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ABSTRACT 

Classical acoustic conditioning was investigated with the common carp (Cyprinus 

carpio) to determine its potential as a management tool. In small laboratory tanks (≤ 1000 

L), groups of five juvenile carp were trained to associate a 400 Hz pure tone stimulus 

with a food reward.  Following three days of training, the majority of fish showed a 

consistent and rapid (< 30 sec) ability to localize the sound source and receive the 

subsequent food reward.  Six of the nine groups tested showed retention of the 

conditioned behavior for up to 5 months.  Trials were then conducted in a 24,000 L 

outdoor pool to mimic more natural conditions.  Carp again displayed relatively short 

learning curves and high accuracy (84.4%) in localizing the sound source.  These findings 

indicate that carp are readily conditioned to an acoustic signal and are able to retain this 

behavior for months, suggesting that acoustical conditioning may be used as a 

management strategy in which the movement of wild carp can be manipulated for 

trapping and removal within a lake system. 
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CHAPTER 1 
 

NATURAL HISTORY AND BIOLOGY 

The common carp (Cyprinus carpio) is found within the order Cypriniformes 

(carp and minnows) and belongs to the family Cyprinidae. Cyprinidae is the largest fish 

family with more than 2,000 described species. This family has the greatest distribution 

of freshwater fish (Gilbert & Williams, 2002) and evidence suggests that carp originated 

in Asia and Eastern Europe and may have been limited to the Black, Caspian and Aral 

seas (Panek, 1987). From this area, they then spread east into Siberia and China and west 

to the Danube River. The Romans cultivated carp from the Danube for food as early as 

800 BC (Balon, 1995; Hoffbeck, 2001). From this area, carp were then transported to 

Rome for ornamental and gastronomic purposes. After the establishment of Christianity 

in Roman Italy, carp continued to be held and bred in monastery ponds and became an 

important source of food during fasting periods (Balon, 1995). Soon after, carp 

successfully spread throughout Asia and Europe and have more recently been introduced 

and established on every continent with the exception of Antarctica (Sivakumaran et al., 

2003). 

In 1831 a private individual, Captain Robinson, introduced the first carp to the 

United States (U.S.). Robinson imported the fish from France and stocked them in a 

private pond in New York.  Soon after stocking the private pond, he released several 

dozen into the nearby Hudson River (Cole, 1905; Mills et al., 1993; Hoffbeck, 2001). In 

1872, carp were successful introduced to California. Another private citizen, J.A. Poppe, 

brought five surviving carp to ponds in Sonoma, CA. The following spring, these fish 
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spawned and produced an estimated 3,000 young that were then sold and shipped to 

farmers in California and adjacent states, Hawaii and Central America (Cole, 1905).  

In 1873, Professor Baird, the Commissioner of the U.S. Fish Commission, wrote a 

report “Fishes Especially Worthy of Cultivation,” and included qualities of carp that 

made it a desirable cultivation species. These “good” qualities were given as follows: 

“Fecundity and adaptability to the processes of artificial propagation, hardiness in all 

stages of growth, adaptability to unfavorable conditions, rapid growth, ability to populate 

waters to their greatest extent, good table qualities, harmlessness in its relation to other 

fishes and living largely on a vegetable diet (Cole, 1905).” With interest from the U.S. 

Fish Commission and European immigrants in the states, 345 carp were imported from 

Germany and were reared in ponds in Baltimore in 1877 (Cole, 1905). In 1879, carp 

distribution throughout the U.S. began (Table 1). The fish were often distributed to state 

commissioners who then redistributed the carp to applicants within their respective state. 

The U.S. Fish Commission continued to widely distribute the species throughout the 

country until about 1890 when applicant numbers began to decrease and in 1897, 

distribution of carp in the U.S. ceased (Cole, 1905; Mills et al., 1993; Hoffbeck, 2001). 

Currently, the common carp is present throughout North America and is the most 

abundant fish in its inland waters. 

The Minnesota Fish Commission introduced Minnesota’s first 15 carp in lakes 

near Buffalo (Wright County) in October of 1880 in an effort to improve angling. In 

1882, the commission obtained another 69 common carp and distributed them in St. Paul 

and western Minnesota lakes. By the mid-1880s, Minnesota had received 9,000 carp and 

stocked them in 90 different lakes throughout the state. By 1890, carp had become 
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common throughout lakes and rivers of Minnesota and in 1910, this species was 

considered detrimental to aquatic ecosystems and wildlife officials declared “the state 

was fighting with all her might to rid the inland waters of German carp (Hoffbeck, 

2001).”  

Today carp are considered an invasive species throughout the U.S. because it has 

been successfully introduced outside its natural range, rapidly proliferates, and alters the 

biodiversity of the ecosystem. This species is capable of dominating a freshwater 

ecosystem because of its rapid growth and large size (Lubinski, 1986), long life span 

(Koehn et al., 2000), early sexual maturity and extreme fecundity (Swee & McCrimmon, 

1966; Sivakumaran et al., 2003; Bajer & Sorensen, 2010), broad diet (Panek, 1987; 

Sibbing, 1988; Garcia-Berthou, 2001) and ability to tolerate degraded environments with 

polluted and poorly oxygenated water (Hoffbeck, 2001; Koehn, 2004). 

Carp are large fish growing to a maximum length of 6 feet (1.8 meters) and 

weight of 60 lbs (27 kg) and are long-lived, frequently living to an age of 20 to 25 years 

(Koehn et al., 2000; Hoffbeck, 2001). They are a highly fecund organism maturing on 

average at 3 to 4 years of age and females are able produce over a million eggs and may 

spawn multiple times in one year (Berg, 1964; Swee & McCrimmon, 1966; Panek, 1987; 

Sivakumaran et al., 2003; Bajer P.G. & Sorensen P.W., 2010). Spawning typically occurs 

in late spring/early summer when water temperatures warm to 16° C (Sivakumaran et al., 

2003) and takes place both day and night over several weeks until water temperatures 

reach 28° C (Swee & McCrimmon, 1966; Balon, 1995). During this time, carp move into 

shallow habitats that provide vegetative cover (Berg, 1964; Penne & Pierce, 2008). 

Spawning occurs as one or more males actively pursue and push against a single female. 
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The female responds by raising her caudal peduncle and lashing her tail, resulting in the 

expulsion of her eggs. The males then swim alongside the female and release their milt 

(Koehn et al., 2000). The fertilized eggs then sink and adhere to the rooted vegetation. 

The eggs hatch between three to twelve days depending on prevailing water temperatures. 

The larvae then remain attached to the vegetative cover until the yolk sac is completely 

absorbed. The young carp becomes a pelagic feeder and remains in warm, shallow, 

protected waters throughout the summer (Lubinski et al., 1986). Young-of-the-year carp 

grow rapidly in this environment, allowing them to quickly evade predation pressure 

(Koehn, 2004).      

Fish species within the order Cypriniformes often lack an adipose fin and scales 

on the head and have a protractile upper jaw with no teeth. Common carp are further 

characterized by a robust body with a slightly raised back, a single dorsal fin, a deeply 

forked tail and a pair of fleshy barbels on each side of the mouth (Panek, 1987; Koehn et 

al., 2000; Gilbert & Williams, 2002). Their color is highly variable, however wild carp 

are typically olive-green dorsally, pale yellow ventrally and have reddish fins (Panek, 

1987). 

 

AFFECTS OF THE COMMON CARP ON AQUATIC ECOSYSTEMS  

“I remember…fine catches of large-mouth bass, great northern pike, and delightful pan fish of 
various species…Carp appeared in Pike lake and reproduced well…The waters of the pond 
became muddy, turbid; the vegetation began to disappear. Fishing fell off, slowly at first, and 
finally died completely…the lake was practically forgotten by fishermen…As the first seine came 
in….there was nothing but carp…As the water receded, two things impressed me. There was no 
vegetation in the lake…and everywhere were moon-shaped depressions….the impression of the 
mouth where the fish had sucked in the soft muck in search of food….the fish had rooted out every 
plant in the lake and with the vegetation went the haunts of the game fish.”  
 
– Cahn, 1929, Neosha Mill Pond, Wisconsin 
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Common carp have been intentionally introduced to every continent, with the 

exception of Antarctica, for recreation and food purposes (Weber and Brown, 2009). 

Currently, carp are present in approximately one-third of Minnesota waters and have 

become the dominant fish species, comprising over half of the biomass (Sorensen, 

personal communication). Once established in an environment, this species may have 

negative impacts on water quality, nutrient flux rates, and macrophyte and 

macroinvertebrate abundance, diversity, and composition. As a consequence, the diversity 

of native fish and waterfowl populations are negatively affected, resulting in changes in 

trophic level interactions within the food web.  

Carp are an omnivorous, suspension feeding fish that consumes aquatic 

vegetation, detritus, zooplankton, and benthic invertebrates and has several adaptations 

that facilitate efficient feeding (Panek, 1987; Sibbing, 1988). Food intake occurs as the 

oropharyngeal and opercular cavities expand with water and particulate ingestion. This 

expansion creates an oral suction through the protrusion of the upper jaw, allowing for the 

consumption of both food and inorganic material. Grasping of food particles occurs with 

the outer lips as oral teeth are absent in this species (Sibbing, 1988). Within the 

oropharyngeal cavity, inorganic matter is separated and expelled through the opercular 

slits while food is retained and ingested (Callan & Sanderson, 2003).  

