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Abstract

Common carp (Cyprinus carpio) is one of the world’s most widely distributed
invasive fishes. Their high abundance and destructive feeding habits often lead to
eutrophication, high water turbidity, and decimation of aquatic macrophytes. A
relatively new control method for carp uses pop-up net systems (“box nets”) and
bait placed within the net. Carp can quickly learn the bait location, which is often
carp-specific, and form feeding aggregations, allowing large numbers of carp to be
removed without significantly impacting native fish. However, the efficacy of box
nets depends on the size and synchronization of carp feeding aggregations. Here,
we investigated if acoustic conditioning might be used to enhance bait-induced carp
feeding aggregations in a lake. Two study sites were established in Harrisons Bay,
Lake Minnetonka, Minnesota, USA, in which 142 carp were tagged with passive
integrated transponder (PIT) tags. Each site was subjected to sound-plus-bait, bait-
only, sound-only, and no-stimuli treatments over the summer while the presence of
carp visiting each site was continuously monitored using PIT antennas. While the
carp did not respond significantly to the acoustic cue alone, pairing it with bait
seemed to contribute to more synchronized feeding aggregations, resulting in faster
and greater recruitment of carp to the sites after bait was dispensed. Specifically,
the sound-plus-bait treatment was expected to recruit, on average, 11% more carp
than the bait-only treatment. Further, the time to recruit 90% of the nightly tags
decreased by 28% when bait was administered with the acoustic cue vs. alone.
These findings suggest that adding an acoustic cue to bait applications might
enhance the efficiency of bait-and-removal strategies and accelerate control of
common carp populations.
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Introduction

Common carp (Cyprinus carpio Linnaeus, 1758, hereafter “carp”) is one of

the most widely distributed aquatic invasive species in North America
(Koehn 2004; Kulhanek et al. 2011). Native to Eurasia, carp was introduced
to the United States in the 1870s (Balon 1995; Vilizzi 2012). It quickly
established in many lakes and rivers nationwide, significantly altering them

via several destructive tendencies (Matsuzaki et al. 2009; Weber and Brown

2009; Sorensen and Bajer 2011). While feeding, carp resuspend sediment
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and nutrients into the water column, degrading water quality by increasing
turbidity and total phosphorus levels (Breukelaar et al. 1994; Zambrano et al.
2001; Bajer and Sorensen 2015; Huser et al. 2016). Carp also consume
benthic invertebrates and the seeds of aquatic macrophytes (Crivelli 1983;
Lammens and Hoogenboezem 1991; Matsuzaki et al. 2009) and physically
uproot macrophytes, leading to loss of aquatic vegetation (Bajer et al. 2009)
and habitat degradation for native fish (Jackson et al. 2010), amphibians
(Kloskowski 2011), and waterfowl (Bajer et al. 2009).

In response, there has been an increasing need for safe, selective, and
effective carp management strategies. Historically, physical removal strategies
in northern states have focused on targeting naturally occurring winter
carp aggregations (Moyle et al. 1950; Bajer et al. 2011). However, these
strategies have not always been effective in lakes with uneven bottoms or
debris (i.e., rocks and logs) that can snag the seine nets. Furthermore, in
systems without carp recruitment suppression, these strategies are unlikely
to produce significantly reduced carp abundance without supplemental
effort targeting recruitment (Colvin et al. 2012). Other carp eradication
and management strategies have included the use of piscicides, such as
rotenone, and water drawdowns, both of which can be expensive, harmful
to non-target species, and applicable to only a small number of ecosystems
(Marking 1992).

More recently, integrated pest management (IMP) strategies that target
specific carp behaviors and life history weaknesses have been used to
successfully control carp populations in interconnected lake chains in
Minnesota, USA. These strategies include implementing seasonal barriers
to block spring migrations to nursery habitats (Chizinski et al. 2016; Bajer
et al. 2018), removing carp during spring migration via low-voltage guidance
and removal systems (Bajer et al. 2018, 2022, 2024), stimulating summer
feeding aggregations with bait and targeting these with specialized nets
(Hundt et al. 2022), promoting native predators such as bluegill sunfish
(Lepomis macrochirus Rafinesque, 1819) to limit recruitment (Poole and
Bajer 2019), and selectively removing naturally occurring winter aggregations
using telemetry-guided seining (Bajer et al. 2011, 2015). Combinations of
these strategies have been effective in managing carp populations in source-
sink-type ecosystems in North America (Sorensen and Bajer 2020). Utilizing a
variety of IPM strategies may allow for year-round carp management,
accelerating the control of their populations. These strategies are also relatively
selective, limiting bycatch and detrimental impacts on native organisms.

One of the IPM strategies for carp during North American summers
uses bait to form carp feeding aggregations that are then targeted using
large pop-up net systems (i.e., “box nets”). The nets (typically 10 m wide
and 20 m long) are installed near the shoreline. They have mesh bottoms
and sides that lay flat on the bottom of the lake while the net is baited.
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Once the carp aggregate at the bait, the sides of the net can be abruptly
lifted using counterweights or other mechanisms, catching the carp inside.
These bait-and-removal strategies (Bajer et al. 2010; Hundt et al. 2022) use
carp-selective bait, typically cracked corn, that does not appear to attract
native species in North America (Bajer et al. 2010). Carp feeding aggregations
often form in as little as three days, presumably due to carp’s social
learning strategies (Zion et al. 2007; Huntingford et al. 2010; Bajer et al.
2010; Ghosal et al. 2018; Hundt et al. 2022). While feeding aggregations
occur primarily at night (Bajer et al. 2010), they are often dynamic, with
different groups of carp attending sites at different times between dusk and
dawn (Hundt et al. 2022). These aggregations and their dynamics can be
monitored remotely using passive integrated transponder (PIT) tags and
data loggers, allowing for lifting the nets remotely when aggregations peak.
However, because different carp feed at different times, only a fraction of
the carp that visit daily are captured in the nets (typically 30-50%).
Synchronizing carp feeding aggregations such that more carp are attracted
to the bait at the same time would increase the effectiveness of this approach.

Acoustic conditioning could enhance existing bait-and-removal strategies
by synchronizing carp feeding aggregations. An acoustic cue, paired with a
food reward, can condition fish to swim to a designated location at cue
onset. This approach can be designed to ensure minimal non-target effects
to native species (Amoser and Ladich 2005), and acoustic signals can travel
relatively far in aquatic environments (Urick 1983). This strategy has
already been used in aqua- and mariculture for many fish species. For
example, St. Peter’s fish (Sarotherodon galilaeus Linnaeus, 1758) and Atlantic
cod (Gadus morhua Linnaeus, 1758) have been successfully conditioned to
enter entrapments using an acoustic cue in combination with a food
reward (Zion et al. 2011; Bjornsson et al. 2018).

Carp are particularly well-suited to be targeted through acoustic
conditioning. They have specialized bones known as Weberian ossicles,
which allow them to detect pressure changes, enabling differentiation of
sound frequencies between 50 and 3000 Hz (Popper 1972; Kojima et al.
2005). Lab experiments have shown that carp can be conditioned to
associate an auditory cue with a food reward (Zion et al. 2007; Sloan et al.
2013) and that the conditioned behavior persisted for four months without
reinforcement (Sloan et al. 2013). Additionally, carp were able to localize
the sound source in both laboratory and outdoor-pool settings (Sloan et al.
2013), suggesting that acoustic cues might also help them locate baited sites
quickly in natural environments. Further exploration of these techniques
with wild carp in natural environments is needed to determine if they can
effectively synchronize feeding aggregations and potentially also accelerate
carp management through bait-and-removal strategies.

Our study aimed to determine if an acoustic cue might be used to
enhance carp feeding aggregations induced with bait in a natural lake. We
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had three primary objectives: 1) To determine if carp would respond to
an acoustic cue alone; 2) To assess if feeding aggregations were more
synchronized, with a greater proportion of carp appearing at a site faster
and over a shorter period of time, when an acoustic cue was paired with
bait compared to a bait-only application; and 3) To determine if carp
would respond for a longer period of time at sites where the bait was
terminated but the acoustic cue continued compared to no acoustic cue.
We hypothesized that sites subjected to an acoustic cue in combination
with bait would create more synchronized aggregations, which could
increase the efficiency of bait-and-removal techniques, when compared to
sites subjected to bait only.

