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1 Introduction

Fishes have evolved a surprisingly large diversity in hearing sensitivities, which has

been known for almost a century. This diversity raises several questions that are

dealt with in the course of this chapter. First, what do hearing sensitivities look like

in fish and how do they differ between groups? Second, which morphological

structures enable some fish to hear better than others? Third, which factors caused

fish to develop pronounced differences in ear morphology and hearing abilities?

The chapter starts with a short historical overview over the investigation of hearing

in fishes and of its diversity.

Early in the 20th century, several investigators, in particular Parker and Von

Frisch, demonstrated unambiguously that fish are able to detect sound (e.g., Parker,

1903, 1918; Von Frisch, 1923; Stetter, 1929). It soon became clear that fish species

differ widely in the extent to which they react to sounds. Eurasian minnows

(Phoxinus phoxinus) were sensitive to sound frequencies up to 5 kHz and the

brown bullhead catfish (Ameiurus nebulosus) even up to 13 kHz (Von Frisch,

1936, 1938; Poggendorf, 1952). In general, the upper frequency limit was found

to be much higher in representatives of otophysines, which comprise carps and

minnows (Cypriniformes), catfishes (Siluriformes), tetras (Characiformes), and

knifefishes (Gymnotiformes), than in non-otophysines, whose “sense of hearing is
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very poorly developed” (citation from Von Frisch, 1938, p. 10). European perch

(Perca fluviatilis), mudminnows (Umbra pygmaea), brown trout (Salmo trutta
fario), European eels (Anguilla anguilla), common bullhead (Cottus gobio),
and others did not respond to high-frequency sounds and only to sounds that were

much louder.

These differences in hearing sensitivity were then attributed to differences in the

connections of the inner ears to gas-filled cavities in the fish’s body. It had been

known since Weber’s (1820) work that otophysines possess a series of ossicles

connecting the swim bladder to the inner ear. Because of the analogy of these

ossicles to the middle ear ossicles in mammals, Weber called them “ossicula

auditoria” (auditory ossicles) and named them as in mammals: stapes, incus, and

malleus. Currently they are termed scaphium, intercalarium, and tripus because

they are not homologous to the mammalian ossicles. Weber (1820) postulated that

the swim bladder serves to intensify the sounds that strike the body of the fish and

that the ossicles conduct the sound to the ear. After a fierce controversy over the

function of the swim bladder and “auditory ossicles” (see Sörensen, 1895), Weber’s

theory proved to be correct. Removing the swim bladder in Phoxinus phoxinus as
well as the tripus in Ameiurus nebulosus resulted in decreased hearing abilities

(Von Frisch & Stetter, 1932; Poggendorf, 1952).

The fact that fish differ in hearing sensitivities and that this difference can—to

various extents—be explained by the connection of the inner ear to air-filled

cavities was quite well known in the 1930s (Von Frisch & Stetter, 1932). Numerous

subsequent studies in otophysines and non-otophysines with or without such con-

nection supported Weber’s theory and is dealt with in the first section of this

chapter.

The functional morphology of this diversity has been successfully investigated

over the last 80 years in several taxa and proved to be a quite fruitful field in fish

bioacoustics. At the same time, evolutionary questions have seldom been posed and

testable hypotheses rarely formulated. Even less often were data provided to

support one of these hypotheses. Thus, the evolution of this diversity remains a

field of much theoretical consideration and speculation. Did the variety in hearing

sensitivity evolve because of ecoacoustical constraints such as different ambient

noise situations in different habitats, or was it due to the necessity to detect

conspecifics and thus communicate intraspecifically? In the first case, fish would

want to glean as much information as possible from the surrounding acoustical

environment (auditory scene) including abiotic (wind, waves, currents) and/or

biotic sound emanating from animals at the same trophic level (conspecifics,

heterospecifics) or different trophic levels (predators or prey) independently of

their ability to communicate acoustically. In the latter case, there would be a

correlation between hearing sensitivities and sound communication.

The different hypotheses are dealt with in the following sections and their pros

and cons discussed in the light of recent data.

290 F. Ladich



2 Diversity in Accessory Hearing Structures

The large diversity in hearing sensitivities in fishes can often be explained from a

physical point of view by the way inner ears are connected to air-filled chambers

within the fish’s body. These chambers vibrate in a sound pressure field and may be

able to transmit these vibrations to the inner ears (Fig. 1). In the latter case fish are

sensitive to sound pressure in addition to particle motion, which all fish are able to

detect. This chapter focuses on sound pressure measurements because almost all

hearing threshold in fish are given in sound pressure units.

2.1 Otophysines

2.1.1 Weberian Apparatus

The most widely known of these accessory hearing structures are the Weberian

ossicles of otophysines, named “ossicles” because of their similarity to the middle

ear ossicles in mammals (Fig. 1b). These “hearing ossicles” are not, however,

homologous, because Weberian ossicles derive from anterior vertebrae whereas

mammalian auditory ossicles derive from ancestral jaw bones (Romer & Parsons,

1983). Despite different evolutionary origins, both sets of ossicles function in the

same way. They transmit oscillations of a membrane (tympanum in mammals,

anterior wall of the swim bladder in otophysines) to the perilymphatic canals of

the inner ear. Membranes in an acoustic field can move more freely with higher

amplitudes when surrounded at least partly by air than membranes completely

surrounded by fluids or tissues. Essentially, the swim bladder and other gas-filled

cavities are pressure-to-displacement transformers, which transform the sound

pressure underwater into membrane motion (Sand & Enger, 1973). The auditory

periphery in otophysines and mammals represents an example of convergent

evolution. Presumably because of this trait (Weberian ossicles), otophysines

became one of the most species-rich taxa among vertebrates, even more numerous

than mammals. Today, there are more than 8000 species of otophysines and fewer

than 6000 species of mammals (Nelson, 2006).