The introduction and subsequent proliferation of carp has been associated with the 

loss of native aquatic vegetation throughout the United States (Table 2; Cahn, 1929; 

Anderson, 1950; Cahoon, 1953; King & Hunt, 1967; Hanson and Butler, 1994; McKnight 

& Hepp, 1995; Schrage & Downing, 2004; Miller & Crowl, 2006). The feeding behavior 

of carp can have detrimental impacts on macrophytes directly through the consumption 
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and uprooting of submerged vegetation (King & Hunt, 1967; Crivelli, 1983) and/or 

indirectly through the resuspension of solids and nutrients thereby limiting light 

penetration (Andersson et al., 1978; Meijer et al., 1990; Hanson & Butler, 1994). Carp 

can have the greatest impact on vegetation from May to early June, when they participate 

in intense spawning and feeding activity. During this time plant species are young and 

may be more susceptible to direct browsing and/or uprooting (King and Hunt, 1967). The 

strength and surface area of the mouth applied during foraging is a function of body size, 

thus the larger the carp, the greater amount of perturbation to the abundance, composition, 

and diversity of macrophytes (Crivelli, 1983). In addition, at higher population densities, 

benthivorous fish reduce the density of benthic invertebrates. As prey densities decline, 

carp increase their foraging activity, further increasing the concentration of suspended 

solids (Zambrano et al., 2001).  

The loss of macrophytes and increase in nutrient loading may switch a system 

from a clear-state, dominated by aquatic vegetation to a turbid-state characterized by high 

phytoplankton abundance (Scheffer, 1993; Parkos et al., 2003). In the presence of carp, 

the size-structure of the herbivorous zooplankton community generally shifts from large- 

to small-bodied species, resulting in reduced phytoplankton grazing (Table 2; Andersson, 

1978; Meijer et al., 1990; Hanson & Butler, 1994; Williams and Moss, 2003; Schrage and 

Downing, 2004). It has also been suggested that an increase in turbidity, inhibits foraging 

of phytoplankton by zooplankton, thereby reducing the efficiency of these grazers (Weber 

and Brown, 2009). Carp survive well in eutrophic conditions and may become the 

dominant fish species in the water body, thereby continually increasing eutrophication.   
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In the case study presented by Meijer et al. (1999), it was found that successful 

biomanipulation, a drastic reduction of benthivorous fish populations, in three lake 

systems led to a dramatic increase in water transparency and a large decline in algal 

biomass. This decrease may have been attributed to an increase in grazing pressure from 

large zooplankton species and/or a decrease in nutrients available, particularly 

phosphorous (Table 2). Benthivorous fish species, including carp, increase phosphorous 

concentrations in the water column through the relocation of nutrients from bottom 

sediments, direct nutrient excretion and through the destruction and subsequent 

decomposition of aquatic vegetation (Zambrano and Hinojosa, 1999; Schrage and 

Downing, 2004; Weber and Brown, 2009).  In these lakes the total phosphorus and 

chlorophyll-a, the primary photosynthetic pigment in phytoplankton, concentrations 

decreased. This led to clear water conditions and a substantial development in submerged 

vegetation (Table 2). An increase in macrophyte abundance has been shown to have a 

positive effect on water clarity. Once established, macrophytes help stabilize bottom 

sediments, reduce wind/wave-driven resuspension of solids and nutrients, directly 

compete with phytoplankton for limiting nutrients and light, and can further suppress 

algal growth through allelopathic inhibition and by providing refuge to phytoplankton-

grazing zooplankton (Scheffer, 1993; Parkos et al., 2003; Schrage and Downing, 2004; 

Weber and Brown, 2009).   

The invasion of carp can also have negative impacts on the density and diversity 

of fish species found within a lake. It has been suggested that carp degrade spawning 

environments, disrupt spawning behavior and may directly consume eggs of some fish. In 

Lake Mattamuskeet, North Carolina, the abundance of native fish species was impacted 
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by the presence of carp (Cahoon, 1953). The fishery prior to carp invasion was dominated 

by largemouth bass and crappie. With the proliferation of carp, the fishery shifted to 

perch and finally to one in which carp dominated. The removal of carp began in 1940 and 

consisted of constructed barriers and fyke netting. Over an eight year period, nearly 

1,700,000 pounds of carp were removed. Restocking of largemouth bass fry, rockfish fry, 

and bluegill bream occurred shortly after and the take of game fish by sport fishermen 

increased by 75% (Table 2; Cahoon, 1953). It was expected that the improvement in 

water clarity and increase in vegetative cover, led to greater suitable areas available for 

game fish spawning. In the previously noted Neosha Mill Pond, the abundance of carp 

and native species was evaluated after draining the pond and it was found that 5,891 carp 

with a total weight of 37,750 pounds existed while only 115 individuals of all other 

species were present (Table 2; Cahn, 1929).  

The loss of submerged vegetation and macroinvertebrate abundance also has a 

potentially deleterious impact on waterfowl species (Table 2; King & Hunt, 1967; 

Winfield et al., 1992; Hanson and Butler, 1994; McKnight & Hepp, 1995; Bouffard and 

Hanson, 1997; Bajer et al., 2009).  The shallow freshwater environment is an important 

feeding area for waterfowl because this habitat supplies them with the nutrients required 

for reproduction and migration. Native macrophytes are preferred because they provide a 

more suitable habitat for macroinvertebrates, an important dietary component for 

waterfowl. In addition, native aquatic vegetation is typically consumed directly by 

waterfowl (Buchsbaum et al., 1986; Dawson et al., 1988). An evaluation of the effects of 

fish removal from a historically important feeding area for migrating waterfowl was 

completed on Lake Christina, a large, shallow lake in Minnesota. In the mid 1900’s this 
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lake was one of the most important feeding areas for migrating waterfowl in the 

Mississippi flyway. Between 1975 and 1985 bethivorous fish (including carp) dominated, 

thus water clarity decreased with increasing turbidity, and submerged vegetation was 

replaced with phytoplankton. The losses of macrophyte and macroinvertebrate abundance 

lead to a decrease in the amount of food available to migratory waterfowl and a 

subsequent decline in their presence (Table 2). In 1987 rotenone was applied and all fish 

species present were eliminated. Shortly after, an increase in several species of migratory 

waterfowl was observed. Between 1982 and 1986 less than 5,000 species of migratory 

waterfowl were observed, however after the eradication of fish the aerial count of water 

birds increased to 57,000 in 1988, 68,275 in 1989 and 120,200 in 1990 (Hanson & Butler, 

1994). An increase in foraging habitat availability and variety promotes species diversity 

within waterfowl; therefore the removal of invasive carp increased waterfowl abundance 

and diversity (McKnight and Hepp, 1995). 

To summarize, the introduction and proliferation of the invasive common carp 

will have deleterious effects on a water body and its inhabitants and may alter the food 

web dynamics in the system. The resuspension of solids and nutrients will alter water 

clarity and nutrient content. The disappearance of submerged macrophytes as a result of 

limited light penetration, uprooting, and possible consumption by the carp will likely 

change the primary producer of the system to phytoplankton. Phytoplankton is able to 

thrive in such conditions because of the increased nutrient flux from the benthic to the 

pelagic zone and the reduced pressure from herbivorous zooplankton. This decrease in 

herbivorous zooplankton abundance is a result of a reduction in the cover (vegetative 

growth) typically provided to such individuals. Ultimately terrestrial organisms, including 
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waterfowl, are impacted by the loss of vegetative growth and a reduction in food sources 

(zooplankton and macroinvertebrates). The literature regarding the effects of invasive 

benthivorous fish on terrestrial organisms is sparse. Future studies need to be completed 

to determine the effect carp invasions have on the use of water bodies by terrestrial birds, 

aquatic insects, amphibians and other vertebrates. Table 2 represents a compilation of 

studies mentioned in this section and summarizes the impacts invasive benthivorous fish 

species have had on that aquatic system. 

 

SOUND DETECTION IN FISH 

 Millions of dollars have been spent on the control and eradication of this species 

with little success and at this time, a successful strategy for the control of carp does not 

exist. External stimuli that most often affect fish behavior include sound, light and 

chemical signals. Sound offers many advantages in water including directionality and 

rapid transmittal with little attenuation over long distances. The other types of signals are 

limited in these respects. Light is dependent on water clarity and the contrast between 

artificial and ambient light and chemical signals are subject to currents and dilution 

making them hard to control (Bullen & Carlson, 2003). Sound is a potentially useful 

deterrent or guidance stimulus in fish, consequently the modification of fish behavior 

through the use of sound stimuli has received recent attention. 

 Sound is defined as a density disturbance that propagates through a medium. A 

propagated sound wave has the components of particle motion (also expressed as particle 

displacement, velocity or acceleration) and sound pressure (Schwarz, 1985; Hawkins, 

1993). The relationship between particle motion and pressure for a sound wave changes 
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with distance from the source. This change defines the location of ‘near-field’ and ‘far-

field’ in an aquatic environment. In the near-field, particle motion dominates while in the 

far-field, sound pressure is the greatest. The boundary between near- and far-field is 

found at the point in which particle motion and pressure are in phase (Schwarz, 1985). 

Thus, in a far-field environment particle velocity and pressure of the sound signal are 

proportional to one another and within a near-field environment particle velocity is much 

greater for a given sound pressure (Hawkins, 1993). Consequently, a fish will receive 

different types of information regarding sound depending on its distance from the sound 

source.  