Materials and methods

Study site and species

The study was conducted between June 12 and September 24, 2023, in
Harrisons Bay, located in the northwest corner of Lake Minnetonka near
Mound, MN, USA (44.9406°N, 93.6509°W). Harrisons Bay covers
approximately 85 ha and reaches a maximum depth of 14 m (Bauer 2011).
The bay’s 5.8 km shoreline is predominantly occupied by residential
properties and private and public docks (Bauer 2011). During summer, the
bay experiences heavy recreational activity, particularly the use of motorized
watercraft. Harrisons Bay has faced water-quality challenges and was deemed
impaired for excess nutrients by the MN Pollution Control Agency in 2007
(MPCA 2021).

Two study sites were established at opposite ends of Harrisons Bay,
approximately 1,200 m apart. Sites 1 (44.943139°N, 93.645306°W) and 2
(44.941861°N, 93.660556°W) were on the northeast and western shorelines,
respectively (Figure 1A), with water depths of approximately 1 m and silty
bottoms with abundant white water lily (Nymphaea odorata Aiton, 1789)
coverage.

At each site, we installed a sound system consisting of an underwater
speaker (UW-30, Electrovoice) and amplifier (CC4021, Bogen Communications
LLC). The underwater speaker (Figure 2A) was positioned 15 m from
shore and suspended in the center of the water column using metal posts,
0.46 m from the lake floor at Site 1 and 0.43 m at Site 2. Two buoys were
attached to the speaker for increased visibility to recreational users of the
lake. The amplifier (Figure 2E) was housed onshore in a utility box
connected in turn to a remote-controlled system (Figure 2F) via an auxiliary
cord (Hosa CMR-215). The amplifier was powered with a 12 V deep-cycle
battery (Interstate) replaced every other week.

Additionally, we installed an automatic feeder (Carp Solutions, LLC,;
Figure 2B) on a 3.05 m galvanized metal post (2.54 cm diameter; Southland)
driven into the lake bottom approximately 3 m from the speaker on its
shore side. This consisted of a 19 L bucket with a 100 mm linear actuator
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Figure 1. Study sites in Harrisons Bay on Lake Minnetonka, Mound, MN, USA. Panel (A):
locations of the two sites (red diamonds). Panels (B) and (C): Distances sound traveled at each
site. Sound pressure levels (SPLs) are denoted by circles, with higher values in yellow and
lower values in dark purple. Points where the sound cue was not detected are denoted by black “X.”

(DC House) that released cracked corn through a 6.35 cm diameter hole on
the bucket’s bottom. The feeder was connected to the same remote-
controlled system as the sound system through a cellular modem (LM1300
LET Modem; Netgear).

The remote-controlled system was a small, single-board computer
(Raspberry Pi Model 3B) and cellular modem powered by a 12.8 V battery
charged by a 100-watt solar panel (Grape Solar). The computer, modem,
and battery were housed in a waterproof box attached with the solar panel
to a 3.05 m galvanized metal post (2.54 cm diameter; Southland; Figure 2F)
driven into the lake bottom approximately 3 m from shore. The system
allowed activation of the speaker and feeder from a remote location via a
website (Carp Solutions, LLC.) thus eliminating any interference from
investigators.

Directly beneath each feeder, we laid a 4.8 m by 0.3 m passive integrated
transponder (PIT) antenna (Figure 2C), constructed from PVC pipe (1.9 cm
diameter; Charlotte Pipe) and 14-gauge, stranded copper wire (Cerrowire),
on the lake floor to detect carp during feeding. The antenna had a detection
range of approximately 40 cm and was connected to a RFID PIT tag reader
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Offshore

Figure 2. The experimental setup for each study site. Offshore equipment is located on the left panel: A) underwater speaker
(marked by two orange buoys); B) automatic feeder; and C) PIT antenna (not visible, underwater). Onshore and near-shore
equipment are located on the right panel: D) utility box housing the PIT reader and batteries, continuously charged by solar panels;
E) utility box housing the amplifier and battery; and F) remote system containing a solar panel, computer, modem, and battery for
controlling the speaker and feeder. Photographs by Rebecca Bullers.

(Biomark IS1001) on shore, powered by two 12 V deep-cycle batteries
(Interstate) continuously charged by two 100-watt solar panels (Grape
Solar). This equipment was also housed in a utility box (Figure 2DF).

Boat electrofishing surveys to collect and tag carp were conducted in
June 2023 over five days. Seven 20-min transects were conducted along the
shoreline of each site, covering approximately 700 m at Site 1 and 600 m at
Site 2. During these transects, 142 common carp were captured and tagged
with 12 mm PIT tags (Biomark), 69 near Site 1 (29 female, 40 male) and 73
near Site 2 (12 female, 61 male). Mean carp body length was 657.5 mm +
56.1 mm and mean weight was 3.50 kg + 0.79 kg. Only one tagged carp was
recaptured over the five-day period. This low recapture rate was insufficient in
calculating a population estimate but suggested that tagged individuals
likely represented a small portion of the overall population and that each
tagged carp detected at the experimental sites likely represented many non-
tagged carp.

Sound mapping

Prior to the experiment, sound pressure levels (SPL; dB re 1pPa) were
determined using a hydrophone (Soundtrap Model ST300; Ocean
Instruments) that was positioned in the center of the water column. A 1 min
400 Hz continuous tone served as the acoustic cue. Measurements were
taken at 0, 45, 90, 135, and 180-degree (0° to 180° paralleled the shoreline)
angles from the speaker towards the center of the lake in 5 m (1 to 20 m),
10 m (20 to 100 m) and 50 m (100 to 300 m) increments. Average SPL

values for the acoustic cue and ambient noise were determined 5 m away
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from the speaker at 90°. Sound mapping was conducted during the day
between 09:00 and 15:00, with some measurements not taken due to the
presence of dock, boat, or shoreline obstructions.

The root mean square (RMS) of the voltage was calculated for each
measurement in LabChart Reader (v8.1.25; ADInstruments). These were
then used to calculate SPL values using the following equation:

Equation 1: SPL = (log(X) x 20) — (-178.5)

where X is the RMS voltage and —178.5 the hydrophone’s calibration
factor. A bandpass filter of 100 Hz to 3000 Hz was used prior to
calculations to minimize sound outside of carp’s auditory sensitivity range
(Popper 1972; Kojima et al. 2005).

Experimental design

Prior to our experiment, we conducted a one-week pilot feeding period
(June 30-July 6, 2023) to confirm the response of carp to baiting by
administering 10.89 kg of cracked corn at each site once per night at
approximately 22:00.

Phase I of the experiment was conducted during July 7-August 13. Site 1
was assigned to the bait-only (“control”) treatment; Site 2 was assigned to
the sound-plus-bait (“test”) treatment. Phase I consisted of a 28 d conditioning
period, a 7 d extinction period, and a 3 d break during which no experimental
stimuli were administered.

During the conditioning period, the acoustic cue (a 3-minute 400 Hz
pure tone, pulsed 2 s on and 2 s off) was played at 22:00 at the test site only,
to determine if carp would respond to the acoustic cue only. At 22:45, the
test site received another acoustic cue, with bait (5.44 kg) dispensed
halfway (1.5 min) through the cue. An equal amount of bait (but with no
acoustic cue) was simultaneously dispensed at the control site. These events
were repeated at both sites at 23:30. Onset of nightly trials was alternated
by one hour (22:00 or 23:00) each night to prevent carp from developing
temporal associations with feeding; when trials began at 23:00, the next
trial occurred at 23:45 and the last trial at 00:30.

During the extinction period, the test site received only the acoustic cue
for all three nightly trials while the control site received no experimental
stimuli to determine how long carp would retain their conditioned
behavior without a bait reward. This was followed by a 3 d break during
which no stimuli were administered at either site.

