of
the rate of energy loss by all mechanisms to the intensity of that incident plane wave is o, such
that o, = o, + g, (Ainslie & Leighton, 2009). To identify the bubbles with the greatest
acoustic effect in each population, the extinction cross-sections (a,) were determined for the
bubble distributions in Experiments 2 and 3, for incident sound fields of 1000 Hz, 1750 Hz,

and 4000 Hz.

Here, equations (37) to (39) and (42) to (44) from Ainslie and Leighton ((2011), based
on work by Andreeva (1964) and Weston (1967), were used to calculate the damping factors
(Quis, Qrad, Qt), and cross-sections (os and oe), respectively (See supplementary material at
[URL will be inserted by AIP] for details of theory and equations used). For each bubble
population, the range of bubble size diameters at which the central 90% of attenuation occurs,
a2°, was then determined (Fig. 3). This provided theory to explain the observed acoustical
effects when identical volumes of gas are split between bubbles of different sizes (See
supplementary material at [URL will be inserted by AIP] for modelled theoretical extinction

coefficients of one bubble of each size for each frequency).

D. Mapping of stimuli

12
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The acoustic spectra generated by the bubble curtains, speaker and vibrating motors alone, and
all bubble/sound treatments used for Experiments 2 and 3 were recorded at a range of 1 m (See
supplementary material at [URL will be inserted by AIP] for recorded acoustic spectra). For

Experiment 2, the Sound Pressure Level (SPL) and Particle Displacement (PD) were mapped
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FIG. 3. — Modelled extinction cross sections for bubble distributions determined for
Experiments 2 and 3: (a) an air flow of 6 L mint insonified at either 1750 Hz or 4000 Hz, with
either standard injection or vibration at 3 V, and (b) an air flow of 10 L min*! insonified at 1000
Hz with standard injection or vibration at 2.2V. o2° represents the range of bubble diameters
at which the central 90% of the attenuation occurs. The populations with a higher proportion
of bubbles at resonance with the sound field are: 1750 Hz standard injection, 4000 Hz vibrated

injection, 1000 Hz standard injection.
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at depths of 15, 30, and 45 cm on a square grid of points with a 10 cm spacing up to a distance
of 1 m from the speaker (See supplementary material at [URL will be inserted by AIP] for full
acoustic maps including vibrating motors). SPL measurements were made with a Bruel and
Kjeer 8103 hydrophone and pre-amplifier (Teledyne Reson VVP2000). The signal was sampled
at 44.1 kHz, using a USB 6341 data acquisition board (National Instruments, Austin, US). Data
acquisition hardware was controlled using a Labview virtual instrument (Labview 2017 64-bit,

National Instruments, Austin, US).
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FIG. 4. — (Colour online) Acoustic maps at 45 cm depth for: (a) 1750 Hz bubble set-ups; (b)
4000 Hz bubble set-ups. Resonant treatments are marked by a dagger (Experiment 2). B =
standard injection, VB = vibrated injection. On this scale the nearest edge of the loudspeaker
is at horizontal position -17 cm, and the centre of the speaker at horizontal position -26 cm.
Sound maps of the speakers alone were included to illustrate the strong attenuating effect from

the bubbles.
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PD measurements were taken using four Briel and Kjeer 8105 hydrophones arranged
tetrahedrally within a custom-built aluminium frame (See supplementary material at [URL
will be inserted by AIP] for assembly drawing of tetrahedral frame used to make particle
displacement measurements), based on a set-up first proposed by Hickling & Wei (1995).
Labview was used to record the magnitude and phase (relative to one reference hydrophone)
at each hydrophone. Measurements were taken at the driving frequency for the acoustic-bubble
curtains, and at the peak frequency (400 Hz) for the vibrating motors. The discretised form of
Euler’s equation (Zeddies et al., 2010), in a single dimension, was used to determine particle

velocity in the x, y, and z coordinates:

PI_PZ _ ou

o = where: P, = Ae™® (1)

where Py and P, are the complex amplitudes measured at two points on the same plane,
separated by distance d, A is the zero-to-peak amplitude, ¢ is the phase angle, and u is the
velocity in-line with the two points. The PD was derived by dividing particle velocity with the

square of the angular frequency, (2nf)>.

The hydrodynamic field around the bubble cloud was quantified. Bubbles interfere with
acoustic doppler-based instruments, so an electromagnetic flow meter (Valeport model 801,
Valeport, Totnes, UK) was used to measure unidirectional velocity. Measurements were taken
at 60% of the depth (36 cm from the surface) at 10 cm intervals up to a distance of 1 m from
the speaker. To quantify the turbulent flow induced by rising bubbles, the Standard Deviation

of the flow velocity (S.D. flow, m/s) was used.
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FIG. 5. — (Colour online) Particle displacement in the: (a) x y z direction, and (b) maps at 20
cm depth. Resonant treatments are marked with a dagger (Experiment 2). B = standard
injection, VB = vibrated inection, VM = vibrating motors, and numbers refer to frequency of

the sound field.

E. Subject fish

Common carp, a species with a connection between the swim bladder and hearing organs and
known to be deterred by bubble curtains'®, was used as the model in this study. Fish were
obtained from a hatchery in Hampshire, UK, and transported to ICER in well-oxygenated

water, and held in 3,000 L holding tanks containing well-aerated and filtered water under
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ambient temperature. Water quality was checked daily and maintained at optimum levels
([NH4™] < 0.125 ppm; [NO27] < 0.25 ppm).