 To optimize the amount of information from a sound source, fish have evolved 

sensory systems that detect particle motion and pressure components of a sound field 

(Popper & Carlson, 1998). The two sensory systems in fish are the inner ear and the 

lateral line, also referred to as the octavolateralis system. The lateral line detects 

differences between the motion of the fish and the motion of the surrounding water and 

can therefore only detect signals close to the fish, within one or two body lengths (Popper 

& Carlson, 1998; Popper & Lu, 2000). On the other hand, the inner ear is able to sense 

signals at considerable distances from the fish and detects sound, angular acceleration, 

and gives the fish a sense of balance and spatial orientation. 

 The inner ear in fish has three semicircular canals and three otolithic end organs, 

the saccule, lagena and utricle. Each end organ contains a large, calcareous otolith and a 

sensory epithelium that is covered by a thin membrane (Figure 1; Wysocki, 2006). This 

sensory epithelium is comprised of sensory hair cells, the acoustic transducer within the 

inner ear (Popper and Lu, 2000). The apical surface of each sensory hair cell has a group 
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of cilia that extends through the otolithic membrane and may have contact with the 

otolith. The density of a fish is similar to that of water, as a result a mechanical 

disturbance such as sound, will readily propagate through the tissues of the fish 

(Wysocki, 2006). On the other hand, an otolith is approximately three times denser than 

the surrounding tissue and therefore moves at a different amplitude and phase than the 

sensory epithelium. This motion causes the cilia to bend, thereby stimulating the hair 

cells, resulting in the detection of a mechanical signal (Fay and Popper, 1975; Popper et 

al., 2005). Therefore, the primary function of an otolith is to stimulate the sensory hair 

cells of the otolithic end organs. 

 Within the sensory epithelium, each hair cell is comprised of a single, large 

kinocilium and a series of sterocilia. Each of the sterocilia is graded in height, with the 

longest near the kinocilium (Figure 2). The sensory hair cells are further organized into 

orientation groups, where all ciliary bundles within a group have their kinocilium on the 

same side (Figure 1). This organization allows for the polarization of the ciliary bundles, 

so that the bending of cilia in different directions produces either an excitatory or 

inhibitory response within a cell (Carlson, 1994; Popper & Lu, 2000). As a result, the hair 

cells within the sensory epithelium can determine the direction of a mechanical stimulus, 

such as a sound signal. 

 Terrestrial organisms are able to localize sound signals by comparing differences 

in time of arrival and sound level, of a stimulus, at the two ears. However, the use of 

binaural information is unlikely in fish because of the speed of sound in water. Sound 

travels approximately 4.5 times faster in water than it does in air, therefore the speed of 

arrival for a given signal at the two ears makes this difference almost non-existent. The 
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small size of fish and the fact that their ears are generally close together also greatly 

reduces their ability to detect interaural time and intensity differences (Schwarz, 1985; 

Popper and Fay, 1997; Popper & Lu, 2000). It has therefore been hypothesized that fish 

have evolved the orthogonal-like orientation of sensory hair cells, as described above, to 

localize signals within a sound field (Carlson, 1994; Popper and Fay, 1997; Popper & Lu, 

2000).  

 Hearing specialists, including cypriniformes, have developed an accessory hearing 

structure allowing them to detect sound pressure levels at broader frequency ranges and at 

much lower sound intensities (Amoser & Ladich, 2005). This accessory structure is a 

connection of Weberian ossicles between the air-filled swim bladder within the body to 

the auditory organ of the inner ear. This connection allows the fish to detect the sound 

pressure components of an acoustic signal thereby enhancing their hearing ability (Fay 

and Popper, 1975; Lovell et al., 2006). In the far-field, sound signal detection through 

otolithic stimulation may be hindered by a decrease in particle displacement. The swim 

bladder can overcome this by transforming sound pressure components of a sound signal 

into displacement (Ladich, 1999). The volume of a swim bladder is easily compressed 

and pulsates in the presence of sound. These pulses are then distributed in all directions, 

including toward the inner ears (Yan, 2000). Therefore, the swim bladder transmits sound 

pressure components to the inner ear via the mechanical coupling of Weberian ossicles 

(Hawkins, 1993; Yan, 2000; Lovell et al., 2006). Hearing generalists lack this connection 

and rely strictly on water particle motion to stimulate the sensory hair cells of the inner 

ear.  
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 The hearing thresholds of an organism can be shown in an audiogram which 

illustrates the lowest level of sound that can be heard as a function of frequency (Lovell, 

2006). Generally this is represented as a curve of auditory thresholds or minimum sound 

levels to which an organism will respond to over a range of frequencies. Various methods 

have been used to obtain fish audiograms including: classical and avoidance conditioning, 

electrocardiography or cardiac conditioning, microphonic potential measurements, and 

the auditory brainstem response (ABR) technique. Using such techniques, it has been 

found that carp can hear within the range of 50 – 3,000 Hz, with maximum sensitivity 

between 100 and 1,000 Hz (Figure 3; Popper, 1972; Kojima et al., 2005). 

 

CONDITIONING METHOD 

 The first account of successful conditioning occurred at the University of Munich 

in the early 1930’s (von Frisch, 1938). It had long been debated that fish were not able to 

hear for several reasons: (1) “most fish seem to be dumb” (2) the organ of hearing in 

mammals, the cochlea, was not found in fish and therefore it was thought that fish were 

unable to hear and (3) fish may respond to vibrations in the water and may not actually be 

hearing sound (Lee, 1898). Past studies had found that fish did not respond to the sounds 

of a whistle, violin or voice of a singer. Professor von Frisch believed there was no 

response to these sounds because they are of little biological significance to a fish. He 

therefore proposed the idea of giving biological significance to the sound of a whistle 

through pairing it with food. He began to whistle when feeding a small catfish (Amiurus 

nebulosus) and found he was able to train the fish to the sound of whistling. “…the fish 

came out when I whistled before I put the feeding-rod into the water, swam upwards and 
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sought for the food; and always after that it could be called out by soft whistling…” From 

this result von Frisch concluded that “it is very probable that there is a true sense of 

hearing in fishes.” 

A protocol for acoustic conditioning was established nearly 40 years ago in which 

rainbow trout (Salmo gairdneri) were trained to school in a feeding area (Abbott, 1972). 

This study determined that approximately 90% of trout reared in a large pond were 

trained to aggregate in a defined area allowing the culturist to effectively feed, administer 

medication and harvest the fish. Since this time, this technique has been applied for the 

guidance and control of fish behavior (Maniwa, 1975; Fujiya et al., 1980; Oiestad et al., 

1987; Levin & Levin, 1994; Willis et al., 2002; Tlusky et al., 2008; Zion et al., 2011).  

 In an effort to increase yield and harvesting efficiency of cultured Atlantic cod 

(Gadus morhua), acoustical conditioning was tested in an enclosed pond. Once 

conditioned, sound pulses coupled with food were given within a trap and it was found 

that fish reacted strongly to the sound and gathered near the trap (Oiestad et al., 1987).  At 

the completion of the study more than 80% or approximately 100,000 conditioned 

Atlantic cod released in the pond were recaptured using acoustics within the trap.  In a 

study with similar objectives, red sea bream (Pagrus major) were trained to sound for the 

potential application to fish ranching.  It was found that several fish were trained by the 

second day with the majority responding within two weeks of conditioning (Fujiya et al., 

1980).  Field trials were also conducted to determine the feasibility of recapturing 

conditioned individuals released into the wild. Although recapture numbers were low, 

approximately 15%, observations indicated that a significant number of released 

individuals remained in the area, indicating that more effective means of recapture may 
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increase harvesting yield. In addition, 16% of seined individuals were untagged fish of 

wild origin that had joined conditioned fish, suggesting that social facilitation within a 

group may increase conditioning response (Fujiya et al., 1980).   

Acoustical conditioning has also been investigated as a method of recall/recapture 

of fish that have escaped from an aquaculture facility. Tlusky et al. (2008) reported that 

85% of salmon (Salmo salar) and 96% of trout (Oncorhynchus mykiss) were conditioned 

to return to a specific location within seven days. Both species retained the conditioned 

behavior over a seven month period, suggesting that integrating this training into standard 

husbandry and feeding practices may prevent losses to the producer and reduce 

interactions with wild fish species. In order to control populations of grass carp 

(Ctenopharyngodon idella) in shallow lake systems in the southern U.S., Willis et al. 

(2002) investigated their response to sound conditioning. Response time leveled off after 

twenty trials and an average return rate of 94% was found, suggesting that the use of 

sound may provide a more efficient method of removal. 