Following the break, the three experimental periods (conditioning,
extinction, and break) were repeated (“Phase II”) except with Site 1
receiving the test treatment and Site 2 receiving the control treatment
(August 14-September 20). Phase II was followed by a 3 d positive control
period (September 21-23), during which both sites were administered bait
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Figure 3. Timeline of a nightly experimental window in relative minutes: 0 relative minutes
denotes when the first trial occurred (sound only at test site, no stimuli at control site); 45
relative minutes denotes when the second trial occurred (sound-plus-bait at test, bait only at
control); 90 relative minutes denotes when the third trial occurred (sound-plus-bait at test, bait
only at control). The nightly window began 180 min before the first trial (relative minute -180)
and ended 540 min after (12 h total). A, B, C, D, E, and F correspond to the periods during
which numbers of unique PIT-tagged carp detected during each corresponding time interval
were quantified for hypothesis testing (see “Acoustic cue attractiveness” and “Acoustic cue
enhancement” subsections of Methods). The double slash symbol indicates an axis break.

during two nightly trials, with a start time of either 22:45 or 23:45, to
ensure attendance and bait consumption had not declined by the
conclusion of the experiment.

Data collection and derivation

PIT tag readers recorded unique carp detections once per second. We then
aggregated these data to unique detections per minute for all experimental
periods. Due to experimental trials and feeding activity occurring past
midnight, we defined an experimental “day” (“period day”) as the time
between 12:00 of one calendar day and 11:59 of the next day. From this, we
derived “day count,” i.e., the number of period days since the start of the
current period. Since most (> 90%) carp detections occurred between 19:00
and 08:00, we restricted our detection data when assessing the validity of
our hypotheses to those from the time span between three hours before the
first nightly trial to nine hours after it, creating a twelve hour experimental
window for each period day (Figure 3). This experimental window was
subdivided into “relative minutes”, with relative minute 0 representing
when the first trial occurred, relative minute —180 representing the start of
the experimental window, and relative minute 540 representing the end of
the window.

Assessment of hypotheses

Acoustic cue attractiveness

Currently, there are no standard methods for assessing carp feeding
aggregations; therefore, we derived several different ad hoc measures to
assess the validity of each of our hypotheses. In line with our first
experimental objective, we sought to determine if carp would respond to
the acoustic cue only (hereafter referred to as the “acoustic cue attractiveness
hypothesis”). To test this hypothesis, we created a difference of proportions
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that quantified how many more unique carp were detected at a site after
the first nightly trial began than were detected in the time window of equal
length immediately preceding that trial:

Equation 2: P1 = (A-B)/C

where A was the number of unique carp detected each period day of the
conditioning periods after the first nightly trial but before the second
(relative minutes 0 to 45; Figure 3), B was the number of unique carp
detected during the same amount of time prior to the first trial (relative
minutes —45 to 0; Figure 3), and C was the total number of unique carp
detected across both periods A and B (relative minute —45 to 45; Figure 3).
The denominator (C) was included to standardize for variance in the total
numbers of carp detected between sites. PI could range from -1 to 1, with
a positive value indicating more unique carp were detected after the acoustic
cue than before it (an attractive effect). These proportions were calculated
for both treatments, with a significant treatment effect in favor of the test
treatment indicating greater attraction to sound only than to ambient (no-
stimulus) conditions.

Acoustic cue enhancement

In line with our second experimental objective, we sought to determine if
feeding aggregations were more synchronized when an acoustic cue
accompanied bait than when only bait was administered. We tested for
enhanced synchronization using three measures: 1) the proportion of carp
detected after bait was administered with versus without sound (“acoustic
cue enhancement hypothesis”), 2) the duration and tightness of feeding
aggregations after bait was administered with versus without sound
(“aggregation tightness hypothesis™), and 3) the rate at which peak aggregation
activity was reached when using the acoustic cue plus bait versus bait only
(“aggregation building speed hypothesis™).

To test whether pairing the acoustic cue with bait increased the proportion
of unique carp detected at a site compared to using bait only, we calculated
a difference in proportions (P2) as follows:

Equation 3: P2 = (D-E)/F

where D was the number of unique carp detected during the three hours
after the second trial (i.e., the first bait application; relative minutes 45 to
225; Figure 3), E was the number of unique carp detected in the three
hours before the first trial (relative minutes -180 to 0; Figure 3), and F was
the total number of unique carp detected during the 12 h nightly
experimental window (relative minutes —180 to 540; Figure 3). The
denominator (F) was used to correct for variance in total carp abundance
between sites. We excluded data between the first and second nightly trials
(relative minutes 0 to 45; Figure 3) because we had already analyzed
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acoustic cue attractiveness in the previous hypothesis and now wanted to
see how the presence of bait may have influenced P2. P2 also ranges from
—1 to 1; a positive value would indicate more unique carp were detected in
the three hours after the second trial than three hours before the first trial,
indicating more carp were present after the treatment than before. These
proportions were calculated for both treatments, with a significant effect in
favor of the test treatment indicating greater attraction to sound-plus-bait
than to bait-only conditions.

Aggregation tightness

To assess whether aggregations occurred over a shorter period when
pairing the acoustic cue with bait than when using bait only, we quantified
the time, in relative minutes (£90), it took to detect 90% of the total unique
carp observed throughout the 12 h nightly experimental window, starting
after the first bait application (relative minute 45; Figure 3). We hypothesized
that if pairing bait with an acoustic cue accelerated the development of
carp aggregations, the test condition would have smaller t90 values than
the control condition.

Aggregation building speed

To assess how quickly aggregations reached their peak density following
the first nightly application of bait (relative minute 45; Figure 3), we
calculated the rate of increase in unique carp detections per minute by
determining the relative minute when the number of unique carp detected
per minute first peaked each night (tmax) and calculated the rate of
increase (slope; Im function in R; R Core Team 2022) between relative
minute 45 and tmax. We hypothesized that if pairing bait with an acoustic
cue accelerated the formation of aggregations, the rate of increase to the
peak activity period would be greater under the test condition than under
the control condition.

Extinction of behavior

In line with our third objective, we assessed how quickly carp stopped
responding once bait application was terminated under both treatment
conditions. We compared the number of unique carp attending each site (n
extinct) from the first nightly trial to the end of the experimental window
(relative minutes 0 to 540) across treatments. We hypothesized that the test
condition would have a greater n extinct value, on average, than the control
condition, indicating that carp trained on bait and an acoustic cue would
maintain their conditioning longer than carp trained on bait only.

Statistical analyses

Linear regression models were developed to assess our two main questions
regarding the conditioning period: 1) Did carp respond to the acoustic cue
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alone (“acoustic cue attractiveness”) and 2) Are aggregations more
synchronized when the acoustic cue is used with bait compared to use of
bait only? A generalized linear model was also developed to assess how long
carp continued to aggregate at baited sites when baiting was terminated
during the extinction period.

The basic formula for all models was as follows:

Equation 4: Y, = X,

where Y, is a vector of response variable data (PI, P2, t90, slope, or n
extinct, depending upon the model) for a given observation i at a given site
on a given period day, f§ is a vector of coefficients to be estimated by the
model, including an overall intercept term; and X, is a matrix of explanatory
data including columns for site (Site 1 = 0, Site 2 = 1), treatment (bait only
= 0, sound-plus-bait = 1), period day, and the interaction between site and
treatment, as well as a column of 1s for the overall intercept. We included
an interaction term because it was plausible that a site’s first treatment may
have influenced how it responded to its second treatment, and a significant
interaction between site and treatment would at least partially capture any
such effect. However, we did not retain the interaction in the final model
when it was not significant (p < 0.05) to simplify the model.