At the end of each trial the subject fish were euthanized in accordance with Schedule 1
of the Animals (Scientific Procedures) Act 1986, and individual total body length (x 0.5 mm)
and mass (x 0.05 g) recorded. Mean values were similar between experiments (Table I).

Experiment 3 was conducted with smaller fish, and water temperatures were lower than
the previous experiments. Mean swimming velocity +SE was higher in Experiment 2 (0.099
ms? + 0.0007) than Experiment 3 (Mean: 0.068 ms? + 0.0006, Day: 0.098 ms™ + 0.0011,
Night: 0.057 ms™? + 0.0005). The number of approaches per hour did not vary considerably
between Experiment 2 (34.43 hr + 2.49) and Experiment 3 (Mean: 36.40 hr! + 1.89, day:
37.56 hr! + 3.55, night: 35.28 hr'! + 1.65). All experiments were analysed separately, with

results compared only within the same experiment.

TABLE I. Mean length, weight, and holding tank temperature for common carp used in the

three experiments to investigate their response to insonified bubble curtains.

Mean (xSE) Mean (+SE) Mean (xSE)
Experiment no. Date iaht
length (mm) weight (mm) tank temp. (°C)
Experiment 1 July 2017 117.6 (21.8) 25.2 (17.5) 17.9 (0.02)
Experiment 2 July 2018 116.1 (0.7) 23.1(0.5) 20.7 (0.3)
Experiment 3 Feb 2018 97.6 (0.6) 17.0 (0.4) 5.4 (0.4)
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F. Experiments

For each experiment, trials were conducted using groups of three similarly sized naive
individuals to enable shoaling behaviour typically exhibited by this species in the wild
(Huntingford et al., 2002; Sisler & Sorensen, 2008; Bajer et al., 2010). Prior to each trial, fish
were carefully removed from the containers using a hand net and transferred to the
experimental channel. The fish were allowed to acclimatise by swimming freely in in the
experimental area for 15 minutes prior to each trial commencing. Movement during trials was

due to volitional behaviour.

1. Experiment 1 - reactions of common carp to a bubble curtain generated by
low air flow

Trials took place at night (between the end of civil dusk: 21:45 to 21:20 and start of civil dawn:
03:40 to 04:50) between 20 July and 10 August 2017. The experiment comprised two
treatments, the first consisting of 12 trials with the compressor switched on but unconnected to
the bubbler (control), and the second consisting of 10 trials in which the bubble curtain was
active (treatment). After the initial acclimation period, all 22 trials consisted of a test (control
or treatment) immediately followed by a post-test phase, each lasting 20 minutes.

2. Experiment 2 - Comparing fish response to resonant and non-resonant bubble
curtains

A total of sixty 80 minute trials were conducted at night (between the end of civil dusk: 20:45
to 21:15, and start of civil dawn: 03:40 to 04:50) between 1 and 22 August 2018. The
experiment comprised 5 treatments: (a) 1750 Hz, standard injection (B1750, resonant), (b)
4000 Hz, vibrated injection (VB4000, resonant), (c) 1750 Hz, vibrated injection (VB1750, non-
resonant), (d) 4000 Hz, standard injection (B4000, non-resonant), and e) vibrating motors only

(VM). After the initial acclimation period, twelve replicate trials were conducted for each
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treatment, each consisting of a 40 minute pre-test (control) phase immediately followed by a

40 minute test.

3. Experiment 3 — influence of visual cues on fish response to an insonified
bubble curtain

To investigate the influence of visual cues, a total of twenty-four 45 minute trials were
conducted during hours of daylight (light) and a further twenty-four between the end of civil
dusk (18:02 to 18:23 hrs) and midnight (dark) on the 16 to 28 February 2018. Trials were held
during the day to more accurately represent a situation in the field. This experiment comprised
8 replicates of three treatments: a) injection with no vibration (i.e. standard injection), b)
vibrated injection, c) no injection, but vibrating motors switched on. After the period of
acclimation, the trials consisted of successive phases defined as a pre-test (control), test

(treatment), and post-test (control), each lasting 15 minutes.

G. Behavioural and statistical analysis

Video recordings were analysed to quantify common carp response to the insonified acoustic
bubble curtains. Data were evaluated in three steps: (1) coarse-scale passage and rejection
counts, (2) analysis of fish movement and orientation (sinuosity, swimming velocity, and
angular dispersion), and (3) fish response (binned rejection counts) relative to the gradients of

the stimuli generated by an acoustic bubble curtain.

1. Coarse-scale passage and rejection

For all experiments, and for each trial, the following coarse-scale metrics were recorded per
individual fish: (1) Number of approaches to the bubble curtain, deemed to have occurred when
a fish entered the visual field of the cameras, (2) Number of passes, and (3) Number of
rejections, based on whether or not an approach culminated in the fish passing through the

bubble curtain. A rejection was defined as a change in direction of the swimming trajectory
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greater than 90°, followed by sustained swimming away from the bubble curtain and out of the
field of view. For each trial, the Number of approaches and Number of passes recorded were
used to calculate the Passage efficiency, defined as the number of successful passes expressed
as a proportion of the total number of approaches. As the majority of approaches (72 to 90%)
were made by solitary fish, rather than by a shoal, to simplify our analysis possible group

effects were ignored.