Conditioning fish to sound signals has been successful in attracting and 

concentrating groups within an area for harvesting purposes. Therefore this study focuses 

on the use of classical acoustic conditioning for the potential management of common 

carp. Conditioning of carp to an acoustic stimulus took place in laboratory tanks and a 

large, outdoor pool and the retention period of the conditioned behavior was evaluated. If 

successful, this cost-effective technique may be applied in the field setting in which a 

capture area is designated and the presentation of a sound stimulus is expected to 

concentrate carp for subsequent removal.  
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TABLES 

Table 1. Number of common carp distributed throughout North America by the U.S. Fish 
Commission. Distribution of this fish species began in 1879 and ended in 1897 (Table 
taken from Cole, 1905). 
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Table 2. Compilation of past studies on either the removal or presence of benthivorous fish from the family 
Cyprinidae, in a freshwater lake system. Zero (0) indicates that no effect was observed, (+) represents an increase and 
(—) signifies a decrease. Significance of these values are also given as follows: + level of significance not indicated, + 
+ p ≤ 0.05, and + + + p ≤ 0.01 

 Impact on Water Quality & Nutrient Content  

Cyprinids Removed from 
Lake System 

Water 
Transparency 

Turbidity 
Chlorophyll-a 
Concentration 

Total 
Phosphorus 

Concentration 
Reference 

Lake Mattamuskeet, 
North Carolina 

+ _   Cahoon, 1953 

Ijzeren Man Lake, Noorddiep 
Lake Bleiswijkse Zoom and 
Galgie Lake, Netherlands 

+++ Bottom 
of lake 
visible 

_ _ _ _ _ Meijer et al., 1999 

Lake Christina, Minnesota +  _ _ Hanson and Butler, 1994 

Ventura Marsh, Iowa + + _ _  _ _ Schrage and Downing, 2004 

Cyprinids Present in 
Lake System 

Water 
Transparency 

Turbidity 
Chlorophyll-a 
Concentration 

Total 
Phosphorus 

Concentration 
Reference 

Neosha Mill Pond, 
Wisconsin 

_ 
+   Cahn, 1929 

Enclosures in Camargue, France  0   Crivelli, 1983 

Lake Bysjön, Sweden _ + +  Andersson et al., 1978 

Experimental Ponds, El Cerrillo 
Station, Mexico 

_ 
+   Zambrano and Hinojosa, 1999 

Experimental Pond (Mesocosm), 
Illinois  + + + + + + + + Parkos et al., 2003 

Experimental Ponds, Beesd, 
Netherlands 

_ 
+ + + + + + 0 Meijer et al., 1990 

Enclosures in Little Mere Lake, 
United Kingdom 

 
 

+ + Williams and Moss, 2003 
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 Impact on Biotic Factors  

Cyprinids Removed from 
 Lake System 

Macrophytes 
Phytoplankton 

Abundance 
Zooplankton 
Abundance 

Benthic 
Invertebrates 

Native 
Fish Pop. 

Waterfowl 
Population 

Reference 

Lake Mattamuskeet, 
North Carolina 

+ Abundance    +  Cahoon, 1953 

Exclosures in Lake Erie, 
Michigan 

++Abundance 
+ Diversity 

     
King and Hunt, 1967 

Middle Harbor, 
 Lake Erie, Ohio 

+ Abundance 
     

Anderson, 1950 

Ijzeren Man Lake 
Noorddiep Lake 

Bleiswijkse Zoom and  
Galgie Lake, Netherlands 

+ Abundance 
+ Diversity 

_ 
+ large 

daphnids 

 

+ 

 

Meijer et al., 1999 

Lake Christina,  
Minnesota 

+ Abundance 
+ Diversity 

 + large 
daphnids 

+Abundance 
 

+ 
Hanson and Butler, 

1994 

Guntersville Reservoir, Alabama 
+++Abundance 

+ Diversity 
     McKnight and Hepp, 

1995 

Ventura Marsh, Iowa 
+ Abundance 
+Diversity 

 + large 
daphnids 

+Abundance 
  Schrage and 

Downing, 2004 
Cyprinids Present in  

Lake System 
Macrophytes 

Phytoplankton 
Abundance 

Zooplankton 
Abundance 

Benthic 
Invertebrates 

Native 
Fish Pop. 

Waterfowl 
Population 

Reference 

Neosha Mill Pond,  
Wisconsin 

_    _  
Cahn, 1929 

Enclosures in Camargue, France - - Abundance      Crivelli, 1983 

Lake Bysjön, Sweden 
 +, blue-green 

algae dominate 
- large 

daphnids 
- Abundance 

  Andersson et al., 
1978 

Experimental Ponds, El Cerrillo 
Station, Mexico 

0 
  

- Abundance 
  Zambrano and 

Hinojosa, 1999 
Experimental Pond (Mesocosm), 

Illinois 
- - -Abundance 

- - Diversity 
+ 

+ small 
daphnids 

- - - 
Abundance 

  
Parkos et al., 2003 

Enclosures in Utah Lake, Utah 
- - -Abundance 

- - Diversity 
  - - - Diversity   Miller and Crowl, 

2006 
Lough Neagh, British Isles, 

Ireland 
     _ 

Winfield et al., 1992 

Experimental Ponds, Beesd, 
Netherlands 

_ 
+ + + 

- - - daphnids    
Meijer et al., 1990 

Enclosures in Little Mere Lake, 
United Kingdom 

 + + + 
- - daphnids 

   Williams and Moss, 
2003 
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FIGURES 

 

 

Figure 1. Representation of an otolith and its sensory epithelium. The sensory epithelium 
contains sensory hair cell bundles, each of which is comprised of cilia extending into the 
otolithic membrane. Since an otolith is nearly three times as dense as surrounding water, 
particle displacement resulting from a mechanical disturbance (i.e. sound) will move the 
otolith. This motion will cause the cilia on the sensory hair cells to bend, leading to signal 
detection. (Redrawn from Popper et al., 2005 and Popper & Lu, 2000).  
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(A)   (B)  
 
 
Figure 2. Diagram of a sensory hair cell within the sensory epithelium. (A) Lateral view 
of a sensory hair cell. (B) Dorsal view of the sensory hair cell.  Each hair cell contains a 
kinocilium (open circle) and numerous stereocilia (closed circles) graded in length with 
the longest located near the kinocilium. Bending of the ciliary bundle towards the 
kinocilium produces an excitatory response, while bending away from the kinocilium 
results in an inhibitory response. This response from the ciliary bundle can determine the 
direction of a stimulus. (Modified from Popper et al., 2005 and Popper & Lu, 2000). 
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Figure 3. A comparison of audiograms for the common carp (Cyprinus carpio) using the 
methods of auditory brainstem response (ABR), electrocardiography (ECG) and classical 
behavioral conditioning (Figure taken from Kojima et al., 2005).
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CHAPTER 2  

Acoustical Conditioning of the Common Carp (Cyprinus carpio)                                                   

as a Potential Management Tool 

 

INTRODUCTION 

The common carp (Cyprinus carpio, hereafter referred to as carp) originated in 

Asia and Eastern Europe, and may have been limited to the Black, Caspian and Aral seas 

(Panek 1987; Balon 1995).  The fish spread throughout Eurasia, and have been 

introduced and established on every continent with the exception of Antarctica (Panek 

1987; Weber and Brown 2009).  The United States Fish Commission initiated a program 

of carp stocking throughout the continental U.S. in 1877 (Cole 1905; Mills et al. 1993; 

Gilbert and Williams 2002), and currently they are the most abundant fish in North 

American inland waters (Hoffbeck 2001). 

Carp can negatively impact aquatic ecosystems through the consumption and 

uprooting of submerged vegetation (Cahn 1929; Anderson 1950; Cahoon 1953; King and 

Hunt 1967; Hanson and Butler 1994; McKnight and Hepp 1995; Schrage and Downing 

2004). Their benthic foraging leads to the suspension of sediment and organic material in 

the water column, which limits downwelling light and fuels algal blooms (King and Hunt 

1967; Crivelli 1983; Parkos et al. 2003).  The subsequent decrease in macrophytes 

reduces critical habitat for zooplankton, macroinvertebrates, juvenile fish and waterfowl 

(King and Hunt 1967; Andersson et al. 1978; Winfield et al. 1992; Hanson and Butler 

1994; McKnight and Hepp 1995; Bouffard and Hanson 1997; Parkos et al. 2003; Schrage 
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and Downing 2004). Additionally, carp may degrade fish spawning grounds and consume 

eggs of native fish species (Weber and Brown 2009).  

Carp possess numerous attributes that enable them to quickly dominate aquatic 

ecosystems.  Rapid growth results in carp attaining sizes beyond the control of native 

predatory fish (Lubinski et al. 1986), and early sexual maturity and high fecundity allow 

carp to rapidly colonize or repopulate habitats (Swee and McCrimmon 1966; 

Sivakumaran et al. 2003; Bajer and Sorensen 2010).  Their omnivorous diet (Panek 1987; 

Sibbing 1988; Garcia-Berthou 2001), combined with the ability to flourish in both 

pristine and degraded environments (Hoffbeck 2001; Koehn 2004), means that few areas 

in the continental United States are outside this fish’s potential range.   

Current carp eradication methods are costly, time consuming, may impact non-

target species and are typically short term.  Fishing or commercial harvesting can 

dramatically decrease a population (Ricker and Gottschalk 1941; Rose and Moen 1953), 

however remaining fish will quickly repopulate.  Rotenone, while an effective carpicide 

(Anderson 1950; Schrage and Downing 2004), also kills non-target fish.  Additionally, 

care must be taken to ensure that re-infestation does not occur from streams, tributaries or 

anthropogenic forces.  Physical and/or electrical barriers have been tested to curtail 

movements of invasive species (Bulow et al. 1988; Verrill and Berry 1995), but are 

expensive and require continual maintenance (Stokstad 2003).   

Despite over a century of infestation, little is known about the natural history of 

carp in North American waters.  Researchers and the University of Minnesota are 

developing an integrated pest management strategy to control and manage carp by 

analyzing spawning, recruitment and movement (Bajer et al. 2010; Bajer and Sorensen 
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2010).  The eventual goal is to develop a carp management strategy that limits impact on 

the environment and native fish species. 