Statistical analyses were conducted using R Statistical Software (v4.2.1;
R Core Team 2022). All models were evaluated to ensure they met the
assumptions of generalized linear regression, including normality of (scaled)
residuals, no (undue) heteroscedasticity, no (multi-)collinearity, and no
influential data points using histograms of (scaled) residuals, scale-location
plots, variance inflation factors (vif function in car package, v3.1.1; Fox and
Weisberg 2019), and leverage plots, respectively. All assumptions were
deemed met. A coefficient estimate with a p value < 0.05 was considered
statistically significant. In addition to the original p values, a Benjamini-
Hochberg false discovery rate (FDR) adjustment was applied to all p values,
excluding intercepts, and stated in Supplementary material Table S2.

Results

Sound mapping

At Site 1, the sound pressure level (SPL) was measured at 76 points with
the acoustic cue only detected at 59 points. The SPL of the acoustic cue
exceeded the average ambient noise level of 112 dB re 1 p, at each measured
point where sound was detected. The acoustic cue propagated up to 40 m
at 0° from the speaker before hitting shore, 150 m at 45°, 150 m at 90°, 150 m
at 135° and 100 m at 180° (Figure 1B; Table S1).

At Site 2, the SPL of the acoustic cue was detected at 38 of the 51 testing
points but due to time constraints, weather, and recreational activity on the
lake, some sample locations between 60-90 m were not assessed. The SPL
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Figure 4. The number of unique carp detected (y-axis) for each period day (x-axis, defined as
12:00 to 11:59 the next calendar day) of the experiment. Site 1 = top panel, Site 2 = bottom
panel. Red dotted lines represent the start of each experimental period: pilot, the first
conditioning (C1), extinction (E1) and break periods (B1), followed by the second conditioning
(C2), extinction (E2), and break periods (B2), and then the positive control period (PC; see
“Experimental design” subsection of Methods). Different shapes represent treatments: triangle
= sound plus bait, square = sound only, circle = bait only, and X =no stimuli.

of the acoustic cue exceeded the average ambient noise level, 109 dB re 1 y,
at each measured point where sound was detected. The acoustic cue
traveled up to 40 m at 0° from the speaker, 100 m at 45°, 100 m at 90°, 70 m
at 135°, and 40 m at 180° (Figure 1C; Table S1).

General carp activity

A total of 33,519 PIT tag detections occurred over the course of the study,
with 20,879 at Site 1 and 12,640 at Site 2. Carp had an increased presence at
the sites between 19:00 and 08:00, with < 10% of total detections occurring
between 08:01 and 18:59. A total of 101 uniquely tagged carp were detected
across both sites: 63 at Site 1 and 50 at Site 2, with 12 detected at least once
at both sites, although attending multiple sites during the conditioning
period was very rare.

During the pilot feeding period, carp responded quickly to baiting, with
12 to 15 tagged carp detected daily at Site 1 and 17 to 20 tagged carp at Site 2
two days after bait was introduced (Figure 4). Carp activity increased to
approximately 11 to 22 individuals at Site 1 and 13 to 23 individuals at Site 2
detected per day after entering the first conditioning period (C1; Figure 4).
The mean number of tagged carp per day was 16.9 at Site 1 (control site in
Phase I) and 18.6 at Site 2 (test site in Phase I; Table 1). The number of
carp detected per day decreased quickly during the first extinction period
(E1), reaching 1 carp detected on the last day of E1 for both sites (Figure 4).
Carp activity continued to decline over the first break period (Figure 4).

During the second conditioning period (C2), the numbers of tagged carp
increased rapidly to 12 to 21 carp per day at Site 1 and 15 to 24 carp per
day at Site 2 (Figure 4). The mean number of tagged carp per day decreased
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Table 1. Common carp (Cyprinus carpio) activity at each site across all experimental periods (pilot, conditioning, extinction,
break, and positive control periods) and treatment conditions (sound-plus-bait, bait only, sound only, or none), including the
numbers of total detections throughout the period, the total numbers of unique carp detected in each period, and the average

numbers of unique carp detected per period day (defined as 12:00 to 11:59 the next calendar day).

Total number of

Average number of

Site Experimental Treat.n'lent detections throughout Total number of unique carp unique carp per period
period conditions . detected throughout period

period day
Pilot Bait only 1,471 24 11.4
Conditioning 1 Bait only 10,802 45 16.9
Extinction 1 None 213 14 6.57
| Break 1 None 16 7 3.33
Conditioning 2 Sound + bait 6,913 40 16.0
Extinction 2 Sound only 157 15 543
Break 2 None 10 4 1.67
Positive Control Bait only 1,297 28 11.4
Pilot Bait only 1,272 25 15.4
Conditioning 1 Sound + bait 6,034 33 18.6
Extinction 1 Sound only 168 10 5.00
) Break 1 None 3 2 1.00
Conditioning 2 Bait only 4,462 41 19.8
Extinction 2 None 189 16 7.71
Break 2 None 7 4 1.33
Positive Control Bait only 505 27 15.4

to 16.0 carp at Site 1 (test site in Phase II) and increased to 19.8 at Site 2
(control site in Phase II; Table 1). During the second extinction period
(E2), the number of unique carp detected per day decreased rapidly to 2-4
carp by the last day, and the decline was similar between sites (Figure 4).
Again, carp detection declined further during the second break period
(Figure 4).

During the positive control period, during which bait rewards were
reintroduced at both sites, carp responded intensely even on the first night
at both sites. More than 30% at Site 1 and 62% at Site 2 of the total unique
carp were detected on the first night (Figure 4).

Activity during nightly conditioning trials

Prior to the first nightly trial (relative minutes —180 to 0), on average, 49%
to 57% of carp observed at least once throughout the night had already
been detected at least once at each site, showing that some carp were
visiting our sites prior to the trial period. The average was slightly greater
at control sites, with 55% of all detected carp being detected during that
time compared to 51% at test sites (Figure 5).

During the 45-minute period following the first trial (relative minutes 0
to 45; acoustic cue only at test site, no stimuli at control site), the average
number of carp detected decreased compared to the 45 minutes preceding
the first trial. This decline was most apparent at the control sites, where the
average number of carp decreased by 7.9%, compared to a 1.6% decrease at
the test sites (Figure 5).

In the three hours following the second nightly trial (relative minutes 45
to 225; sound-plus-bait at test site, bait only at control site), the number of
unique carp detected increased for all treatments and sites in comparison
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Figure 5. The number of unique carp (left-hand y-axes) detected for each relative minute (x-axes) averaged across all 28 days of
each conditioning period for each site (Site 1 = A and C panels, Site 2 = C and D panels). The control condition periods (bait only)
for both sites are shown in panels (A) and (C) and the test condition periods (sound-plus-bait) for both sites are shown in panels (B)
and (D). Dotted lines represent when each of the three nightly trials began, at relative minutes 0 (acoustic cue only at test site, no
stimuli at control site), 45 (sound-plus-bait at test site, bait only at control site), and 90 (sound-plus-bait at test site, bait only at
control site). The solid yellow line is the average cumulative percentage of unique carp detected (right-hand y-axes) across the
nightly experimental window.

to the three hours before the first trial (relative minute —180 to 0; Figure 5).
During this time, on average, 87% of nightly tagged carp were detected
when sites were exposed to the test treatment and 80% when exposed to
the control treatment (Figure 5).

Effect of acoustic cue alone

In the 45 min intervals before and after the first nightly trial (relative
minutes —45 to 45), the mean PI values (n = 112), averaged across sites,
were 0.021 for the test treatment and —0.072 for the control treatment.

Treatment, site, and period day were all statistically insignificant explanatory
variables for P1I (all respective p values > 0.303; Table S2), suggesting that
the acoustic cue alone did not have a significant effect on carp attendance
at our sites.