2. Fish movement and orientation

For Experiments 2 and 3, swimming trajectories were determined for each approach by
evaluating the position of the fish every fifth frame (450 ms) using Logger Pro (Vernier, USA).
The resolution was sufficient to build a history of the position of the fish, rather than track
movements such as startle response to a sound source that was switched on. For every time
step the following variables were recorded: swimming velocity, step length (i.e. the distance
between the location of the fish every fifth frame), relative turning angle (i.e. the change in the
bearing of the fish between two points), and Euclidean distance from the bubble curtain (i.e.
the smallest distance between the fish and the bubble curtain). For approaches ending in a
successful pass, the trajectories of fish before and after passage were analysed separately due
to marked differences in directionality. Rejection tracks were also divided into two sections
separated by the point of rejection, that is, the point after which fish showed directed and

sustained swimming away from the bubble curtain for more than one body length.

For approaches ending in a pass, the data collected were used to calculate indices of
Sinuosity (Bovet & Benhamou, 1998; Benhamou, 2004). For approaches ending in a rejection,
turning angles were binned at 5 cm intervals from the bubble curtain, and circular statistics
used to calculate the mean angle, circular standard deviation, and mean vector, r, or Angular
dispersion (Batschelet, 1981). The Rayleigh test was used on each group of binned turning

angles to test whether they differed from random (p < 0.05) (Batschelet, 1981).
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3. Response to stimuli generated by bubble curtains

Using data from Experiment 2, the relationships between fish trajectories and components of
the stimulus: sound pressure level (SPL, dB re 1 uPa), particle displacement (PD, dB re 1 nm),

and SD flow (m s) generated by the insonified bubble curtain were analysed.

To determine whether SPL, PD or SD flow may act as thresholds for change in
behaviour, the level of each at the fish’s location was calculated for each time step using a
custom Python script (Python v.3.7.3) in Ubuntu (Ubuntu v.18.04.2 LTS). For each time step,
the gradients for the stimuli (ASPL, APD, ASD Flow) to a virtual point one body length directly
ahead of the fish were determined. The Number of rejections were binned at 5 cm intervals and

the gradients within each interval averaged.

4. Statistical analysis

Coarse-scale and sinuosity data were tested for normality and homogeneity of variance using
Shapiro-Wilk and Levene’s tests. When these assumptions held, data were tested using two-
way Anova with post-hoc Tukey HSD tests. Otherwise, a Kruskal-Wallis test with post-hoc

Dunn Tests and Bonferroni corrections was used.

For Experiment 2, GAMs with root-transformed gamma distributions were used to
examine the relationship between the gradients of each stimulus, treatment, and phase on
Angular dispersion and Swimming velocity. For Experiment 3, generalised additive models
(GAMs) were used to model the relationship between time of day (i.e. day or night), distance
from the bubble curtain, direction (i.e. towards or away from the bubble curtain, prior to or
after a Pass or Rejection), treatment, and phase (i.e. pre-treatment, treatment, post-treatment)
on Angular dispersion and Swimming velocity, due to their non-linearity. Starting from a
saturated model, stepwise deletions were performed to identify non-significant terms, and

model selection was based on residual deviance and the lowest Akaike Information Criterion
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(AIC). The minimum adequate model was arrived at as the most parsimonious models with

lowest AIC value (Burnham & Anderson 2002).

Finally, multiple regression with stepwise selection was used to test the relationship

between the binned Number of rejections and stimuli gradients (ASPL, APD, ASD Flow).

Il Results

A. Experiment 1: reactions of common carp to a bubble curtain in the absence

of visual cues

Number of passes were lower in the presence of the bubble curtain than during the post-test
control (F = 7.65, p < 0.01, p-adj < 0.01). Consequently, Passage efficiency was 47% lower in
the presence of the bubble curtain (F = 4.44, p < 0.01, p-adj < 0.01) as a result. There was no
difference in the Number of passes between the control and the post-test control (p-adj = 0.99).
When the bubble curtain was operating, carp tended to pass it via a 7.5 cm gap at the flume
wall, and the proportion of passes at the wall was higher when the bubble curtain was in

operation compared to the two controls (y° = 23.18, p < 0.01).

B. Experiment 2: comparing fish response to resonant and non-resonant bubble

curtains

The Number of passes were lower during the period when fish encountered an acoustic bubble
curtain with a 6 L min m? airflow, compared to the pre-test control (Experimental phase: F =
61.46, p < 0.01; treatment: F = 3.27, p = 0.014 - Fig. 6). The Number of passes was lower for
both resonant (B1750 and VVB4000) and one of the non-resonant treatments (VB1750) (p-adj
=0.014, <0.01, < 0.01 respectively) than for the pre-test control. Compared to the control, the
two resonant treatments reduced the Number of passes by 65%, 45-50% for non-resonant

treatments (B4000, VB1750), and 30% for vibrating motors alone (F = 4.20, p < 0.01).

22



467

468

469

470

471

472

473

474

475

476

477

478

80 — * * *

éaégé
0 - s T

L | L I L |
B1750t B4000 VB1750 VB40001‘ VM

o
=
|

Number of passes
S
o
|

3
|
F-D:H

* * * *

10 4 T+ - + |+ T -+
! | | 1
=-8Z577 B
308 i T |
5 ° . E !
o
% 0.6 — B E o i :
1 1
g - L .
7)) -+ ]
o |
0 02 O Pre-Treat. '
O Treat. !
p— .
0.0 | ] L J L J L ] L ]
B1750 1 B4000 VB1750 VB4000t VM

FIG. 6. — The median, interquartile range and minimum/maximum whiskers of the Number of
passes and Passage efficiency for all treatments for the 6 L min! bubble curtain during pre-
treatment and test periods. Pairs where a significant difference was determined are denoted by
an asterisk. Resonant treatments are marked by a dagger. B = standard injection, VB = vibrated

injection, VM = vibrating motors, and numbers refer to frequency of the sound field.

