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Abstract
Deterrents that limit the dispersal of non-native fishes into waterways are important
tools for managing aquatic invasions. Acoustic and stroboscopic stimuli may be
used to limit the dispersal of common carp (Cyprinus carpio), a widely invasive
species. This study exposed wild-caught common carp to stroboscopic, acoustic, or
combined-stimuli treatments, to observe changes made in their activity and in the
number of passes made across the deterrent. Mixed-effects models determined that
for all treatments, common carp spent more time moving actively during the
stimulus and post-stimulus periods than during the control period. Common carp
deterrent passes differed according to treatments. In the stroboscopic treatment,
passes only increased during the post-stimulus period, in the acoustic treatment
there were no significant differences across stimulus periods, and in the combined
treatment passes decreased during the stimulus period. These results indicate that
stimulus-induced behavioural changes may be sustained for short periods of time
(> 30 min) after the deactivation of a stimulus deterrent. Our study found a muted
avoidance response in comparison to other acoustic deterrent studies, likely due to
the lack of sufficient stimulus refuge. Finally, individuals that were exposed to both
stimuli did not express additive behavioural responses in comparison to individuals
that were only exposed to one stimulus type. Our findings highlight important
considerations for deterrent technologies and directly quantify the behavioural
response of combined deterrent stimuli.
Key words: non-structural deterrent, behavioural deterrent, aquatic invasive species