Acoustic cue enhancement

During the three hours before the first nightly trial (relative minutes —180
to 0) and the three hours after the second nightly trial (relative minutes 45
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Figure 6. Marginal plots showing relationships between response variable data associated with
each of our four research objectives (y-axes) against site (x-axes) and treatment (white = bait
only, gray = sound plus bait). Each box consists of 28 data points, one from each day of the
associated conditioning period. The response variables for each panel are as follows: (A): P1,
the difference in the number of unique carp present after the first trial (acoustic cue only at test
site, no stimuli at control site) than before it, standardized for total number of carp detected
across both periods, (B): P2, the difference in the number of unique carp present after the
second trial (sound-plus-bait at test site, bait only at control site) than in an equal time period
before it, standardized for total number of carp detected across both periods, (C): #90, the time
(in minutes) it took to detect 90% of the total unique carp detected throughout the 12 h nightly
experimental window, starting after the first bait application, and (D): slope, the rate at which
aggregations reached peak density following the first bait application (see corresponding
subsections of Methods). Thick black lines represent medians; bolded black circles represent
outliers; whiskers are 1.5 X the IQR. The expected mean response values, as determined by the
respective regression model, are denoted by diamonds.

to 225), the mean P2 (n = 112) was 0.367 during the test conditions and
0.248 during the control conditions. The overall mean P2 in all instances
was positive, indicating that more carp were detected after the second trial
(the first introduction of bait) than prior to the nightly trials.

Both treatment (p = 0.006) and site (p = 0.024) were statistically significant
predictors of P2. On average, sites exposed to the test condition (sound-
plus-bait) were expected to have a P2 0.119 greater than sites exposed to
the control condition (bait only) on average when holding all other variables
constant (S cament = 0.119; Table S2; Figure 6B). Therefore, sites exposed to
the test conditions were expected to have approximately 11% more new
carp detected after the first bait drop than the control condition on
average, relative to prior to the first trial.

Aggregation tightness

When assessing aggregation tightness, the mean 90 was 158 minutes at
sites under the test condition and 219 minutes at sites under the control
condition (Figure 6C).
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Treatment (p < 0.001), site (p < 0.001), period day (p = 0.004), and the
interaction between site and treatment (p = 0.042) were statistically
significant predictors of aggregation tightness (Table S2). t90 was expected,
on average, to be 91.4 minutes shorter when sites were under the test
condition compared to the control condition when keeping all other
variables constant (f,cymen: = —91.4; Table S2; Figure 6C). t90 was also
expected to decrease by 2.67 minutes for each additional day within the
= —-2.67; Table S2;

Figure 6C). This was the only model with a significant interaction between

period, keeping all other variables constant (B ;o dgay
site and treatment; on average, t90 was expected to be only 30 rather than
91.4 minutes shorter when Site 2 was specifically subjected to the test
condition (B = 59.3; Table S2; Figure 6C).

site x treatment —

Aggregation building speed

The nightly peak in unique carp detections was reached on average at
relative minute 114 (69 minutes after the first bait release) for the test
condition and at relative minute 127 (82 minutes after the first bait release)
for the control condition (Figure 5). The maximum number of unique carp
detected per minute (tmax) was 3.71 when sites were under the test
condition and 3.80 under the control condition, on average (Figure 5).
Treatment (p = 0.045), site (p = 0.050), and period day (p = 0.030) were
statistically significant predictors of the speed of aggregation development.
The rate of increase in unique carp detected per minute was expected to be
0.043 larger under the test condition than under the control condition on
average, holding all other variables constant (f,,.ymene = 0.043; Table S2;
Figure 6D). This suggests that, on average, there was an additional unique
carp coming to the site subjected to the test condition roughly every 25
min compared to at the control site. This slope was also expected to
increase by 0.003 for each additional day in the period on average, keeping
= 0.003; Table S2; Figure 6D).
There was mild heteroscedasticity in this model due to relatively few

all other variables constant (5 ,criod gay
points with a high fitted slope value. We checked for influence; no points
were deemed unduly influential. We tried square-root and logarithmic
transformations of the response variable data, but neither resulted in less
heteroscedasticity. We also investigated a nonlinear relationship between
the rate of increase and period day, but this was not significant. Given the
inherent variability in fish aggregation dynamics, we evaluated several
candidate metrics to quantify aggregation building speed and selected rate
of increase because it provided a direct and interpretable estimate of the
initial rate of increase. However, it is important to note that the peak
number of fish may have occurred multiple times throughout the night;
this analysis captures only the first such occurrence. As such, the results of
this model should be treated as tentative, as there could be some modest
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degree of imprecision in our coefficients and p values and many of the
relevant p values are close to the significance threshold (Table S2).

Extinction of behavior

The total number of carp detected each night between relative minutes 0
and 540 during the extinction phase (n extinct) declined from approximately
10.0 at the beginning of this phase to 1.00 at the end of the phase under the
test condition and from 10.5 to 2.00 under the control condition.

Only period day (p < 0.001) was a statistically significant explanatory
variable in the model assessing cessation of site usage. On average, the
number of unique carp detected per night decreased by 1.19 for each
additional day into the extinction period, holding all other variables

constant (8 —1.19; Table S2). Site and treatment were not found to

period day =
be significant (all respective p values > 0.216; Table S2).

Discussion

In our study, we aimed to determine if an acoustic cue might be used to
enhance carp feeding aggregations induced with bait in a natural lake.
Although we did not find evidence that carp responded significantly to the
acoustic cue by itself, when paired with bait, the acoustic cue seemed to
contribute to more synchronized feeding aggregations. Specifically, sites
exposed to the sound-plus-bait treatment recruited more carp and had a
higher rate of increase in the number of unique carp attending the site
following the bait application. Sites exposed to the sound-plus-bait treatment
also had tighter aggregations, with carp activity concentrated over a much
shorter period than when exposed to bait only. Our findings suggest the
addition of sound to baited locations has the potential to improve current
bait-and removal-strategies, which target bait-induced carp feeding
aggregations with box net systems at times of high feeding activity (Hundt
et al. 2022; Bajer unpublished data).

Interestingly, carp did not respond significantly to the acoustic cue alone,
even though conditioning to an acoustic cue alone has been demonstrated
before in carp in both laboratory experiments and in a reservoir (Zion et al.
2007, 2012; Sloan et al. 2013). This was evident both in analyzing the PI
values (acoustic cue alone analysis) and in analyzing the extinction phase,
where treatment had no significant effect on either P1 values or the extinction
rate of carp detections once baiting was terminated. In the extinction
phase, carp almost completely stopped utilizing the baited sites within 7 days
for both treatments. It is unlikely that the frequency of the acoustic cue was
responsible for the lack of response given that we used a 400 Hz tone,
which falls within the range of carp’s maximum sensitivity (Kojima et al.
2005) and has previously been used in experiments that demonstrated
carp’s ability to associate sound with a food reward (Zion et al. 2007; Sloan
et al. 2013), accurately localize the sound’s source in both laboratory and
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outdoor pool settings (Sloan et al. 2013), and condition carp to enter an
entrapment of an automatic fishing machine (Zion et al. 2012). Additionally,
it is unlikely that the acoustic cue did not travel far enough at our study
sites to attract at least some of the tagged carp to the bait. We tagged over
60 carp near each of the sites, and we anticipate that the majority of these
fish resided in these areas during the experiments because carp were shown
to have small summertime home ranges (Bajer et al. 2010). Further, four to
six tagged carp visited the sites regularly each night before the nightly trials
occurred, showing that several tagged carp were in the general area each
night. The acoustic cue traveled up to 150 m at each of the sites, and it is
likely that several of the tagged carp had a chance to encounter the cue on a
daily basis.

Although there was evidence to suggest that the acoustic cue had a
significant effect on aggregation tightness and building speed, different
conditioning protocols could potentially elicit a stronger association between
the acoustic cue and food reward than we observed in this study, potentially
leading to a greater biological significance. In a field study in which carp
were acoustically conditioned to enter an automatic fishing machine (Zion
et al. 2012), stocked carp were introduced into a small net underneath the
machine and conditioned there for 16 days before being released into the
reservoir. Approximately 65% of the stocked carp showed a strong
conditioning response and were captured in the fishing machine upon the
onset of the acoustic cue. Restricting carp to a smaller area may have
strengthened the association between the acoustic cue and food reward in
that study. In our context, confining free-ranging, wild carp in a small
enclosure would most likely create a high-stress environment unsuitable
for conditioning (P.G. Bajer personal observation).