Classical acoustic conditioning involves pairing sound with a food reward and has 

the potential to manipulate carp movement in lakes.  Sound offers the advantage of long 

distance attraction (Hawkins 1993) while minimizing detrimental effects to the 

environment and native species.  Cyprinids are capable of sound intensity and frequency 

discrimination of complex auditory stimuli (Fay 1998; Fay and Popper 2000), and carp 

can detect sound from 50 to 3,000 Hz with maximum sensitivity between 300 and 1,000 

Hz (Popper 1972; Kojima et al. 2005).  Acoustical conditioning has been used 

successfully in aquaculture to attract and concentrate fish such as the rainbow trout 

(Oncoryhyncus mykiss, Abbott 1972), red sea bream (Pagrus major, Fujiya et al. 1980), 

Atlantic cod (Gadus morhua, Oiestad et al. 1987), tilapia (Oreochromis mossambicus, 

Levin and Levin 1994), grass carp (Ctenopharyngodon idella,Willis et al. 2002) and 

Atlantic salmon (Salmo salar, Tlusky et al. 2008).   

Worldwide, millions of dollars have been spent on the control and eradication of 

carp with little success.  This species will continue to damage the ecological integrity of 

North American waters until a successful and multidisciplinary strategy is developed for 

their control and eventual eradication.  Acoustical conditioning has been successful in 

attracting and concentrating groups within an area for harvesting purposes. However, 

using sound to control invasive fish populations remains largely unexplored, and 

therefore this study focuses on the potential of using acoustical conditioning for the 

management of carp.  
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METHODOLOGY 

Juvenile carp (6.0 – 10.5 cm total length) were obtained from Osage Catfisheries, 

Inc. and housed at the University of Minnesota – Duluth (UMD) campus. The fish were 

maintained under a 12 L:12 D photoperiod with water temperatures ranging from 19-22° 

C.  Fish were fed floating goldfish pellets (Wardley Fish Feed) daily.  

LAB STUDY 
 

Laboratory trials were conducted in one of two experimental tanks: a rectangular 

tank (2.1 m x 0.6 m x 0.4 m deep, ~600 L) and a circular tank (1.6 m dia. x 0.5 m deep, 

~1000 L) which contained an opaque funnel-shaped insert to delineate the experimental 

arena (Figure 1 a, b).  Each tank was maintained separately on a re-circulating water 

system with biological, chemical and ultraviolet (Emperor Aquatics, 25 Watt) filtration.  

Two floating squares (22 cm per side) made of PVC pipe (1.6 cm dia.), were placed on 

opposite ends of each tank approximately 15 cm from the wall.  A remotely operated 

food dispenser (Current AquaChef Fish Feeder) was placed over each feeding square, and 

an underwater speaker (Electrovoice, UW30) was suspended in the water column 

approximately 20 cm below and slightly behind each feeding square.  A mesh barrier 

separated each speaker from the rest of the tank to prevent fish from congregating under 

the structure.  The center portion of each tank was lined with gravel, artificial vegetation, 

and clay flower pots and 6.5 dia. PVC pipe for shelter.  A video camera (Lorex 14” 4-

channel observation system, L14S244C) was mounted above each tank to monitor and 

record fish behavior.  Its field of view encompassed the entire tank, and therefore all fish 

were visible at any given time.  All sound and video recording equipment was controlled 
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remotely from an adjacent room to prevent conditioning the fish to the presence of the 

researcher. 

A 400 Hz pure tone was used as the acoustic stimulus and during sound 

presentation, two seconds of sound alternated with one second of silence.  The sound was 

played with an MP3 player (Sansa), amplified (Architectural Acoustics, UMA 352) and 

transmitted through the underwater speaker.  Hydrophone (High Tech, Inc Model HTI-

96-MIN) mapping confirmed the sound was detectable throughout the tank. The average 

sound pressure level (SPL) measured approximately 0.5 meters from the sound source 

was 93 dB in the rectangular and 90 dB (re. 1µPa) in the circular tank.  

Five fish (one experimental group) were transferred to each experimental tank and 

allowed to habituate for a minimum of one week.  Five groups were tested in each tank 

and underwent conditioning trials only once.  Each experiment consisted of a three day 

training period (N= 6 trials) followed by experimental trials of up to 17 days.  Two trials 

were performed daily, with the morning trial initiated between 0800 and 1200, and the 

afternoon trial conducted between 1600 and 2000.  One speaker was randomly selected 

for each trial to serve as the stimulus with the opposite speaker remaining silent.  During 

the training period, food equivalent to 1% total fish body weight was dispensed in the 

feeding square at the onset of the acoustical stimuli.  Experimental trials were initiated on 

day 4 in which the sound was presented prior to feeding.  Food was either dispensed upon 

the arrival of all five fish at the correct feeding square or after 30 seconds of sound play.  

Once all food had been consumed, which typically transpired within 40 seconds, the 

sound signal was terminated and the experimental session complete.  If fish did not 

respond, sound was terminated after 3 minutes and food was removed.  It was considered 
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a positive response when all fish in each group actively swam into and under the feeding 

square adjacent to the active speaker during sound presentation, but prior to 

administration of the food reward.  A negative response was defined as fish swimming 

into the feeding square adjacent to the inactive speaker during sound presentation.  No 

response was scored if fish did not swim to either square before food was dispersed.  A 

positive response was scored as +1, a negative response as -1 and no response as 0.  A 

total aggregate score of +8 was chosen to indicate that a group was successfully 

conditioned.  To achieve this score, fish needed to respond to the correct speaker in eight 

consecutive trials or during nine of the previous ten trials.  After the experiment was 

complete, the conditioned group was moved into a holding aquarium and a new group 

was transferred to the experimental tank.   

At 6, 12, 16 and 20 weeks following the conclusion of the experiment, each group 

was returned to their experimental tank and given a minimum of 72 hours to habituate.  

Fish were tested twice daily for a maximum of two consecutive days.  To assess retention 

of the conditioned response, the acoustic signal was played for one minute.  To ensure 

fish were not being re-conditioned at this time, food was not dispensed during the sound 

stimulus, but feeding pellets were distributed throughout the tank outside of the feeding 

squares after each trial.  If at any point the group achieved a total aggregate score of +2 

during the retention trials, they were considered to have retained the conditioned response 

and the retention trials discontinued.  If the criterion score was not attained by the end of 

four trials, the group was considered not to have retained conditioning.  All fish were 

returned to their home aquaria at the conclusion of each retention experiment.   
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POOL TRIALS 

Experiments were also conducted in an outdoor pool located at the UMD Farm: 

Research and Field Studies Center in Duluth, Minnesota.  The pool was 5.5 m in 

diameter, filled to a depth of 1 m and contained approximately 24,000 L of water.  The 

pool was enclosed within a chain link fence, and mesh netting (3.8 x 2.5 cm) was erected 

above the pool to prevent avian predation.  The water was re-circulated and filtered 

(Intex, Krystal Clear Filter/Pump, 635) during the non-experimental hours of 2000 to 

0800.  Testing occurred from June through September 2010.  Water temperature was not 

controlled and varied between 14 - 28° C.  To improve water clarity, the pool was 

scrubbed and vacuumed after each group.  

Two floating buoys (Polystyrene insulation; 54 x 54 cm) were placed on the north 

and south end of the pool.  A feeding square (30.5 cm per side) was cut in the center of 

each buoy and an automated feeder affixed above the square.  An underwater speaker 

(Electrovoice, UW30) was located under each of the buoys.  These speakers were placed 

in a PVC stand that also served to anchor each buoy.  Artificial vegetation and shelters 

were provided in the center of the pool, equidistant (approximately 1.7 meters) from each 

buoy.  An underwater video camera (Lipstick camera, AD72336) was mounted on each 

buoy and allowed for underwater observation of the fish within the feeding square (Figure 

1c).  A second camera (COP Security, 15-CM26CM) was located above the buoy and 

monitored fish activity near the underwater speaker.  Only the area immediately adjacent 

to the feeding square, buoy and speaker were visible to the observer.  All feeding, sound 

and video recording equipment were operated remotely to avoid conditioning fish to the 

presence of the researcher. 
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Ten fish were transferred to the pool and allowed to habituate for a minimum of 

one week prior to experimental trials.  Three groups were tested and individual fish were 

not used in more than one experiment.  Conditioning trials were conducted using the 

method previously described, except because of the increased area, the sound stimulus 

was extended to 60 seconds and each trial lengthened to 5 minutes.  Additionally, as the 

speakers were not enclosed by mesh, it was considered a positive response if the fish 

contacted the speaker and/or swam into the feeding square prior to food presentation.  

Retention trials were not conducted on these fish.  

 

 

DATA ANALYSIS 

Videos were reviewed frame by frame (30 frames s-1) and response [positive (+1), 

negative (-1), no response (0)] and reaction time for the rectangular and circular tanks 

was determined.  The reaction time was defined as the time from stimulus onset that the 

third fish in each group entered the feeding square.  All data was tested for normality and 

the means ± 1 standard error (SE) were reported.  All data analysis was performed with 

SigmaStat version 3.5. 

 

RESULTS 

During the day, fish swam throughout the test tanks and pool in loosely organized 

schools with a strong bias towards the middle and displayed no preference to either 

feeding area.  Following training, upon initiation of the sound, the carp began to 

vigorously circle under and within the feeding square.  Fish would often arrive 
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simultaneously at the feeding square or within seconds of each other.  This behavior was 

unique and occurred only during sound stimulus.  Following food consumption, the fish 

vacated the feeding area and redistributed themselves throughout the experimental tanks 

and pool. 