Introduction
Biological invasions are a major threat to global biodiversity (Britton et al.
2011), with a disproportionate vulnerability found in freshwater ecosystems
(Ricciardi et al. 2011). These systems are characterized by high species
richness (Dudgeon et al. 2006) and strong trophic linkages that can be
dramatically altered by the introduction of an invasive species (Gallardo et
al. 2016). Furthermore, the potential for species invasions or range
expansions has dramatically increased through anthropogenic vectors such
as live trade, shipping, intentional animal release, and canal passage (Pagnucco
et al. 2015). These vectors have led to a greater proportion of non-indigenous
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species occupying freshwater ecosystems (Vitousek et al. 1997; Ricciardi et
al. 2011). Mitigating the spread of invasive species is a high conservation
priority, as the establishment of even a single species can lead to
significant, and often irreversible, ecological consequences (Vitule et al.
2009; Wittmann et al. 2014). Once an aquatic species has invaded a novel
environment, its eradication is often extremely difficult, and the costs of
active management are generally very high (Leung et al. 2002).
Non-structural deterrents have been employed to obstruct fish movement,
and limit the propagule pressure of an invasion front without modifying
the physical structure of a waterway (Noatch et al. 2012). Fish movement
can be obstructed by altering stream flow, as done with high-velocity dams
(Haro et al. 2004), or fish movement can be obstructed by introducing new
stimuli to the system to surpass the physiological tolerances of fishes, as
done with electrical or chemical systems. Finally, fishes can be deterred
from continued movement by making a targeted region undesirable, as
done with chemical, acoustic, or visual technologies (Noatch et al. 2012).
Non-structural deterrents avoid some of the disadvantages of physical
barriers including expensive installations, impediments to water flow, and
the maintenance required to remove clogging or biofouling (Flammang et
al. 2014).
Acoustic deterrents were initially investigated as a tool to reduce the
level of fish impingement upon nearby power plants (Hocutt 1980; Maes et
al. 2004). The sound frequencies tested have ranged from infrasound to
ultrasound (Hocutt 1980; Haymes et al. 1986; Knudsen et al. 1997; Mann et
al. 1997) and produced a range of avoidance responses across a variety of
species. More recently, broadband sound has been investigated as a potential
non-structural deterrent to prevent the continued dispersal of bigheaded
carps throughout the Mississippi River Basin and into the Great Lakes.
Vetter et al. (2015) consistently deterred silver carp Hypophthalmichthys
molitrix 11 times, and bighead Carp (Hypophthalmichthys nobilis) 20 times
(Vetter et al. 2017) away from the source of a marine-motor recording.
Additional lab studies have continued to find bigheaded carps expressing
an avoidance response to acoustic stimuli (Murchy et al. 2016, 2017;
Zielinski et al. 2017).
Acoustic deterrent reliability could be further improved by combining
additional sensory modalities and adding redundancy to fish avoidance
responses (Popper et al. 1998; Taylor et al. 2005; Flammang et al. 2014;
Dennis et al. 2019). Strobe lights can be added to an acoustic deterrent
relatively easily (Ruebush et al. 2012) and provide a secondary directional
stimulus that engages new sensory systems. As a stand-alone deterrent,
strobe lights lack consistency across species and under varying turbidity
and background light-intensity levels (McIninch et al. 1987; Nemeth et al.
1992; Simmons et al. 2004; Noatch et al. 2012). The flashing pattern of the
stimulus may increase deterrent efficacy in comparison to continuous light
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(Popper et al. 1998). Sullivan et al. (2016) found that stand-alone strobe
lights were effective across a broad range of light and pulsing frequencies
in deterring largemouth bass (Micropterus salmoides).
A combined acoustic-strobe-light deterrent may be useful in managing
common carp, Cyprinus carpio dispersal. Common carp is a globally invasive
species (Chumchal et al. 2005) that dominates natural communities (Weber
et al. 2009). As common carp consumes aquatic vegetation, it re-suspends
sediment and excretes high levels of nutrients that can lead to algae blooms.
Additionally, it reduces macrophyte abundance and habitat for benthic
invertebrates (Parkos III et al. 2003; Chumchal et al. 2005; Weber et al.
2009). These characteristics have led to substantial international efforts
towards controlling its spread, or limiting its ecological damage (Weber et
al. 2009) and an interest in management-related behavioural studies (Sisler
et al. 2008; Huntingford et al. 2010; Zielinski et al. 2014, 2017).
Common carp and other large-bodied invasive cyprinids are a major
conservation concern to the Great Lakes basin (Lougheed et al. 1998;
Cudmore et al. 2011). These cyprinids are in the superorder Ostariophysi,
which have a specialized connection between their inner ear and swim
bladder (Popper et al. 1998). This connection, termed the Weberian
apparatus, allows for compressions in the swim bladder caused by sound
waves to be transmitted to the inner ear, and gives carps a hearing
advantage compared to species without this anatomical feature (Lovell et
al. 2006; Popper et al. 2011). Common carp can detect frequencies from
100-2000 Hz at sound-pressure levels lower than 100 dB re 1 μPa RMS
(Kojima et al. 2005). Zielinski et al. (2017) found that, in the absence of any
visual stimuli, common carp behaved similarly to bighead and silver carps
when exposed to complex sound, however, Murchy et al. (2016) observed
that with visual stimuli, common carp avoidance to complex sound expressed
potential habituation, and was considerably muted in comparison to the
two other species. Bighead, common, and silver carps all have similar darkadapted visual sensitivity, but common carp has expressed a greater
electroretinography response and recovery to strobe lights than the other
two species (Vetter et al. 2019).
In our study, common carp were exposed to either acoustic,
stroboscopic, or both stimuli to quantify how behaviours differed before,
during, and after a stimulus was applied. Behaviour was quantified by the
duration of active movement (activity) and the number of passes made
across the stimulus centered within the experimental tank (passes). We
predicted that activity levels would increase, and that passing frequency
would decrease during the stimulus period. Additionally, we predicted that
the magnitude of behavioural response would be greater for the combined
stimuli treatments than for the individual acoustic or strobe-light
treatments.
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Figure 1. Layout of experimental tanks with video cameras represented with black boxes, and
stimuli represented with the gray circle. The experimental stimulus was always placed in the
middle of the tank.