However, the differences between resonant and non-resonant treatments were not
significant, with a significant difference observed only between the two resonant treatments
and the vibrating motor control (p-adj = 0.013 and 0.011, respectively). Passage efficiency was
lower for all treatments compared to the pre-test control, with the exception of B4000 (B1750:
¥?=15.27,p<0.01; VB1750: = 11.25, p < 0.01; B4000: y?>= 3.59, p = 0.06; VB4000: ¥ =

5.63, p=0.018; VM: y>=5.92, p = 0.014).
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The Number of rejections correlated with the gradient of all three stimuli (F3 46 = 9.30:
p <0.01 - Fig. 7), and stepwise selection determined that the most parsimonious model was the
one that excluded the sound pressure gradient term. Post-hoc modelling of the stimuli gave
information on the individual contributions of each stimulus to the model (ASPL: F148=11.59,
p < 0.01; APD: F143= 24.35, p < 0.01; ASD Flow: F143 = 6.75, p = 0.015 — Fig. 8). Visual
inspection of the maps of SPL, and density maps of location of rejection showed that fish
tended to switch direction and swim away from the bubble curtain in zones with the lowest

SPL and PD, i.e. regions with the highest gradients.
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FIG.7. — Rejection counts against gradients (averaged for 10 cm bins) of all three stimuli

generated by the bubble curtains.

For fish that successfully passed during the treatment phase, Sinuosity index values were higher
on approach to the bubbler compared to when swimming away (Fig. 8). These differences were
not observed during the pre-test control period (B1750 ¥~ =13.93, p < 0.01; B4000 ¢~ =11.54,

p<0.01; VB1750 y?=17.35, p < 0.01; VB4000 2 = 14.42, p < 0.01; VM: y*=12.03, p < 0.01).
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Distance from the bubble curtain was the most important explanatory variable in the minimum
adequate model of Swimming velocity for successful passage approaches (Table I1), explaining
15.5% of residual deviance. Swimming velocity was also correlated with swimming direction,
the hydrodynamic gradient, and treatment. For fish rejecting passage, the distance from the
bubble curtain, sound pressure gradient, hydrodynamic gradient, and treatment were significant
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predictors. Models obtained for the difference angle data explained comparatively lower
percentages of deviance in comparison with the swimming velocity models. Distance from the
curtain (p < 0.01), and swimming direction (p < 0.01) explained 9.5% of the variation for
passage data, whereas rejection was influenced by distance from the curtain (p < 0.01), and PD

gradient (p < 0.01), which explained 8.5% of deviance.

Experiment 3: influence of visual cues on fish response to an insonified bubble

curtain

Under conditions of daylight, the Number of passes were lower when a bubble curtain
insonified by a 1000 Hz signal was active compared to the controls (F = 4.97, p = 0.01, p-adj
= 0.01). Both treatments were more effective at night than during the day, resulting in lower
Passage efficiencies (y° = 31.93, p < 0.01), with adjusted p-values of 0.048 and < 0.01 for
standard and vibrated injection, respectively. The vibrating motors treatment had no effect on

either the Number of passes or Passage efficiency.

For carp that passed the bubble curtain, the approach trajectory was invariably more
sinuous than when swimming away from the curtain having passed (x* = 64.05, p < 0.01).
Sinuosity was influenced by treatment and time of day (Table Ill). During daylight, fish
exhibited more sinuous swimming trajectories during the test than the pre- and post-treatment
periods for both the standard and vibrating injection treatments (standard injection: x~ = 19.30,
p < 0.01; vibrated injection: y~ = 16.59, p < 0.01), while there was no influence on sinuosity
when only the vibrating motors were operating (y~ = 9.28, p = 0.098). At night, sinuosity was
higher during the test for all three treatments compared with the pre- and post-treatment control
periods (standard injection: x° = 27.29, p < 0.01; vibrated injection: x° = 22.96, p < 0.01,
vibrating motors: y? = 12.74, p = 0.03). Sinuosity differed between treatments depending on

whether it was day or night (Day: ¥* = 6.13, p-value = 0.046; Night: ¥ = 8.22, p = 0.02).
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Sinuosity was higher during the day only for the vibrated injection treatment (p = 0.04), whereas

at night it was higher for both bubble treatments compared to the vibrating motors alone (p =

0.01 for both).

TABLE Il - Results of modelled effects of the stimuli generated by an insonified bubble curtain

on fish swimming velocity (Experiment 2). The deviance explained relative to null (%),

estimated degrees of freedom (edf) and significance (p-value) of the terms in the minimum

adequate model fitted to swimming velocity are listed. Brackets indicate smoothed terms.