Furthermore, in laboratory experiments in which carp were acoustically
conditioned, the food reward was contingent on the desired behavior,
potentially accelerating conditioning (Sloan et al. 2013). Implementing this
approach in a field setting could be challenging, as it would require a large,
tagged population of carp and real-time tracking of carp activity to
determine if a food reward was warranted. In our study, there were
limitations in detecting carp activity. Only a small proportion of the
population was tagged, and the PIT antenna detecting carp activity was
small relative to the study site, likely leading to an underestimation of carp
feeding activity at the baited sites.

Our results suggest that the synergistic effect of an acoustic cue in
combination with remotely controlled baiting could also have management
implications. With conventional baiting (bait administered once daily in
large quantities), carp typically attend baited sites in small aggregations
with high turnover rates throughout the day and night (Hundt et al. 2022).
This limits the removal efficiency, as only carp present at the specific
moment when the net is lifted are captured. Our results suggest that sites
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exposed to the sound-plus-bait treatment had more tagged carp arriving to
the sites faster and more tightly in time than sites exposed to bait alone.
More condensed bouts of feeding activity could increase carp catch rates in
the baited box nets, especially if the presence of tagged carp can be
monitored in real time and nets can be activated remotely.

One potential limitation of our study was the small number of baited
locations. Due to constraints related to equipment and personnel, only two
sites were established. Both sites were exposed to both treatments, allowing
each site to serve as its own control. However, this design may have
introduced an order effect, wherein the treatment a site received first could
have influenced how carp responded during the second phase. To address
this, we included an interaction between site and treatment to partially
correct for any such effect. We found such a significant interaction only
when analyzing the tightness of the feeding aggregations. Specifically, the
test treatment was expected to reach t90 (a measure of aggregation
tightness) approximately 90 minutes earlier than the control treatment.
However, the 190 was expected to occur only 30 minutes earlier (a 67%
difference) when the test treatment occurred at Site 2, which is the site that
received the treatment first. Receiving the acoustic treatment second may
have led to shorter 190 (carp aggregating faster) at Site 1 vs at Site 2 because
fish at Site 1 were already exposed to baiting in the first phase and have
already learned the location and the general time frame that bait was
available. Increasing the number of sites at which treatment conditions
were administered should be a consideration for future work.

Social dynamics within feeding aggregations and how they may influence
the rate of acoustic conditioning in common carp should be further
investigated. Social learning has accelerated conditioning in other fish
species, such as Atlantic cod (Bjornsson et al. 2018). In that study, cod that
were previously acoustically conditioned in sea cages (“teachers”) reduced
naive cod’s learning time by two days when introduced into a fjord.
Similarly, in a laboratory study with common carp, naive individuals exposed
to trained “teacher” carp responded to acoustic cues four days earlier than
those without teachers (Zion et al. 2007). While we were unable to
specifically evaluate the effect of “teacher” fish in our experiment, as all
carp were subject to the same conditioning regime, social learning has the
potential to improve conditioning outcomes in wild carp. Carp exhibit
distinct personalities while feeding, with some individuals being more
dominant than others (Gérecki et al. 2019; Klefoth et al. 2013; Hundt et al.
2022). Future research could examine whether these dominant carp could
act as “teachers”, potentially accelerating feeding aggregation formation
and enhancing management strategies.

While our results suggest that a combination of bait and acoustic cues
may increase and synchronize carp feeding aggregations to a detectable but
moderate degree, future research should focus on amplifying this effect.
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We recommend expanding the spatial reach of the acoustic cue or increasing
the number of sites to target a larger proportion of the population (Hundt et al.
2022). Subsequent studies might also explore various quantities or qualities of
bait (Kasumyan and Morsi 1996; Kasumyan et al. 2024). Finally, intermittent
reinforcement strategies, wherein not all cues are followed by a reward,
might also be examined as these have been shown to increase the strength
of conditioning in other animals (Foster et al. 2001; Austen and Sanderson
2019; Chan and Harris 2019).

Author contributions

All authors contributed to the research conceptualization, sample design, and methodology.
Investigation and data collection was performed by RMB. Data analysis and interpretation was
performed by AWB, RMB, and PGB. RMB wrote the original draft of the manuscript and
developed all of the figures. All authors contributed to subsequent manuscript revisions and
approved the final version. PGB and RMB secured the funding and ethics approval for the project.

Authors’ ORCIDs

Rebecca M. Bullers: 0009-0000-2610-9061; Alex W. Bajcz: 0000-0002-5909-4676; Allen F.
Mensinger: 0000-0002-9850-798X; Przemyslaw G. Bajer: 0000-0002-7324-3359.

Acknowledgments

We would like to thank University of Minnesota undergraduate research technicians Tiana
DeGrande, Natalie Windels, and Emily Gillette as well as MAISRC staff John Gerritsen for
assistance with field work. We also thank Michael V. Hirt for developing some of the
equipment used in the project. We would like to thank the editor and anonymous reviewer for
their comments to improve this manuscript.

Funding declaration

This study was funded by the Minnesota Environment and Natural Resources Trust Fund
research grant (M.L. 2021, First Special Session, Chp. 6, Art. 6, Sec. 2, Subd. 06e), awarded to
P. G. Bajer as recommended by the Minnesota Aquatic Invasive Species Research Center
(MAISRC) and the Legislative-Citizen Commission on Minnesota Resources (LCCMR).

Conflict of interest/Declaration of interests

P. G. Bajer is the founder and owner of Carp Solutions LLC, a company involved in the
development of management strategies for invasive fish. These interests have been reviewed
and managed by the University of Minnesota in accordance with its Conflict of Interest policies.

Ethics and permits

This work was conducted under the University of Minnesota Animal Care and Use Protocol
1806-36013A.

References

Amoser S, Ladich F (2005) Are hearing sensitivities of freshwater fish adapted to the ambient noise
in their habitats? Journal of Experimental Biology 208: 3533-3542, https://doi.org/10.1242/jeb.01809
Austen JM, Sanderson DJ (2019) Delay of reinforcement versus rate of reinforcement in Pavlovian
Conditioning. Journal of Experimental Psychology: Animal Learning and Cognition 45: 203-221,
https://doi.org/10.1037/xan0000199

Bajer PG, Sorensen PW (2015) Effects of common carp on phosphorus concentrations, water clarity,
and vegetation density: a whole system experiment in a thermally stratified lake. Hydrobiologia
746: 303-311, https://doi.org/10.1007/s10750-014-1937-y

Bajer PG, Sullivan G, Sorensen PW (2009) Effects of a rapidly increasing population of common
carp on vegetative cover and waterfowl in a recently restored Midwestern shallow lake.
Hydrobiologia 632: 235-245, https://doi.org/10.1007/s10750-009-9844-3

Bullers et al. (2026), Management of Biological Invasions 17(1): 133—154, https://doi.org/10.3391/mbi.2026.17.1.08 152


https://doi.org/10.3391/mbi.2026.17.1.08
https://www.invasivesnet.org
https://orcid.org/0009-0000-2610-9061
https://orcid.org/0000-0002-5909-4676
https://orcid.org/0000-0002-9850-798X
https://orcid.org/0000-0002-7324-3359
https://doi.org/10.1037/xan0000199
https://doi.org/10.1007/s10750-014-1937-y
https://doi.org/10.1007/s10750-009-9844-3

2

"WASW[SNH Effects of acoustic conditioning on common carp feeding aggregations

Bajer PG, Lim H, Travaline MJ, Miller BD, Sorensen PW (2010) Cognitive aspects of food searching
behavior in free-ranging wild Common Carp. Environmental Biology of Fishes 88: 295-300,
https://doi.org/10.1007/s10641-010-9643-8

Bajer PG, Chizinski CJ, Sorensen PW (2011) Using the Judas technique to locate and remove
wintertime aggregations of invasive common carp. Fisheries Management and Ecology 18: 497-505,
https://doi.org/10.1111/.1365-2400.2011.00805.x