Materials and methods
Study Animals
Wild, adult common carp were collected, by boat electrofishing in
Hamilton Harbour, Lake Ontario, and held at the Aquatic Life Research
Facility at the Canada Centre for Inland Waters (Burlington, ON). In total,
53 common carp were used, with an average weight of 3.80 ± 1.23 kg
(Mean ± SD), and an average fork length of 569.5 ± 47.4 mm. Fish weight
did not differ across the three treatment types (F2, 33 = 2.73, p > 0.05).
Captured common carp were bathed in a formalin treatment (125 ppm)
for one hour on three consecutive days to prevent parasite and disease
transfer. The treated fish were maintained in large aerated recirculating
tanks (650 L tank x 4, 1650 L tank x 2) with dechlorinated water (12–15 °C)
for 13 ± 9 days before being placed in experimental tanks.
Common carp were identified with a FD-94 anchor tag (Floy Tag &
Manufacturing Inc. Seattle WA) inserted into fish musculature below
dorsal fin with a fine fabric tag. Prior to fish tagging, individuals were
anaesthetized with a Portable Electrosedation System (PES, Smith-Root
Inc., Vancouver, WA) following the procedure outlined in Jaewoo et al.
(2017), then weighed, measured and photographed. Fish were fed daily,
(1–1.5% body weight) with commercial fish food (Profishent Trout Chow,
Martin Mills, Inc., Elmira, ON), and maintained in a 12 h light: dark
photoperiod. After data collection, fish were euthanized via percussion
stunning and destruction of the brain.

Experiment
Trials were conducted in three experimental tanks measuring 3.56 m long,
1.10 m wide, and 0.39 m deep. The behavioural responses to acoustic,
strobe-light, and combined stimuli were recorded in 1080 p and 60 fps
with one underwater camera (Hero 4, GoPro, San Mateo, CA), and one
overhead camcorder (XA 25, Canon, Brampton, ON) positioned in the left
end of the tank (Figure 1).
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To minimize isolation stress and risk perception (Huntingford et al. 2010),
each trial held three common carp at a time. The fish schooled throughout
trials so one individual was randomly selected to be the focal fish and
represent the movement of the group (Vetter et al. 2015). Each fish per
group had a uniquely coloured anchor tag and flagging tape of the same
colour was added to the end of each tag to allow for improved fish
identification during video analysis. Focal fish were reused as non-focal
fish in trials of a different treatment.
After fish tagging or trial completion, common carp were held for at
least 24 hours before they could be selected for a trial. Once an individual
was selected for a trial, they were acclimated to the experimental tank for
19 ± 2 hours, with the inactive stimulus equipment placed in the tank at
least 45 minutes prior to trial initiation. All three fish were placed in the
top left corner of the tank and allowed to move freely throughout the
acclimation period. Trials with missing video data due to camera movement
or battery failure were removed, leaving a total of 36 trials split across
acoustic (n = 11), stroboscopic (n = 12), and combined (n = 13) treatments.
Each trial lasted for 90 minutes and consisted of three components: a
30-minute control period; a 30-minute stimulus period; and, a 30-minute
post-stimulus period. The same focal fish was observed for all periods of
each trial. Two behavioural conditions were observed for every trial; the
total duration of active movement (s), and the number of passes made
across the deterrent. An individual was considered active if it was pumping
its pectoral fins or travelling at a velocity greater than 0.05 m●sec-1. This
velocity was used as it was an observed midpoint in velocities between
deliberate fish movement and incidental movement observed when fish are
maintaining position within the water column. Velocity was assessed by
manually observing fish movement across distance markers placed in tank.
The main goal of the activity measurement was to differentiate between the
movement of general exploratory behaviour and inactive stationary
behaviour. A fish was considered to have passed a deterrent once the
midpoint of its body had passed the deterrents placed in the middle of the
tank. All recorded trials were observed and scored with Behavioural
Observation Research Interactive Software (Friard et al. 2016). Each video
was viewed by one of two observers to quantify passes across the deterrent
and durations of active movement.

Behavioural Stimuli
The acoustic stimulus was a four-second loop that combined a 200–1400 Hz
sweep, a 200–1500 Hz band sweep, and a recording of a 50 hp outboard
motor that had an energy peak at ~ 1300 Hz. When combined, these
components produce a signal that ranges in frequency across the hearing
sensitivity of common carp (Popper 1972), while simultaneously changing
Bzonek et al. (2020), Management of Biological Invasions 11(2): 279–292, https://doi.org/10.3391/mbi.2020.11.2.07
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Figure 2. Spectrogram of the acoustic stimulus displaying changes in sound pressure over time
for frequencies between 0 and 8000 Hz. The spectrogram was plotted using Audacity (Version
2.1.0) with a frequency resolution of 7.8 Hz, produced by a Hanning moving window.