Deviance explained

Dataset Model terms edf  pvalue
relative to null (%)
Treatment + Direction + s(Distance from 21.5 (minimum
Swimming bubble curtain) adequate model)
velocity  s(Distance from bubble curtain) 16.9 8.27 <0.01
(Passage) Direction 4.2 - <0.01
Treatment 0.4 - <0.01
Treatment + HydroTreatment + s(Distance
17.6 (minimum
from bubble curtain) + s(SD Flow) +
adequate model)
S(SPL) + s(PD)
Swimming s(Distance from bubble curtain) 9.47 8.95 <0.01
velocity  s(PD) 5.72 6.91 <0.01
(Rejection) HydroTreatment 1.41 - <0.01
Treatment 0.4 - <0.01
s(SD Flow) 0.5 3.8 <0.01
s(SPL) 0.1 1.01 0.023
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Bubble curtains did not influence the trajectories of fish under the illuminated condition
as they rejected it (Fig. 9). The Angular dispersion, r, depended on distance from the bubble
curtain, time of day, direction and phase. Using these parameters, the model explained 34% of
the deviance. Trajectories were more sinuous during the test compared to the pre/post-treatment

controls (p < 0.01), and during the vibrated injection treatment (p = 0.01).

Swimming velocity was dependent on distance from the bubble curtain, experimental
phase, treatment, and time of day, with the model explaining 27.4% of the deviance when
approaching the bubble curtain, and 28.4% when swimming away. In both cases, Swimming
velocity was lower at night (p < 0.01), and during the treatment phase compared to the rest of
the trial (p < 0.01). When approaching the bubble curtain, Swimming velocity was lower closer
to it (p < 0.01) for both bubble treatments compared to the vibrating motors only (p < 0.01).
When swimming away, velocities were higher farther away from the bubbler (p < 0.01), and

highest for vibrated injection (p < 0.01).

TABLE 11l — Results obtained for Experiment 3, indicating the influence of an insonified
bubble curtain on the sinuosity of fish swimming trajectories under conditions of darkness and
illumination. Trajectories were more sinuous for fish swimming towards the bubble curtain

during the treatment phase, and at night.

Experimental Phase
Time Treatment

Pre-Treatment Treatment Post-Treatment

Towards bubble
curtain
Standard injection 1.08 + 0.61 2.34 £ 0.772 1.23+0.54
o Vibrated injection 1.00£0.63 3.12 +0.802 1.18£0.55

Motors 1.14 + 0.63 1.62 +1.03 1.48 +1.13
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Away from bubble

curtain
Standard injection 0.78 + 0.66 1.28 +1.40 0.72+0.80
Vibrated injection 0.75+£0.34 0.94 £1.27 0.72 £0.37
Motors 0.58 £0.15 0.99 +0.38 1.00 + 0.40

Towards bubble

curtain
Standard injection 3.71+1.62 5.79 £ 2.302 3.40+1.62
Vibrated injection 3.18 + 1.66 4.63 +1.952 3.89+2.28
Motors 2.24 +1.05 2.27 +1.37° 2.25+1.35

Night

Away from bubble

curtain
Standard injection 1.71+0.44 1.05+0.91 1.42 +0.81
Vibrated injection 1.49+1.09 0.86 £ 0.50 1.70+1.30
Motors 1.23+£0.57 1.05 £ 0.60 1.45+1.28

& significant at the 0.01 level
b significant at the 0.05 level

values in Bold = significance between treatment and pre/post-treatments

IV DISCUSSION

The novelty of this study relates to three main elements; it is the first to: (1) investigate carp
reactions to a low air flow bubble curtain, (2) compare the effectiveness of resonant versus
non-resonant insonified bubble curtains to deter passage, determining the stimuli responsible
for eliciting deterrence, and (3) consider the effect of visual cues in relation to acoustic and
hydrodynamic stimuli generated by the bubble curtain by conducting trials under conditions of

illumination and darkness. This study also implemented the first flume deployment of a method
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to control bubble size using the same orifices and gas flow, by considering bubble coalescence
(Leighton et al., 2012). To accomplish this in a small test tank, the air flow was much lower
than what would be used in the field, so the fish responses were expected to be small. However

in principle the system could readily be scaled up for field-scale facilities.
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FIG. 9. — Scatterplots of Angular dispersion for rejected attempts from Experiment 3 (10 L
min bubble curtain). Values closer to 1.0 indicate greater directionality. Negative and positive

x-axis values indicate motion towards and away from the bubble curtain, respectively.

Our findings show that a bubble curtain with a gas flux of 30 L mint m? can be
sufficient to reduce passage in carp, deflecting them towards the flume wall. While this
experiment was considered as a logical starting point for a series of subsequent experiments, it
suggests that bubbles can moderately reduce passage even at low air flows. It also supports
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prior findings (Bibko et al., 1974) that fish can detect and make use of gaps in a behavioural

barrier using mechanosensory cues in the absence of light.

Resonant insonified bubble curtains reduced passage in carp relatively more than non-
resonant bubble curtains. A bubble population that contains more bubbles in resonance with
the driving sound field will extract more energy from that field compared with a population
that contains less resonant bubbles. We postulate that the more abrupt changes (i.e. the ones
marked by a dagger in Figure 4) in the acoustic stimuli due to the presence of a resonant bubble
population were more likely to initiate avoidance in carp. Movement of carp away from an
insonified bubble curtain appears to have been strongly influenced by the gradients of both
particle displacement (APD) and the standard deviation of the flow (ASD flow), and these
findings appear to support the observations of others. A previous study carried out with an
acoustic bubble curtain (720 L min?, or 180 L min m™ of bubble curtain) argued that
deterrence is likely caused by acoustic particle motion in the near field of the bubble curtain
(Zielinski & Sorensen, 2016). This conclusion was reached by observing that carp rejected
passage within 25 cm of the bubble curtain, which coincided with the region of maximum
particle acceleration, whereas hydrodynamic forces generated by the bubbles extended from
50 — 100 cm away from it (Zielinski & Sorensen, 2016). In this study hydrodynamic forces
decreased rapidly beyond a distance of 25 cm away from the bubble curtain, whereas the higher
air flows used to create the bubble curtain in the previous study likely explain their larger
hydrodynamic signatures. In our case, rejection responses were likely elicited by multimodal
cues; close overlap between the PD and SD flow fields may have enabled them to reinforce

one another presenting fish with two sharp gradients in the same region.