Bajer PG, Parker JE, Cross TK, Venturelli PA, Sorensen PW (2015) Partial migration to
seasonally-unstable habitat facilitates biological invasions in a predator-dominated system. Oikos
124: 1520-1526, https://doi.org/10.1111/0ik.01795

Bajer PG, Claus A, Wein J, Kukulski E (2018) Field test of a low-voltage, portable electric barrier to
guide invasive common carp into a mock trap during seasonal migrations. Management of
Biological Invasions 9: 291-297, https://doi.org/10.3391/mbi.2018.9.3.11

Bajer PG, Hundt P, Kukulski E, Kocian M (2022) Field test of an electric deterrence and guidance
system during a natural spawning migration of invasive common carp. Management of Biological
Invasions 13: 204219, https://doi.org/10.3391/mbi.2022.13.1.12

Bajer PG, Hirt MV, Swanson CP, Kukulski E, Kocian M (2024) Semi-automated system for capturing and
removing invasive carp during seasonal migrations. Biological Invasions 26: 2005-2014,
https://doi.org/10.1007/s10530-024-03308-3

Balon EK (1995) Origin and domestication of the wild carp, Cyprinus carpio: from Roman gourmets
to the swimming flowers. Aquaculture 129: 3—48, https://doi.org/10.1016/0044-8486(94)00227-F

Bjornsson B, Karlsson H, Macrander A (2018) Food searching behaviour in adult Atlantic cod Gadus
morhua during acoustic training: social learning and leadership within a school. Journal of Fish
Biology 93: 814-829, https://doi.org/10.1111/jfb.13783

Breukelaar AW, Lammens EHRR, Breteler JGPK, Tatrai I (1994) Effects of benthivorous bream
(Abramis brama) and carp (Cyprinus carpio) on sediment resuspension and concentrations of
nutrients and chlorophyll a. Freshwater Biology 32: 113—121, https://doi.org/10.1111/j.1365-2427.
1994.tb00871.x

Chan CKJ, Harris JA (2019) The partial reinforcement extinction effect: The proportion of trials
reinforced during conditioning predicts the number of trials to extinction. Journal of Experimental
Psychology: Animal Learning and Cognition 45: 43-58, https://doi.org/10.1037/xan0000190

Chizinski CJ, Bajer PG, Headrick ME, Sorensen PW (2016) Different migratory strategies of
invasive common carp and native northern pike in the American Midwest suggest an opportunity
for selective management strategies. North American Journal of Fisheries Management 36: 769-779,
https://doi.org/10.1080/02755947.2016.1167141

Colvin ME, Pierce CL, Stewart TW, Grummer SE (2012) Strategies to control a Common Carp
population by pulsed commercial harvest. North American Journal of Fisheries Management 32:
1251-1264, https://doi.org/10.1080/02755947.2012.728175

Crivelli AJ (1983) The destruction of aquatic vegetation by carp: A comparison between Southern
France and the United States. Hydrobiologia 106: 37-41, https://doi.org/10.1007/BF00016414

Foster TA, Hackenberg TD, Vaidya M (2001) Second-order schedules of token reinforcement with
pigeons: efforts of fixed- and variable-ratio exchange schedules. Journal of Experimental
Analysis of Behavior 76: 159—178, https://doi.org/10.1901/jeab.2001.76-159

Ghosal R, Eichmiller JJ, Witthuhn BA, Sorensen PW (2018) Attracting Common Carp to a bait site
with food reveals strong positive relationships between fish density, feeding activity,
environmental DNA, and sex pheromone release that could be used in invasive fish management.
Ecology and Evolution 8: 6714—6727, https://doi.org/10.1002/ece3.4169

Gorecki MT, Mazurkiewicz J, Myczko L (2019) Influence of the presence of ide Leuciscus idus on
the boldness of common carp Cyprinus carpio. Aquaculture 505: 253-255, https://doi.org/10.
1016/j.aquaculture.2019.02.069

Hundt PJ, White LA, Craft ME, Bajer PG (2022) Social associations in common carp (Cyprinus
carpio): Insights from induced feeding aggregations for targeted management strategies. Ecology
and Evolution 12: e8666, https://doi.org/10.1002/ece3.8666

Huntingford FA, Andrew G, Mackenzie S, et al (2010) Coping strategies in a strongly schooling fish,
the common carp Cyprinus carpio. Journal of Fish Biology 76: 1576—1591, https://doi.org/10.
1111/5.1095-8649.2010.02582.x

Huser BJ, Bajer PG, Chizinski CJ, Sorensen PW (2016) Effects of common carp (Cyprinus carpio)
on sediment mixing depth and mobile phosphorus mass in the active sediment layer of a shallow
lake. Hydrobiologia 763: 23-33, https://doi.org/10.1007/s10750-015-2356-4

Jackson ZJ, Quist MC, Downing JA, Larscheid JG (2010) Common carp (Cyprinus carpio), sport
fishes, and water quality: Ecological thresholds in agriculturally eutrophic lakes. Lake and
Reservoir Management 26: 14-22, https://doi.org/10.1080/07438140903500586

Kasumyan AO, Morsi AMKh (1996) Taste sensitivity of common carp Cyprinus carpio to free amino
acids and classical taste substances. Journal of Ichthyology 36(5): 391-403

Kasumyan AO, Kuzishchin KV, Gruzdeva MA (2024) Evaluation of the effectiveness of food
chemical attractants for wild common carp, Cyprinus carpio (Cyprinidae) under conditions of
natural water body. Journal of Ichthyology 64: 689—704, https://doi.org/10.1134/S0032945224700279

Klefoth T, Pieterek T, Arlinghaus R (2013) Impacts of domestication on angling vulnerability of
common carp, Cyprinus carpio: the role of learning, foraging behaviour and food preferences.
Fisheries Management and Ecology 20: 174—186, https://doi.org/10.1111/j.1365-2400.2012.00865.x

Kloskowski J (2011) Impact of common carp Cyprinus carpio on aquatic communities: direct trophic
effects versus habitat deterioration. Fundamental and Applied Limnology 178: 245-255,
https://doi.org/10.1127/1863-9135/2011/0178-0245

Bullers et al. (2026), Management of Biological Invasions 17(1): 133—154, https://doi.org/10.3391/mbi.2026.17.1.08 153


https://doi.org/10.3391/mbi.2026.17.1.08
https://www.invasivesnet.org
https://doi.org/10.1007/s10641-010-9643-8
https://doi.org/10.1111/j.1365-2400.2011.00805.x
https://doi.org/10.1111/oik.01795
https://doi.org/10.3391/mbi.2018.9.3.11
https://doi.org/10.3391/mbi.2022.13.1.12
https://doi.org/10.1007/s10530-024-03308-3
https://doi.org/10.1016/0044-8486(94)00227-F
https://doi.org/10.1111/jfb.13783
https://doi.org/10.1111/j.1365-2427.1994.tb00871.x
https://doi.org/10.1111/j.1365-2427.1994.tb00871.x
https://doi.org/10.1037/xan0000190
https://doi.org/10.1080/02755947.2016.1167141
https://doi.org/10.1080/02755947.2012.728175
https://doi.org/10.1007/BF00016414
https://doi.org/10.1901/jeab.2001.76-159
https://doi.org/10.1002/ece3.4169
https://doi.org/10.1016/j.aquaculture.2019.02.069
https://doi.org/10.1016/j.aquaculture.2019.02.069
https://doi.org/10.1002/ece3.8666
https://doi.org/10.1111/j.1095-8649.2010.02582.x
https://doi.org/10.1111/j.1095-8649.2010.02582.x
https://doi.org/10.1007/s10750-015-2356-4
https://doi.org/10.1080/07438140903500586
https://doi.org/10.1134/S0032945224700279
https://doi.org/10.1111/j.1365-2400.2012.00865.x
https://doi.org/10.1127/1863-9135/2011/0178-0245