Figure 3. Power spectrum for the RMS sound pressure level of the acoustic stimulus 5 cm
from the speaker (blue line), and for ambient noise in the holding tank (yellow line),
experimental arena (purple line), and Hamilton Harbour (blue line). Power spectrums are
plotted with a frequency resolution of 62 Hz.

over time to reduce the likelihood of habituation (Figure 2). The stimulus
was produced with an underwater speaker (Lubell LL916H, Lubell Labs
Inc., Columbus, OH) placed in the center of the experimental tank. Sound
intensity ranged from 117–128 dB re 1 μPa RMS during ambient conditions
to 160–167 dB re 1 μPa RMS during the acoustic and combined treatments
(Figure 3). Common carp were captured from Hamilton Harbour, which
had a background sound pressure level of 112 dB re 1 μPa RMS and were
acclimated in holding tanks with sound pressure levels of 131 dB re 1 μPa RMS.
The stroboscopic stimulus used in this study was a 110 V random-flashing
underwater strobe light that operated with a frequency of 1–20 Hz (Seebrite
LED, I.A.S. ltd, Vancouver, BC). The strobe light was placed in the center
of the experimental tank where it produced white light in 360° throughout
the water column. Peak light intensity ranged from 1–66 lux in ambient
conditions to 300–17090 lux during the acoustic and combined treatments.
The strobe light produced 51 μmol s-1 m2 of light radiation between 400 and
700 nm at a distance of 1 m from the source (LP-80, AccuPAR, Pullman, WA).
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Figure 4. Sound-pressure levels (dB re 1 µPa RMS with 30 sec audio recording) of the
experimental tank under ambient (upper) and stimulus (lower) conditions. Black rings represent
where measurements were taken at a depth of 0.2 m. Sound-pressure levels are plotted with the
peak power frequencies of the stimulus and ambient acoustic environments.

Figure 5. Light intensity levels (peak Lux facing source with 30 sec recording) of the
experimental tank under ambient (upper) and strobe-light (lower) conditions. Black rings
represent where measurements were taken at a depth of 0.2 m.

Sound pressure (Figure 4) and light intensity (Figure 5) were measured
for 30 s in a 3 × 4 measurement grid along the experimental tank and
mapped using the IDW function in ArcGIS 10.3 (ESRI, Redlands, CA) (ESRI
2014). Sound-pressure levels were measured with two hydrophones at a
sampling rate of 128 kHz (M8E51-C0, sensitivity @ 250 Hz = −199 dBV;
M8E51-C35, sensitivity @ 250 Hz = −164 dBV, GeoSpectrum Technologies
Inc., Dartmouth, NS) connected to a JASCO Ocean Sound Meter (JASCO,
Halifax, NS). The higher sensitivity hydrophone (M8E51-C0) was used to
measure the ambient sound pressures of Hamilton Harbour, the holding
tank, and the experimental tank. The lower sensitivity hydrophone
Bzonek et al. (2020), Management of Biological Invasions 11(2): 279–292, https://doi.org/10.3391/mbi.2020.11.2.07
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(M8E51-C35) was used to measure stimulus sound pressures, and record
the motor component of the acoustic stimulus. Peak strobe-light illuminance
was measured for ambient and stimulus treatments with a lux meter
(MW700, Milwaukee Electronics Kft., Hungary).

Data Analysis
Common carp activity duration and deterrent passes were analysed
separately as dependant variables to be compared among treatment type
and stimulus period. Activity was square-power transformed and passesacross-deterrents were square-root transformed to improve normality. The
data were analysed with linear mixed-effects models fit by restricted
maximum likelihood. Each trial observed the repeated measures of common
carp response across the control, stimulus, and post-stimulus periods. To
account for the repeated measures within a trial, stimulus period was
nested within the random-factor of fish identity. Treatment type and
stimulus period were measured as fixed effects, and the variance structure
was allowed to differ across both factors. Linear mixed-effects models were
constructed with the nlme package (Pinheiro et al. 2018) in the statistical
program R (R Core Team 2018). Significant differences across fixed-effects
factors were quantified with a mixed model ANOVA to obtain degrees of
freedom, F-statistics and P-values (Reber et al. 2008; Allen et al. 2014).
Holm-Bonferroni corrected alpha levels of α = 0.025 (0.05/2) were applied
to account for the two dependant variables. Post-hoc pairwise comparisons
were tested with Tukey’s HSD, using the lsmeans package (Allen et al. 2014).