All five groups were conditioned successfully in the rectangular tank with an 

average of 20.4 ± 3.6 trials (post training) needed to reach the criterion score (Figure 2a, 

Table 1).  The average time to reach the feeding square for the first 10 positive response 

trials was 14.3 ± 1.4 seconds.  Fish responded during 70 % of the sound presentations 

with 79.8 % of responding groups exhibiting a positive response. 

In the circular tank, only 2 of the 5 groups reached the criterion response score 

with 15 and 25 trials needed (Figure 2b, Table 2).  Overall, the circular tank groups were 

less responsive than the rectangular tank, with only 68.4 % of the trials eliciting a 

response of which 65.7% were positive. 

All three groups were conditioned successfully in the pool, with 17.7 ± 3.8 trials 

needed to reach the criterion response (Figure 2c, Table 3).  Fish responded in a greater 

percentage of trials, 79.4 %, than in the laboratory studies and selected the correct speaker 

84.4 % of the time.   

Fish in the rectangular tank showed strong retention to the stimulus.  At least four 

groups reached a score of +2 at each time point up to 16 weeks, and 3 of the 5 groups 

responded at 20 weeks.  Overall 94.7 % of the responses were positive and fish responded 

during 71.7 % of the retention trials (Table 4). 

The circular tank groups did not display consistent retention of the training.  

While all groups responded at least once, only group four met the criteria at all four time 
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points.  Almost half of the trials, 47.4 %, failed to elicit a response, although 83.3 % of 

responding fish chose the correct feeding area (Table 5). 

 

DISCUSSION 

Carp quickly learned to associate sound with the food reward, and several groups 

were able to retain this training for at least five months without reinforcement.  The 

laboratory and outdoor pool trials demonstrate that carp can be conditioned to respond to 

sound within a relatively short period, suggesting that acoustical conditioning could be 

used to aggregate and capture fish for removal.   

Carp typically swam throughout the tanks in loosely organized schools, 

frequenting the area with habitat and rarely displaying interest in the feeding squares or 

speaker locations.  Video recording, sound presentation and food reward were remotely 

controlled, preventing the carp from habituating to the researcher and/or being alerted to 

the beginning of a trial.  However, following training, carp quickly approached and 

vigorously swam into the feeding square adjacent to the active speaker prior to food 

dispension, indicating they were successfully conditioned to sound.   

Although the video allowed the location of each fish to be determined during a 

trial, it did not allow the identification of individual fish between trials.  Additionally, 

during experimental trials, the response appeared collective as fish would arrive at the 

feeding square simultaneously or within seconds of each other, and therefore group and 

not individual results were reported.  Reaction times remained relatively consistent 

throughout the study, with approximately 15 seconds needed for fish to react to the 

stimulus and swim to the feeding square.  The reaction time of the first fish gathering 
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near the pool buoys was similar; however, because of limited visibility outside the area 

immediately adjacent to the feeding square or speaker, individual fish could not be 

tracked throughout each trial and therefore reaction times for the group were not 

calculated. 

The carp’s social facilitation may provide an advantage in managing wild 

populations.  Kohler (1976) suggested that one trained carp can guide 6 to 10 naïve 

individuals.  Zion et al. (2007) found that adding acoustically conditioned carp to a 

school of naïve individuals reduced the time needed for the fish to associate a sound 

stimulus with a feeding location.  A single conditioned golden shiner (Notemigonus 

crysoleucas) entrained a shoal of 11 naïve fish to visit a given location for food, with 

entrainment directly correlated to the number of conditioned individuals (Reebs 2000).  

These results indicate that social dynamics may allow for accelerated learning in naïve 

fish from trained conspecifics and facilitate conditioning of large populations of wild 

fish.  

As in any fish behavior experiment, it can be difficult to get the fish to respond 

consistently to a stimulus within a given time.  The carp were relatively motivated in the 

rectangular tank and pool and responded to over 75 % of the trials, with a high 

percentage choosing the correct speaker.  To achieve the criterion score of +8, groups 

were required to respond correctly 8 consecutive times or choose the correct square 

during 9 of the previous 10 responses.  Assuming the fish had a 50% chance of choosing 

the correct feeding square independent of stimulus, the random chance of achieving these 

two criteria were 0.4% or 1.1%, respectively, which strongly indicates the carp were 

trained successfully to localize the sound source.  Even if a group’s initial response was 
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negative, they quickly moved to the correct square after food was dispensed.  The ability 

of the fish to rapidly reorient and locate the food reward suggests that the small 

percentage of negative trials will not be a factor in the field. 

The time needed for conditioning was relatively short, as the training period was 

limited to two trials per day over a 72 hour period.  The rectangular tank and pool fish 

averaged approximately 19 trials to achieve the criterion score.  This is consistent with 

time and number of trials reported to establish conditioning in grass carp, Atlantic salmon 

and rainbow trout (Willis et al. 2002; Tlusky et al. 2008).  Although an increased number 

of trials per day may reduce the overall training time period, it can also result in satiation 

and a decrease in responsiveness.  

Sound experiments in small tanks are often complicated by echoes that can 

prevent fish from localizing sound, but these carp were able to localize sound in two 

relatively small tanks.  The rectangular tank was the “simpler” acoustical environment, 

with the feeding squares a predominant feature at either end of the tank, and the carp 

learned quickly in this two choice arena.  The circular tank presented a more complicated 

acoustical environment as the tank insert was an irregular octagon (Figure 1b), and 

echoes may have impacted the fish from multiple angles.  This difference probably 

contributed extensively to the diminished success of trials in the circular tank.   

The outdoor pool provided an assessment of this conditioning technique closer to 

its use in a natural environment.  Group size was expanded to 10 and the fish were 

subject to ambient light and temperatures.  Additionally, algal blooms during the 

summer, which are often associated with carp infested lakes, greatly restricted visibility 

and mimicked natural conditions.  Heavy rain and initial cold water temperatures (14 - 
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16° C) may have initially depressed the success rate (Fujiya et al. 1980) as Group 1 did 

not respond during the first 10 trials.  Eighty-five percent of trials among the three groups 

were positive, indicating that carp can localize sound and find targets in quasi-natural 

environments. 

Currently, little research regarding memory extinction of conditioned behaviors in 

fish exists (Zion et al 2011).  Sea bream retained the ability to associate sound pulses 

with food in the laboratory for two months (Fujiya et al 1980).  Free-ranging cod 

continued to respond to acoustic signals up to eight months after training (Bjornsson 

1999). Tlusky et al. (2008) reported that Atlantic salmon and rainbow trout were quickly 

conditioned to return to a specific location and retained this conditioned behavior over a 

seven month period.  However, a recent study using classic acoustical conditioning with 

St. Peter’s fish (Sarotherodon galilaeus) showed short term retention of less than two 

months in the absence of retraining (Zion et al. 2011).  

Fish in the rectangular tank had the highest retention rates, consistent with their 

initial rate of training.  An aggregate running score of +2, with a maximum of four trials 

given over two consecutive days, was chosen as the criterion for retention of 

conditioning.  This short testing period was necessitated by time needed to re-acclimate 

the carp to the experimental tank.  The same experimental tanks needed to be used for all 

training and retention studies, therefore scheduling prevented longer retention trials.  

Once acclimated, the conditioned carp responded quickly. Four of the five rectangular 

tank groups had a 95 % positive response rate through 16 weeks, indicating that carp can 

retain conditioning for an extended period of time without reinforcement. 
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 Carp have degraded natural waterways in the United States for more than a 

century.  Numerous management techniques have been attempted with little success due 

to ineffectiveness and/or economic impracticality.  A cost-effective, efficient and 

successful removal technique is needed to reduce numbers and control adult carp 

populations within a lake system.  This study found that carp can be conditioned to sound 

in less than two weeks, suggesting that manipulating carp movement through acoustical 

conditioning may provide an effective tool for carp management.  For example, a feeding 

buoy could be outfitted with an underwater speaker and carp trained to associate sound 

with feeding in large bodies of water.  The buoy could be gradually displaced to lure carp 

into areas more accessible for capture.  Their ability to retain conditioning for at least 

four months bodes well for their management, as aggregation and subsequent removal 

could be conducted at regular intervals rather than continuously.  Fish not captured in the 

first attempt due to low motivation (i.e. feeding satiation) or migration from the 

immediate area could be captured in subsequent attempts or at a different location.  Based 

on the results of this study, future experiments in the natural environment should be 

completed to determine the feasibility of using acoustic conditioning as a removal 

technique. 
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TABLES 

Table 1.  Rectangular Tank  

Group 
Number 

Positive 
Response 

Negative 
Response 

No 
Response 

Trials needed for 
criterion 

Reaction Time 
(sec) 

1 21 2 3 13 12.0 ± 2.4 

2 23 3 3 16 18.5 ± 2.1 

3 10 4 18 34 14.8 ± 2.1 

4 15 6 7 18 10.4 ± 1.6 

5 14 6 14 21  15.8 ± 0.8 

Data represent number of trials. Reaction times (mean ± SE) were calculated from the 
average time the third fish in each group arrived at the feeding square during the first ten 
trials with positive responses.  
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Table 2.  Circular Tank 

Group 
Number 

Positive 
Response 

Negative 
Response 

No 
Response 

Trials needed for 
criterion 

Reaction Time 
(sec) 

1 15 11 0 na 7.2 ± 1.3 

2 18 6 9 15 16.7 ± 2.5 

3 11 5 18 na 14.7 ± 2.4 

4 5 5 22 na n/a 

5 22 10 1 25 12.3 ± 2.0 

Data represent number of trials. Reaction times (mean ± SE) were calculated from the 
average time the third fish in each group arrived at the feeding square during the first ten 
trials with positive responses. Na indicates the group did not achieve the criterion 
response score of +8 during experimental trials.   
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Table 3.  Pool   

Group 
Number 

Positive 
Response 

Negative 
Response 

No 
Response 

Trials needed for 
criterion 

1 19 3 11  25  

2 24  8  0  16  

3 22  1  9  12 

    Data represent number of trials.   
 