In the presence of daylight, insonified bubble curtains reduced passage in carp relatively
less. Although course-scale efficiencies of bubble curtains have been known to vary between
daylight and night (Welton et al., 2002; Leander et al., 2021), our findings quantified this
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behaviourally. In all three experiments, when encountering a bubble curtain in darkness, carp
tended to engage in exploratory behaviour, and repeatedly swam along the front of or held
position facing it, prior to a pass or rejection. Carp also reduced their swimming speed, and the
degree to which this happened, as well as the distance at which reductions were observed was
dependent on treatment type. It is likely that non-resonant treatments were better at reducing
swimming speeds because the acoustic stimuli could be detected farther away. In daylight,
however, these behaviours became less pronounced, noticeable from the higher passage
efficiencies, higher swimming speeds, and a decrease in the sinuosity index. While this
supports Welton et al's (2002) conclusions, Leander et al., (2021) found that bubble curtains
alone were more effective at guiding salmon smolts into a fishway during the day. This
indicates that in the absence of other sensory cues such as a sound field, visual detection of the
bubble curtain is important for eliciting deterrence (Leander et al., 2021). Earlier work suggests
that fishes are highly dependent on the mechanosensory system in darkness, but when
available, visual cues may be given more importance than hydrodynamic and acoustic signals
(Rowe, 1999; Vowles et al., 2014). This could explain our video footage observations in
Experiment 3, where fish swam through gaps in the bubble wall during the day, caused by
needles moving out of alignment. Although this observation was qualitative, similar
conclusions were drawn for Atlantic salmon smolts, which during the day appear to detect gaps
in a bubble curtain that occur due to deposition of silt on the perforated pipe, thus reducing the
efficiency of the bubble curtain (Welton et al., 2002). Care should be taken when extrapolating
these results more generally given that carp behaviour changes with season (Bajer et al. 2010),

time-of-day (Benito et al,. 2015), and temperature (Rome et al., 1985).

Vibrating motors had a deterrent effect on fish behaviour in Experiment 2, reducing
passage count by 30% of a pre-test control, but not in Experiment 3. This was likely due to the

louder broadband sound levels generated by the motors at 3V (123 dB re 1 pPa) versus 2.2V
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(106 dB re 1 pPa). Although the deterrent effect of the VM treatment can be compared with
the bubble treatments, it cannot be directly subtracted to obtain the deterrent effect of the
bubbles minus the motors. This is because the bubble curtains attenuated a substantial portion
of the sound generated by the motors below 2 kHz (See supplementary material at [URL will

be inserted by AIP] for recorded acoustic spectra).

For Experiments 2 and 3, the range of ¢2° was narrow for every insonified bubble
curtain tested, and narrowest for the resonant set-ups. This implies that if past or future bubble
curtain deployments injected a suboptimal bubble size; either by injecting a very wide range
such that much of the gas pumped in does not contribute to the acoustical effect, or by
generating a bubble cloud that does not contain resonant bubbles, they could be highly
inefficient. By altering the size of bubble generated, a large-scale deployment could change

from not being cost-effective, to being practicable, efficient and affordable.

It is important to draw attention to certain historical pitfalls when conducting
experiments with underwater bubbles. The use of bubble curtains to contain sound fields
through backscattering or attenuation dates back to 1948 (Loye & Arndt, 1948). Evaluations
of bubble curtains used as behavioural deterrents for fish were also carried out at a number of
sites on the Great Lakes in the 1970’s (Hocutt, 1980), although many of these studies were grey
literature reports, and lacked methodological details or in-depth categorisation of the stimuli
used (Popper & Carlson, 1998). The description of the apparatus showed no obvious capability
to control bubble size or optimize it for the sound field in question. Results were mixed and
research into their use dropped. Recently, however, the interest in bubble curtains has been
renewed due to the need to develop cost-effective and easily deployable barriers to prevent the
spread of invasive carp in North America (Kelly et al., 2011) and Australia (Koehn et al.,
2000), and also to protect them in their native range (Xu et al., 1992; Chen et al., 2004). Despite
the historical body of work on bubble curtains, the push towards specifying and measuring the
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stimuli they generate is a fairly recent one (Dawson et al., 2006; Zielinski & Sorensen, 2016;
Dennis et al., 2019). It is essential that this continues, and for the behavioural scientist to be
able to carry out valid research and properly compare and interpret the results of others. The
historical body of work has relied on a ‘brute force” approach, where the only driver to improve
deterrence has been to pump more air, or add additional stimuli, which eventually becomes
unfeasible if demands for scale-up increase. By understanding bubble formation, and the
interaction of the bubble and the sound field, powerful gains towards scale-up can be made for
less effort (e.g. encapsulating stationary bubbles (Lee et al., 2016); or exploiting the resonance,

as discussed here).