Results
Exposing common carp to aversive stimuli resulted in significant changes
in durations of active movement across the control, stimulus and poststimulus periods (F2, 64 = 31.19, p < 0.001) (Figure 6). The duration of active
movement did not significantly differ between the acoustic, stroboscopic,
or combined treatments (F2, 37 = 2.86, p = 0.07), and there were no
interaction effects between stimulus period and treatment type (F4, 64 = 0.91,
p = 0.46). Duration of activity was highest during the post-stimulus period
(mean ± SD; Light: 1352 ± 249 s; Sound: 1353 ± 285 s; Combined: 1406 ± 351 s),
followed by the stimulus period (Light: 1207 ± 423 s; Sound: 1200 ± 300 s;
Combined: 1222 ± 460 s), and finally the control period (Light: 814 ± 394 s;
Sound: 952 ± 448 s; Combined: 1108 ± 421 s).
Exposing common carp to aversive stimuli also resulted in significant
changes for the number of passes made across the control, stimulus and
post-stimulus periods (F2, 64 = 15.52, p < 0.001) (Figure 7). The number of
passes did not significantly differ between the three treatments (F2, 37 = 2.40,
p = 0.11), but there were significant interactions between stimulus period and
treatment type (F4, 64 = 5.80, p < 0.001). In the acoustic treatment, deterrent
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Figure 6. Common carp activity across treatment type and stimulus levels. As indicated by
lettering, activity levels were significantly different (p < 0.05) across stimulus periods, but not
across treatment type, as determined by a Tukey’s HSD tests.

Figure 7. Number of passes made by common carp across the deterrent for each treatment type
and stimulus period. Significant differences (p < 0.05) within treatments were determined using
Tukey’s HSD tests and the results represented by letters.

passes did not differ between periods (control: 11 ± 9; stimulus: 15 ± 11;
post-stimulus: 19 ± 12) and fish expressed high variation in latency of first
passing (control: 647 ± 640 s; stimulus: 302 ± 542; post-stimulus: 229 ± 566).
In the stroboscopic treatment, the post-stimulus period had significantly more
passes (26 ± 10) than the control (13 ± 14) or stimulus period (9 ± 7). Fish
latency to the first deterrent pass was also much shorter in the poststimulus period (52 ± 65 s) than the control (674 ± 850 s) or stimulus (445 ±
492) periods. Finally, the combined treatment had significantly lower passing
rates during the stimulus period (Combined: 9 ± 8) than during the control
(22 ± 11) or post-stimulus period (24 ± 13). Both the stimulus and postBzonek et al. (2020), Management of Biological Invasions 11(2): 279–292, https://doi.org/10.3391/mbi.2020.11.2.07
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stimulus periods had long latencies to first deterrent pass (555 ± 514 s; 507 ±
629 s) in comparison to the control period (66 ± 48).