 40 

 
Table 4.  Rectangular Tank Retention  

Group 
Number 

6 weeks 12 weeks 16 weeks 20 weeks 

1 36.5 ± 12.5  23.0 ± 5.0 46.5 ± 9.5  n/a 

2 n/a 5.0 ± 0.0  n/a 26.5 ± 12.5  

3 12.0 ± 4.0  21.0 ± 11.0  20.5 ± 8.5 13.5 ± 2.5  

4 25.0 ± 9.0  6.5 ± 0.5  26.0 ± 14.0 n/a 

5 7.0 ±0.0  6.5 ± 0.5  10.0 ± 5.0 15.0 ± 11.0 

Positive  10 10 8  8 

Negative 1 0 0 1 

No 
Response 

1 3 7 4 

 The mean ± 1 SE reaction times for positive responses during retention trials for 
 the rectangle tank.  Na indicates the group did not achieve the criterion response 
 score of +2 during retention trials.  The total number of positive, negative and no 
 response trials for all groups at each time point are displayed in the lower portion 
 of the table. 
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Table 5.  Circular Tank Retention 

Group 
Number 

6 weeks 12 weeks 16 weeks 20 weeks 

1 18.5 ± 5.5 na 20.5 ± 17.5 na 

2 na na na 25.5 ± 2.5 

3 na 24.5 ± 16.5 na 40.3 ± 15.2 

4 25.5 ± 13.5 7.5 ± 0.5 14.0 ± 2.0 15.0 ± 7.0 

5 17.0 ± 9.0 7.5 ± 0.5 30.5 ± 23.5 Not tested 

Positive 5 6 7 7 

Negative 3 0 1 1 

No 
Response 

4 10 8 5 

 The mean ± 1 SE reaction times for positive responses during retention trials.  Na 
 indicates the group did not achieve the criterion response score of +2 during 
 retention trials. The total number of positive, negative and no response trials for 
 all groups at each time point are displayed in the lower portion of the table. 
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FIGURES 

 
 

 
 

 
  
 Figure 1. Experimental design (1) automated feeder (2) feeding square (3) underwater speaker and (4) 
central area defined by the presence of artificial vegetation and shelters (a) Lateral view of the rectangle 
tank. The underwater speaker was suspended behind a barrier in both the rectangle and circular tank in 
order to avoid fish concentrations in this area. (b) Top view of the circular tank. An opaque partition was 
constructed within this tank to clearly define a two-choice system. (c) Lateral view of the pool. A feeding 
buoy was positioned on the North and South end of the experimental pool. An underwater video camera 
was mounted on the underside of both buoys and each of the feeding squares was connected to the 
underwater speaker with a nylon rope.  

a 

b

c 
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Figure 2. The running score of each experimental trial in the three tests tank. (A) 
rectangular (B) circular (C) pool is plotted versus trial number.  Positive (+1), negative (-
1) and no response (0) was determined for each trial.  A score of +8, accrued by 
accurately performing in 8 consecutive trials or 9 out of 10 previous trials, indicated 
successful training. Each symbol represents a group of 5 (A and B) or 10 (C) fish.  The 
symbols are connected by lines for illustrative purposes only (R=rectangular tank, 
C=circular tank, P=outdoor pool).   
 
 



 44 

LITERATURE CITED 
 
Abbott R.R., 1972, Induced aggregation of pond-reared Rainbow Trout (Salmo gairdneri) 
 through acoustic conditioning. Transactions of the American Fisheries Society 
 101, 35-43.  
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. 
Anderson J.M., 1950, Some aquatic vegetation changes following fish removal. Journal 
 of Wildlife Management 14 (2), 206-209.  
Andersson G., Berggren H., Cronberg G., Gelin C., 1978, Effects of planktivorous and 
 benthivorous fish on organisms and water chemistry in eutrophic lakes. 
 Hydrobiologia 59, 9-15.  
Bajer P.G., Sullivan G., Sorensen P.W., 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. 
Bajer P.G. & Sorensen P.W., 2010, Recruitment and abundance of an invasive fish, the 
 common carp, is driven by its propensity to invade and reproduce in basins that 
 experience winter-time hypoxia in interconnected lakes. Biological Invasions 
 12, 1101-1112.  
Bajer P.G., Lim H., Travaline M.J., Miller B.D., Sorensen P.W., 2010, Cognitive aspects 
 of food searching behavior in free-ranging wild Common Carp. Environmental 
 Biology of Fish 88, 295-300. 
Balon E.K., 1995, Origin and domestication of the wild carp, Cyprinus carpio: from 
 Roman gourmets to the swimming flowers. Aquaculture 129, 3-48.  
Berg L.S., 1964, Freshwater fishes of the U.S.S.R. and adjacent countries. Volume 2, 
 Fourth edition. Israel Program for Scientific Translations, Jerusalem.  
Bjornsson B., 1999, Fjord-ranching of wild cod in an Icelandic fjord: effects of feeding 
 on nutritional condition, growth rate and behaviour. In: Howell BR, Moksness E, 
 Svasand T (eds) Stock Enhancement and Sea Ranching. Fishing New Books, 
 Blackwell Science, Oxford, pp 243-256. 
Bjornsson B., 2011, Ranching of wild cod in ‘herds’ formed with anthropogenic feeding. 
 Aquaculture 312, 43-51. 
Bouffard S.H. & Hanson M.A., 1997, Fish in waterfowl marshes: waterfowl managers’ 
 perspective. Wildlife Society Bulletin 25 (1), 146-157.  
Buchsbaum R., Wilson J., Valiela I., 1986, Digestibility of plant constituents by Canada 
 geese and Atlantic brant. Ecology 67 (2), 386-393.  
Bullen C.R. & Carlson T.J., 2003, Non-physical fish barrier systems: their development 
 and potential applications to marine ranching. Reviews in Fish Biology and 
 Fisheries 13, 201-212. 
Bulow F.J., Webb M.A., Crumby W.D., Quisenberry S.S., 1988, Effectiveness of a fish 
 barrier dam in  limiting movement of rough fishes from a reservoir into a tributary 
 stream. North American Journal of Fisheries Management 8, 273-275.  
Cahn A.R., 1929, The effect of carp on a small lake: The carp as a dominant. Ecology 10, 
 271-274.  



 45 

Cahoon W.G., 1952, Commercial carp removal at Lake Mattamuskeet, North Carolina. 
 Journal of  Wildlife Management 17 (3), 312-317. 
Callan W.T. & Sanderson S.L., 2003, Feeding mechanisms in carp: crossflow filtration, 
 palatal  protrusions and flow reversals. Journal of Experimental Biology 206, 883-
 892.  
Carlson T. J., 1994., Hydrodynamic flow detection and hearing in fish. In:  Use of sound 
 for fish protection at power production facilities: a historical perspective of the 
 state of the art. Report of Pacific Northwest Laboratories (project 92-071) to 
 Bonneville Power Administration, Portland, Oregon.  
Cole L.J., 1905, The German carp in the United States. Bureau of Fisheries (Department 
 of Commerce and Labor). Washington Government Printing Office, Washington, 
 D.C., pp 525-641. 
Crivelli A.J., 1983, The destruction of aquatic vegetation by carp. Hydrobiologia 106, 37-
 41. 
Dawson T.J., Johns A.B., Beal A.M., 1989, Digestion in the Australian wood duck 
 (Chenonetta jubata): A small avian herbivore showing selective digestion of the 
 hemicellulose component of fiber. Physiological Zoology 62 (2), 522-540.  
Fay R.R. & Popper A.N., 1975, Modes of stimulation of the teleost ear. Journal of 
 Experimental Biology 62, 379-387. 
Fay R.R., 1998, Perception of two-tone complexes by the goldfish (Carassius auratus). 
 Hearing Research 120, 17-24. 
Fay R.R. & Popper A.N., 2000, Evolution of hearing in vertebrates: the inner ears and 
 processing. Hearing Research 149, 1-10. 
Fujiya M., Sakaguchi S., Fukuhara O., 1980, Training of fishes applied to ranching of red 
 sea bream in Japan. International Center for Living Aquatic Resources 
 Management (ICLARM) Conference Proceedings 5, 200-209.  
Garcia-Berthow E., 2001, Size- and depth-dependent variation in habitat and diet of the 
 common carp  (Cyprinus carpio). Aquatic Science 63, 466-476.  
Gilbert C.R. & Williams J.D., 2002, National Audubon Society Field Guide to Fishes. 
 Alfred A. Knopf, New York, pp 122. 
Hanson M.A. & Butler M.G., 1994, Responses to food web manipulation in a shallow 
 waterfowl lake. Hydrobiologia 279/280, 457-466. 
Hawkins A.D., 1993, Underwater sound and fish behavior. In Pitcher, T.J. (ed.), Behavior 
 of teleost fishes. Chapman and Hall, New York, pp 129-169. 
Hoffbeck S.R., 2001, Without careful consideration: Why carp swim in Minnesota’s 
 waters. Minnesota History 57 (6), 305-320.  
King D.R. & Hunt G.S., 1967, Effect of carp on vegetation in a Lake Erie Marsh. Journal 
 of Wildlife Management 31 (1), 181-188. 
Koehn J., Brumley A. and Gehrke P., 2000, Managing the Impacts of Carp. Bureau of 
 Rural Sciences (Department of Agriculture, Fisheries and Forestry – Australia). 
 Canberra. 
Koehn J.D., 2004, Carp (Cyprinus carpio) as a powerful invader in Australian waterways. 
 Freshwater Biology 49, 882-894. 
Kohler D., 1976, The interaction between conditioned fish and naïve schools of juvenile 
 carp (Cyprinus carpio, pisces). Behavioural Processes 1, 267-275. 