When using bubbles to create a multimodal stimulus (e.g. with sound) great care should
be taken to consider what determines the size of a bubble, and how this may affect its properties
and the replicability of the study. For a given nozzle size, there is a bubble of maximum volume,
and its size depends on: (1) the rate of air flow to the bubble, and (2) whether the system is
operated in a pressure-controlled or volume-controlled mode (Longuet-Higgins et al., 1991;
Clift et al., 1978). When introducing air underwater, as gas flow is increased, rising bubbles
come into contact with one another and coalesce to form larger bubbles. Higher flow rates (e.g.
30 mL s per nozzle) result in a wide range of bubble sizes growing at the orifice or generated
by the fragmentation of existing bubbles (Leighton et al., 1991). Since detachment and
fragmentation occur unpredictably, using the size of the orifice to measure the bubble size used

in an experiment is unreliable.

Our study used the tactic of generating bubble curtains using the same apertures and
gas fluxes, but activated with different levels of needle vibration, to determine how fish react
to bubble curtains. Following Leighton et al, (2012, with video at

www.isvr.soton.ac.uk/fdag/PIPE_DEMO/index.htm) needles that would normally generate

bubbles that are ineffective at absorbing sound would, when vibrated, produce a cloud of much
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smaller bubbles because they did not coalesce at the nozzle (Leighton et al., 1991). Being closer
to resonance with the acoustic field, these smaller bubbles attenuated sound better, even though
the gas flow rate into the needle was unchanged. This demonstrates that simply stating the gas
flow rate and aperture size is not sufficient to characterise an acoustically-active bubble curtain,
because the bubble size distribution also has to be known. Knowing the size composition of
the bubble population, gas flow rate, and the gas pressure in addition to mapping the fields for
the various stimuli generated should be considered a starting point for future experiments
involving bubbles and sound. Determining, 62°, the size fractions responsible for 90% of the
extinction of the energy from an incident wave could prove a useful tool to determine the most

effective range of frequencies to use for a given bubble population.

While 4000 Hz is not within the most sensitive range of carp hearing (e.g. Vetter et al.,
2018), the approach taken here was to match the sound frequencies to the bubbles generated.
In line with carp audiograms, in Experiment 2 the 4000 Hz set-ups were relatively less effective
than their respective 1750 Hz treatments. However, carp also reacted to the particle motion or
hydrodynamic field for which behavioural audiograms do not currently exist (Popper &
Hawkins, 2019). Furthermore, the ability of a fish to detect a sound may not necessarily evoke

a response (Putland & Mensinger, 2019; Leighton et al., 2020).

Much scope remains for future research and a logical next step would be to maximise
deterrence. Using slightly higher air flows (e.g. 10 — 20 L min* m™) the deterrent effect of
resonant bubble curtains insonified by: (1) a single tone versus, (2) multiple tones, and (3)
broadband signals, each selected specifically to drive one or more bubble size ranges to
resonance, could be compared. The influence of group effects (e.g. Currie et al., 2020) and
long-term habituation could also be considered (Putland & Mensinger, 2019). We echo earlier
calls (e.g. Deleau et al., 2019) that such technologies should not be used as an absolute barrier,
but incrementally improved to deflect, or redirect fishes; e.g towards fish passes where even
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moderate improvements in passage rates could help conserve sensitive species. To avoid
habituation such deterrents are best used in situations where fish will be in contact with the
stimulus for a brief period of time such as during a migration, or in tidal areas (Turnpenny &

O’Keefe, 2005, Zielinski & Sorensen, 2016).

V CONCLUSIONS

This study used injection nozzles and vibrating motors to generate populations of underwater
bubbles of different size and composition while using the same air flow. These were insonified
by sound fields of different frequencies to test the effectiveness of resonant versus non-resonant
insonified bubble curtains as deterrents for fish passage, and in the absence or presence of
visual cues. Results show that bubble curtains in resonance with a sound field show relatively
improved deterrence, and that passage rejection in common carp is likely mediated by
multimodal cues. The presence of visual cues increased passage efficiency and swimming
velocity, and fish followed less sinuous trajectories compared to the same conditions in the
dark. This indicates, at least under the experimental conditions described here, that visual cues

are important for carp.

When working with bubble curtains, due consideration should be given to what
influences the size of a bubble, and how this affects the way a bubble cloud interacts with an
incident sound field. Care should be taken to ensure replicability and better control over the

stimuli generated through detailed categorisation.
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VIII TABLES

TABLE I. Mean length, weight, and holding tank temperature for common carp used in the

three experiments to investigate their response to insonified bubble curtains.

Mean (xSE) Mean (xSE) Mean (xSE)
Experiment no. Date
length (mm) weight (mm) tank temp. (°C)
Experiment 1 July 2017 117.6 (21.8) 25,2 (17.5) 17.9 (0.02)
Experiment 2 July 2018 116.1 (0.7) 23.1(0.5) 20.7 (0.3)
Experiment 3 Feb 2017 97.6 (0.6) 17.0 (0.4) 5.4 (0.4)
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TABLE Il — Results obtained for the modelled effects of the stimuli generated by an insonified

bubble curtain on fish swimming velocity (Experiment 2). The deviance explained relative to

null (%), estimated degrees of freedom (edf) and significance (p value) of the terms in the

minimum adequate model fitted to swimming velocity are listed. Brackets indicate smoothed

terms.
Deviance
Dataset explained relative
Model terms to null (%) edf p value
Treatment + Direction + s(Distance from 21.5 (minimum
Swimming bubble curtain) adequate model)
velocity  s(Distance from bubble curtain) 16.9 8.27 <0.01
(Passage) Direction 4.2 - <0.01
Treatment 0.4 - <0.01
Treatment + HydroTreatment + s(Distance
17.6 (minimum
from bubble curtain) + s(SD Flow) +
adequate model)
S(SPL) + s(PD)
Swimming s(Distance from bubble curtain) 9.47 8.95 <0.01
velocity  s(PD) 5.72 6.91 <0.01
(Rejection) HydroTreatment 1.41 - <0.01
Treatment 0.4 - <0.01
s(SD Flow) 0.5 3.8 <001
s(SPL) 0.1 1.01  0.023
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TABLE Il — Results obtained for Experiment 3, indicating the effect of visual cues and an

insonified bubble curtain on the sinuosity of fish swimming trajectories. Trajectories were more

sinuous for fish swimming towards the barrier during the treatment phase, and at night.