Discussion
Common carp increased their activity as the acoustic, strobe-light or
combined stimuli were turned-on, and further increased their activity once
the stimulus was deactivated (Figure 6). These results show that both
acoustic and stroboscopic stimuli can produce a behavioural response in
common carp that exists during, and after deterrent activation. The
common carp were likely exhibiting a fright (Königson et al. 2002) and
avoidance response to the stimuli, as seen in other laboratory studies for
stroboscopic (Kim et al. 2017) or acoustic stimuli (Murchy et al. 2016;
Zielinski et al. 2017). Stroboscopic deterrents have also been found to
increase blood-cortisol levels, an indicator of stress, in other freshwater
fishes (Richards et al. 2007).
Each treatment had a different effect on common carp deterrent passes.
In the stroboscopic treatment, passes only increased after the stimulus
ceased, while in the acoustic treatment, deterrent passes never significantly
differed from the control. In the combined treatment, the deterrents
altered the passing rate as predicted, with a significant decrease in passing
rates during the stimulus period (Figure 7). In both the stroboscopic and
combined treatment, passing rates were significantly higher in the poststimulus period than the stimulus period. This increase in passing rates is
likely associated with the corresponding increase in post-stimulus activity.
When the stimuli were in operation, individuals spent more time actively
moving but, to avoid proximity to the source of the stimulus, did not
express a corresponding increase in passes across the deterrent. Once the
stimulus stopped, individuals began passing across the deterrent more
frequently, matching their elevated post-stimulus activity levels.
The lack of response in passes during the acoustic treatment may have
been influenced by the conditions of the experimental tank. There was no
refugia from the acoustic or stroboscopic stimuli, a scenario unlikely in
naturalized settings. The common carp in our study experienced a minimum
sound-pressure of 160 dB re 1 μPa during the stimulus period. Goldfish,
Carassius auratus, exposed to 170 dB re 1 μPa for 24 hours expressed a
temporary threshold-shift in hearing ability (Smith et al. 2004). While our
study only exposed individuals to the stimulus for a period of 30 minutes,
the signal strength was considerable and may have temporarily altered fish
hearing physiology. Additionally, our study used mature, wild-caught
individuals of large size relative to the experimental tank. When exposed to
any of the aversive stimuli, individuals were constrained in the space that they
had to express a behavioural response. Common carp exposed to the
acoustic deterrent may have continued passing across the deterrent in
order to find suitable stimulus refuge.
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When interpreting our results, it is also important to consider the
environmental conditions of the experimental tank. Sound pressure and
particle motion are both affected by tank size, water depth, and surface
substrate (Gray et al. 2016), factors that would differ considerably between
our laboratory environment and natural settings. Within our experimental
tank, fish are exposed to an irregular acoustic field where sound pressure
must drop to zero at the water-fibreglass wall boundary, but particle
motion can be reflected back into the tank (Rogers et al. 2016; Zielinski et
al. 2017). Additionally, fish were held in clear water with very low
turbidity. Turbidity is likely to affect fish responses to stroboscopic stimuli
(McIninch et al. 1987) and should be considered when evaluating site
conditions for non-structural deterrent deployment.
The magnitudes of behavioural responses were fairly conserved across
the acoustic, stroboscopic, and combined treatments. This similarity of
behavioural responses across treatment type was unexpected as acoustic
and stroboscopic stimuli impact different sensory systems. Due to the high
intensity of the acoustic and strobe-light stimuli, and the small experimental
tanks relative to fish size, common carp may have been expressing a strong
response to each stimulus individually, leaving little room for additive
responses when the stimuli were combined. Alternately, the addition of
multiple deterrent stimuli may not increase common carp behavioural
responses beyond the magnitude produced by each individual stimulus. In
the second scenario, the benefit of integrating multiple deterrent
technologies would be to increase system redundancy rather than to
modulate the magnitude of response in target fishes. As acoustic stimuli
are detected by the octavo-lateralis system and strobe-light stimuli are
detected by the visual system, a comprehensive deterrent may be more
robust across a greater range of environmental conditions than individual
deterrents on their own (Noatch et al. 2012). Additional deterrent stimuli
may also interact synergistically (Dennis et al. 2019). Taylor et al. (2005)
found that the addition of bubble curtains to acoustic stimuli increased the
sound-pressure gradient and further defined the acoustic field around the
deterrent.
Non-structural deterrents are an emerging tool that may be used to limit
the propagule pressure of invading common carp or other fishes. This
study found that stroboscopic and acoustic stimuli produced short-term
changes in common carp behaviour, but that the combination of both
stimuli did not produce an additive behavioural response. Common carp
durations of active movement increased during, and after stimulus
exposure. The frequency of passes made across the deterrent varied according
to treatment type. In the combined stroboscopic and acoustic treatment,
fewer passes were made during the stimulus period than during the control
or post-stimulus period. These behavioural changes are likely signs of
negative phono- and photo-taxis, but the magnitude of response was
Bzonek et al. (2020), Management of Biological Invasions 11(2): 279–292, https://doi.org/10.3391/mbi.2020.11.2.07
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muted in comparison to other studies that provided greater stimulus
refuge or were not limited by small-tank acoustics. Future studies should
continue to investigate the behavioural responses of common carp and
Asian carps to multimodal, non-structural deterrents within realistic field
environments.
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