 46 

Kojima T., Ito H., Komado, 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.  
Ladich F., 1999, Did auditory sensitivity and vocalization evolve independently in 
 Otophysan fishes? Brain, Behavior and Evolution 53, 288-304.  
Lee F.S., 1898, The function of the ear and the lateral line in fishes. American Journal of 
 Physiology 1,  128-144.  
Levin L.E. & Levin A.F., 1994, Conditioning as an aid to fish harvest. Aquacultural 
 Engineering 13, 201-210. 
Lovell J.M., Findlay M.M., Nedwell J.R., Pegg M.A., 2006, The hearing abilities of the 
 silver carp (Hypopthalmichthys molitrix) and bighead carp (Aristichthys nobilis). 
 Comparitive Biochemistry and Physiology, Part A 143, 286-291.  
Lubinski K.S., Van Vooren A., Farabee G., Janecek J., Jackson S.D., 1986, Common carp 
 in the Upper Mississippi River. Hydrobiologia 136, 141-154.  
Maniwa Y., 1975, Attraction of bony fish, squid and crab by sound. Developments in 
 aquaculture and fisheries science 5, 271-283.  
McKnight S.K. & Hepp G.R., 1995, Potential effect of grass carp herbivory on waterfowl 
 foods. Journal  of Wildlife Management 59 (4), 720-727.  
Meijer M.L., de Boois I., Scheffer M., Portielje R., Hosper H., 1999, Biomanipulation in 
 shallow lakes  in The Netherlands: an evaluation of 18 case studies. 
 Hydrobiologia 408/409, 13-30.  
Meijer M.L., Lammens E.H., Raat A.J., Hosper S.H., 1990, Impact of cyprinids on 
 zooplankton and algae in ten drainable ponds. Hydrobiologia 191, 275-284. 
Mills E.L., Leach J.H., Carlton J.T., Secor C.L., 1993, Exotic species in the Great Lakes: 
 A history of biotic crises and anthropogenic introductions. Journal of Great Lakes 
 Research 19 (1), 1-54.  
Miller S.A. & Crowl T.A., 2006, Effects of common carp (Cyrpinus carpio) on 
 macrophytes and invertebrate communities in a shallow lake. Freshwater Biology 
 51, 85-94. 
Oiestad V., Pedersen T., Folkvord A., Bjordal A., Kvenseth P.G., 1987, Automatic 
 feeding and harvesting of juvenile Atlantic cod (Gadus morhua L.) in a pond. 
 Modeling, Identication and Control 8 (1), 39-46. 
Panek F.M., 1987, Biology and ecology of carp. In Cooper, E. L. (ed.), Carp in North 
 America. American Fisheries Society, Bethesda, MD, USA. 
Parkos J.J., Santucci V.J., Wahl D.H., 2003, Effects of adult common carp (Cyprinus 
 carpio) on multiple trophic levels in shallow mesocosms. Canada Journal of 
 Fisheries Aquatic Science 60, 182-192.  
Penne C.R. & Pierce C.L., 2008, Seasonal distribution, aggregation, and habitat selection 
 of common carp in Clear Lake, Iowa. Transactions of the American Fisheries 
 Society 137, 1050-1062. 
Popper A.N., 1972, Pure-tone auditory thresholds for the carp. The Journal of the 
 Acoustical Society of  America 52 (6), 1714-1717.  
Popper A.N. & Fay R.R., 1997, Evolution of the ear and hearing: issues and question. 
 Brain, Behavior and Evolution 50, 213-221.  



 47 

Popper A.N. and Carlson T.J., 1998, Application of sound and other stimuli to control 
 fish behavior. Transactions of the American Fisheries Society 127, 673-707. 
Popper A.N. & Lu Z., 2000, Structure-function relationships in fish otolith organs. 
 Fisheries Research 46, 15-25. 
Popper A.N., Ramcharitar J., Campana S.E., 2005, Why otoliths? Insights from inner ear 
 physiology and fisheries biology. Marine and Freshwater Research 56, 497-504.  
Reebs S.G., 2000, Can a minority of informed leaders determine the foraging movements 
 of a fish shoal? Animal Behavior 59, 403-409. 
Ricker W.E. & Gottschalk J., 1941, An experiment in removing coarse fish from a lake. 
 Transactions of the American Fisheries Society 70, 382-390. 
Rose E.T. & Moen T., 1953, The increase in game-fish populations in East Okoboji Lake, 
 Iowa,  following intensive removal of rough fish. Transactions of the American 
 Fisheries Society 82, 104-114. 
Scheffer M., Hosper S.H., Meijer M.L., Moss B., Jeppesen E., 1993, Alternative 
 equilibria in shallow  lakes. Trends in Ecology & Evolution 8 (8), 275-279.  
Schrage L.J. & Downing J.A., 2004, Pathways of increased water clarity after fish 
 removal from Ventura Marsh; a shallow, eutrophic wetland. Hydrobiologia 511, 
 215-231.  
Schwarz A.L., 1985, The behavior of fishes in their acoustic environment. Environmental 
 Biology of Fishes 13 (1), 3-15.  
Sibbing F.A., 1988, Specializations and limitations in the utilization of food resources by 
 the carp, Cyprinus carpio: a study of oral food processing. Environmental Biology 
 of Fishes 22 (3), 161- 178. 
Sivakumaran K.P., Brown P., Stoessel D., Giles A., 2003, Maturation and reproductive 
 biology of the  female wild carp, Cyprinus carpio, in Victoria, Australia. 
 Environmental Biology of Fishes 68, 321-332.  
Stokstad E., 2003, Invasive species: can well-timed jolts keep out unwated exotic fish? 
 Science 301, 157-158. 
Swee, U.B. & McCrimmon H.R., 1966, Reproductive biology of the carp, Cyprinus 
 carpio L., in Lake St. Lawrence, Ontario. Transaction of American Fisheries 
 Society 94 (4), 372-380.  
Tlusky M.F., Andrew J., Baldwin K., Bradley T.M., 2008, Acoustic conditioning for
 recall/recapture of escaped Atlantic salmon and rainbow trout. Aquaculture 274, 
 57-64. 
Verrill, D.D. & Berry C.R., 1995, Effectiveness of an electrical barrier and lake 
 drawdown for reducing common carp and bigmouth buffalo abundance. North 
 American Journal of Fisheries Management 15, 137-141.  
von Frisch K., 1938, The sense of hearing in fish. Nature 141, 8-11. 
Weber M.J. & Brown M.L., 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 (4), 524-537.  
Williams A.E. and Moss B., 2003, Effects of different fish species and biomass on 
 plankton interactions  in a shallow lake. Hydrobiologia 491, 331-346.  



 48 

Willis D.J., Hoyer M.V., Canfield D.E., Lindberg W.J., 2002, Training grass carp to 
 respond to sound for potential lake management uses. North American Journal of 
 Fisheries Management 22, 208-212.  
Winfield I.J., Winfield D.K., Tobin C.M., 1992, Interactions between the roach, Rutilus 
 rutilus, and waterfowl populations of Lough Neagh, Northern Ireland. 
 Environmental Biology of Fishes 33, 207-214.  
Wysocki LE., 2006, Detection of communication sounds. In: Ladich F, Collin SP, Moller 
 P, Kapoor BG, eds. Fish communication. Enfield, NH: Science Publisher, 177–
 206. 
Yan H.Y., Fine M.L., Horn N.S. Colon W.E., 2000, Variability in the role of the 
 gasbladder in fish audition. Journal of Comparative Physiology Part A 186, 435-
 445.  
Zambrano L. & Hinojosa D., 1999, Direct and indirect effects of carp (Cyprinus carpio 
 L.) on  macrophyte and benthic communities in experimental shallow ponds in 
 central Mexico. Hydrobiologia 408/409, 131-138. 
Zambrano L., Scheffer M., Martinez-Ramos M., 2001, Catastrophic response of lakes to 
 benthivorous  fish introduction. OIKOS 94, 344-350.  
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. 
Zion V., Barki A., Grinshpon J., Rosenfeld L., Karplus I., 2011, Retention of acoustic 
 conditioning in St. Peter’s fish, Sarotherodon galilaeus. J Fish Biol 78: 838-847. 
 
 
 
 

 
  