2

INVASIVESNET

Effects of acoustic conditioning on common carp feeding aggregations

Supplementary material

Koehn JD (2004) Carp (Cyprinus carpio) as a powerful invader in Australian waterways. Freshwater
Biology 49: 882—-894, https://doi.org/10.1111/j.1365-2427.2004.01232.x

Kojima T, Ito H, Komada T, Taniuchi T, Akamatsu T (2005) Measurements of auditory sensitivity in
common carp Cyprinus carpio by the auditory brainstem response technique and cardiac
conditioning method. Fisheries Science 71: 95-100, https://doi.org/10.1111/.1444-2906.2005.00935.x

Kulhanek SA, Leung B, Ricciardi A (2011) Using ecological niche models to predict the abundance
and impact of invasive species: application to the common carp. Ecological Applications 21:
203-213, https://doi.org/10.1890/09-1639.1

Lammens EHRR, Hoogenboezem W (1991) Diets and feeding behaviour. In: Winfield 1J, Nelson JS
(eds), Cyprinid fishes; systematics, biology and exploitation. Chapman & Hall, pp 353-376,
https://doi.org/10.1007/978-94-011-3092-9 12

Marking LL (1992) Evaluation of toxicants for the control of carp and other nuisance fishes.
Fisheries 17: 613, https://doi.org/10.1577/1548-8446(1992)017<0006:EOTFTC>2.0.CO;2

Matsuzaki SS, Usio N, Takamura N, Washitani I (2009) Contrasting impacts of invasive engineers on
freshwater ecosystems: an experiment and meta-analysis. Oecologia 158: 673—686, https://doi.org/10.
1007/s00442-008-1180-1

Moyle JB, Kuehn JH, Burrows CR (1950) Fish-population and catch data from Minnesota lakes.
Transactions of the American Fisheries Society 78: 163—175, https://doi.org/10.1577/1548-8659
(1948)78[163:FACDFM]2.0.CO;2

Poole JR, Bajer PG (2019) A small native predator reduces reproductive success of a large invasive
fish as revealed by whole-lake experiments. PLoS ONE 14: ¢0214009, https://doi.org/10.1371/
journal.pone.0214009

Popper AN (1972) Pure-tone auditory thresholds for the carp, Cyprinis carpio. The Journal of the
Acoustical Society of America 52: 1714-1717, https://doi.org/10.1121/1.1913305

Sloan JL, Cordo EB, Mensinger AF (2013) Acoustical conditioning and retention in the common
carp (Cyprinus carpio). Journal of Great Lakes Research 39: 507-512, https://doi.org/10.1016/
1.jlr.2013.05.004

Sorensen PW, Bajer PG (2011) The common carp. In: Simberloff D, Rejmanek M (eds), Encyclopedia of
invasive introduced species. University of California Press Berkeley, California, pp 100-103

Sorensen PW, Bajer PG (2020) Case studies demonstrate that common carp can be sustainably
reduced by exploiting source-sink dynamics in midwestern lakes. Fishes 5: 36, https://doi.org/10.
3390/fishes5040036

Urick RJ (1983) Principles of Underwater Sound, 3" edn. McGraw-Hill, New York, USA, 423 jus)

Vilizzi L (2012) The common carp, Cyprinus carpio, in the Mediterranean region: origin,
distribution, economic benefits, impacts and management. Fisheries Management and Ecology
19: 93-110, https://doi.org/10.1111/j.1365-2400.2011.00823.x

Weber MJ, Brown ML (2009) Effects of common carp on aquatic ecosystems 80 years after “Carp as
a Dominant”: ecological insights for fisheries management. Reviews in Fisheries Science 17:
524-537, https://doi.org/10.1080/10641260903189243

Zambrano L, Scheffer M, Martinez-Ramos M (2001) Catastrophic response of lakes to benthivorous
fish introduction. Oikos 94: 344-350, https://doi.org/10.1034/j.1600-0706.2001.940215.x

Zion B, Barki A, Grinshpon J, Rosenfeld L, Karplus I (2007) Social facilitation of acoustic training in
the common carp Cyprinus carpio (L.). Behaviour 144: 611-630, https://doi.org/10.1163/
156853907781347781

Zion B, Barki A, Grinshpon J, Rosenfeld L, Karplus I (2011) An automatic fishing machine based on
acoustic conditioning. Aquacultural Engineering 45: 87-91, https://doi.org/10.1016/j.aquaeng.2011.07.004

Zion B, Karplus I, Barki A (2012) Ranching acoustically conditioned fish using an automatic fishing
machine. Aquaculture 330-333: 136—141, https://doi.org/10.1016/j.aquaculture.2011.12.002

Web sites, online databases and software

Bauer BJ (2011) Lake Minnetonka Fisheries Special Assessment-2011. Minnesota Department of
Natural Resources (MN DNR). MN DNR Report https:/files.dnr.state.mn.us/areas/fisheries/
westmetro/mtka_sa_full report 2011.pdf (accessed 20 January 2024)

Fox J, Sanfor W (2019) An {R} Companion to Applied Regression, Third Edition. Thousand Oaks
CA: Sage. [software] URL: https:/socialsciences.memaster.ca/jfox/Books/Companion/

Minnesota Pollution Control Agency (MPCA) (2021) https://webapp.pca.state.mn.us/surface-water/
impairment/27-0133-14 (accessed 20 January 2024)

R Core Team (2022) R: A language and environment for statistical computing. [software] R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org

The following supplementary material is available for this article:

Table S1. Sound pressure level (SPL) (dB re 1uPa) measurements taken at each site prior to the start of the study.
Table S2. Linear regression model results.

This material is available as part of online article from:
http://www.reabic.net/journals/mbi/2026/Supplements/MBI_2026_Bullers_etal SupplementaryTable.xIsx

Bullers et al. (2026), Management of Biological Invasions 17(1): 133—154, https://doi.org/10.3391/mbi.2026.17.1.08 154


https://doi.org/10.3391/mbi.2026.17.1.08
https://www.invasivesnet.org
https://doi.org/10.1111/j.1365-2427.2004.01232.x
https://doi.org/10.1111/j.1444-2906.2005.00935.x
https://doi.org/10.1890/09-1639.1
https://doi.org/10.1007/978-94-011-3092-9_12
https://doi.org/10.1577/1548-8446(1992)017%3c0006:EOTFTC%3e2.0.CO;2
https://doi.org/10.1007/s00442-008-1180-1
https://doi.org/10.1007/s00442-008-1180-1
https://doi.org/10.1577/1548-8659(1948)78%5b163:FACDFM%5d2.0.CO;2
https://doi.org/10.1577/1548-8659(1948)78%5b163:FACDFM%5d2.0.CO;2
https://doi.org/10.1371/journal.pone.0214009
https://doi.org/10.1371/journal.pone.0214009
https://doi.org/10.1121/1.1913305
https://doi.org/10.1016/j.jglr.2013.05.004
https://doi.org/10.1016/j.jglr.2013.05.004
https://doi.org/10.3390/fishes5040036
https://doi.org/10.3390/fishes5040036
https://doi.org/10.1111/j.1365-2400.2011.00823.x
https://doi.org/10.1080/10641260903189243
https://doi.org/10.1034/j.1600-0706.2001.940215.x
https://doi.org/10.1163/156853907781347781
https://doi.org/10.1163/156853907781347781
https://doi.org/10.1016/j.aquaeng.2011.07.004
https://doi.org/10.1016/j.aquaculture.2011.12.002
https://files.dnr.state.mn.us/areas/fisheries/westmetro/mtka_sa_full_report_2011.pdf
https://files.dnr.state.mn.us/areas/fisheries/westmetro/mtka_sa_full_report_2011.pdf
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://webapp.pca.state.mn.us/surface-water/impairment/27-0133-14
https://webapp.pca.state.mn.us/surface-water/impairment/27-0133-14
https://www.r-project.org/
http://www.reabic.net/journals/mbi/2026/Supplements/MBI_2026_Bullers_etal_SupplementaryTable.xlsx


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams true

  /MaxSubsetPct 100

  /Optimize false

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Remove

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 600

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages false

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 600

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages false

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /RUS <>

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