Deviance explained

Dataset Model terms edf  pvalue
relative to null (%)
Treatment + Direction + s(Distance from 21.5 (minimum
Swimming bubble curtain) adequate model)
velocity  s(Distance from bubble curtain) 16.9 8.27 <0.01
(Passage) Direction 4.2 - <0.01
Treatment 0.4 - <0.01
Treatment + HydroTreatment + s(Distance
17.6 (minimum
from bubble curtain) + s(SD Flow) +
adequate model)
S(SPL) + s(PD)
Swimming s(Distance from bubble curtain) 9.47 8.95 <0.01
velocity  s(PD) 5.72 6.91 <0.01
(Rejection) HydroTreatment 1.41 - <0.01
Treatment 0.4 - <0.01
s(SD Flow) 0.5 3.8 <0.01
s(SPL) 0.1 1.01 0.023

& significant at the 0.01 level
b significant at the 0.05 level

values in Bold = significance between treatment and pre/post-treatments
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IX FIGURES

FIG. 1 (a) Schematic of the bubble curtain and air supply system used for Experiments 2 and
3 of a study to investigate the response of common carp to insonified bubble curtains in the
presence and absence of visual cues. A single needle is shown for simplification, all needles
were at same depth. (b) Plan of the experimental set-up used in Experiments 2 and 3. Grey
areas indicate section of flume not used in experiment, dark grey blocks indicate mesh barriers.
The asterisk indicates the release point for fish at the start of each trial. Set-up was
asymmetrical due to presence of a walkway, although no differences in attempts or passage

efficiency were found between the smaller and larger side of the set-up.

FIG. 2. — Distribution of bubble diameters (um) at (a) 6 L min™, with standard injection (0 V),
and vibration at 3 V; and (b) 10 L min with standard injection (0 V) and vibration at 2.2 V.
When the vibrating motors were activated, the general increase in bubble counts for the same
volume gas flux was because the gas was distributed in more, smaller bubbles. Note that the
volume of gas in the largest non-vibrating bubble peaks (diameters >10%° microns for (a) and
>108 microns for (b) disappeared when vibration (3 V) was activated, and these peaks contained

the bulk of the gas.

FIG. 3. — Modelled extinction cross sections for bubble distributions determined for
Experiments 2 and 3: a) an air flow of 6 L min insonified at either 1750 Hz or 4000 Hz, with
either standard injection or vibration at 3 V, and b) an air flow of 10 L min* insonified at 1000
Hz with standard injection or vibration at 2.2V. 62° represents the range of bubble diameters
at which the central 90% of the attenuation occurs. The populations with a higher proportion
of bubbles at resonance with the sound field are: 1750 Hz standard injection, 4000 Hz vibrated

injection, 1000 Hz standard injection.
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FIG. 4. — (Colour online) Acoustic maps at 45 cm depth for: (a) 1750 Hz bubble set-ups; (b)
4000 Hz bubble set-ups. Resonant treatments are marked by a dagger (Experiment 2). B =
standard injection, VB = vibrated injection. On this scale the nearest edge of the loudspeaker
is at horizontal position -17 cm, and the centre of the speaker at horizontal position -26 cm.
Sound maps of the speakers alone were included to illustrate the strong attenuating effect from

the bubbles.

FIG. 5. — (Colour online) Particle displacement in the: (a) x y z direction, and (b) maps at 20
cm depth. Resonant treatments are marked with a dagger (Experiment 2). B = standard
injection, VB = vibrated injection, VM = vibrating motors, and numbers refer to frequency of

the sound field.

FIG. 6. — The median, interquartile range and minimum/maximum whiskers of the Number of
passes and Passage efficiency for all treatments for the 6 L min bubble curtain during pre-
treatment and test periods. Pairs where a significant difference was determined are denoted by
an asterisk. Resonant treatments are marked by a dagger. B = standard injection, VB = vibrated

injection, VM = vibrating motors, and numbers refer to frequency of the sound field.

FIG.7. — Scatter plots of rejection counts against gradients (averaged for 10 cm bins) of all

three stimuli generated by the bubble curtains.

FIG. 8. - The median, interquartile range and minimum/maximum whiskers of the mean
sinuosity indices per trial for Passes during Experiment 2 (6 L min™ bubble curtain). Pairs
with a significant difference are denoted by an asterisk. Resonant treatments are marked by a
dagger. B = standard injection, VB = vibrated injection, VM = vibrating motors, and numbers

refer to frequency of the sound field.
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1025  FIG. 9. — Scatterplots of angular dispersion for rejected attempts from Experiment 3 (10 L min
1026 ! bubble curtain). Values nearer to 1.0 indicate greater directionality. Negative x-axis values
1027 indicate motion towards the barrier, positive x-axis values indicate motion away from the

1028  barrier.
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