2.1.2 Variation Among Otophysines

Ladich (1999) compared hearing abilities in representatives of seven families of all

four otophysine orders and found major differences between species (Fig. 2).

All species examined detect tone bursts from 100 Hz to 5 kHz, but audiograms

Diversity in Hearing in Fishes 291



revealed major differences in auditory sensitivities, especially at higher frequencies

(>1 kHz) where thresholds differed by up to 50 dB even within one order (catfishes,

Siluriformes). Ladich (1999) argued that this might be due to differences in

accessory hearing structures.
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Fig. 1 Schematic illustration of the relationship between inner ears and air-filled chambers in

fishes. (a) Fish without a connection such as toadfish. (b) Otophysines with a series of bony

ossicles (Weberian ossicles). (c) Fish possessing an anterior swim bladder extension connecting it

to the inner ear such as in the holocentrid Myripristis kuntee. (d) Anabantoids (also mormyrids)

possessing an air-filled cavity (suprabranchial chamber, tympanic bladder) laterally of the ears.

Arrows indicate oscillations of the gas-filled chambers in a sound pressure field and the transmis-

sion to the inner ear endolymph. Note, inA andD there is no connection of the swim bladder to the

inner ear and thus oscillations are not transmitted to the inner ear endolymph. (Adapted from

Ladich & Popper, 2004, with permission from Springer Science+Business Media)
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The high diversity in the morphology of the swim bladder and Weberian

apparatus in otophysines, in particular in catfishes (Bridge & Haddon, 1889), has

been well known since the 19th century. Numerous catfish families have large

single, nonencapsulated swim bladders. Many other groups have small, paired, and

encapsulated swim bladders located to the left and to the right of the vertebral

column, directly behind the cranium. Species with single, nonencapsulated

air bladders possess one, three, or four ossicles, whereas species with encapsulated

bladders possess one or two (Fig. 3) (Lechner & Ladich, 2008). Catfishes with

free bladders have significantly better hearing sensitivities above 1 kHz compared

to species having tiny encapsulated bladders. The mean differences are 1–3 dB

below 1 kHz and up to 25 dB above 1 kHz (Fig. 4). That correlative study suggested

that the swim bladder size and number of ossicles positively influence hearing

sensitivity.
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Fig. 2 Auditory threshold curves for species with accessory hearing structures (green lines) and
for those species lacking such structures (dark red lines). All curves were obtained using the same

technique (AEP technique as described by Kenyon et al., 1998). Ao, Astronotus ocellatus; Ca,
Carassius auratus; Cc, Chromis chromis; Co, Corydoras aeneus; Cy, Cyprinus carpio; Gc,Gobius
cruentatus; Hd, Halobatrachus didactylus; Pa, Platydoras armatulus (costatus); Pf, Perca
fluviatilis; Pm, Poecilia mexicana; Pn, Pygocentrus (Serrasalmus) nattereri; Su, Sciaena umbra;
Tt, Trichogaster trichopterus; Ym, Yasuhikotakia (Botia) modesta. Former genus or species names

are given in brackets. In the drum (Sciaena umbra), the swim bladder is not connected to the ear,

but probably plays a role in hearing. [Audiograms after Kenyon et al. 1998 (Ao, Ca); Ladich &

Yan, 1998 (Tt); Ladich, 1999 (Pa, Pn, Ym); Amoser & Ladich, 2005 (Cy, Pf); Vasconcelos et al.,

2007 (Hd); Wysocki et al., 2009 (Cc, Gc, Su); Schulz-Mirbach et al., 2010 (Pm); Lechner &

Ladich, 2011 (Co)]
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Fig. 3 Lateral and ventral view of swim bladders and Weberian ossicles of representatives of

catfishes possessing (a) free swim bladders (Ariopsis seemanni, family Ariidae) and (b) small

paired and encapsulated swim bladders (Dianema urostriatum, family Callichthyidae). Ventral

views of the Weberian ossicles are on the right. Cl, claustrum; Ic, intercalarium; Os, ossicle; Sb,

swim bladder; Sc, scaphium; Tr, tripus. (Adapted after Lechner & Ladich, 2008)
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Fig. 4 Effects of accessory hearing structures in catfishes (order Siluriformes) and the goldfish

C. auratus. In catfishes the mean hearing threshold of all species with free swimbladders

(6 species out of 6 families) (solid red line) and of all species with tiny, paired and bony

encapsulated bladders (5 species out of 3 families) (dashed red line) is shown. Note the effect

of tripus extirpation in the goldfish: Mean auditory thresholds in intact goldfish (solid green line)

and after bilateral tripus extirpation (dashed green line). (C. auratus curves reprinted

from Ladich & Wysocki, 2003, with permission from Elsevier. Catfish curves after Lechner &

Ladich, 2008)
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2.2 Non-Otophysines

Besides Weberian ossicles, several other pathways evolved to connect gas-filled

chambers mechanically to the inner ear. Several groups of bony fishes have rostral

extensions of the swim bladder that contact the inner ear and improve hearing in a

way similar to otophysines (Fig. 1c). The best examples are the extensions in

squirrelfishes (family Holocentridae) and cichlids (family Cichlidae). Tavolga

and Wodinsky (1963) and Coombs and Popper (1979) showed that squirrelfishes

possess extensions of different lengths and that the length is correlated with hearing

sensitivity. In the shoulderbar soldierfish (Myripristis kuntee) the rostral extensions
are long and directly contact the auditory capsule, which results in the highest

sensitivity within this family. Shorter extensions such as in the dusky squirrelfish

(Sargocentron vexillarium) and the squirrelfish (Holocentrus adscensionis), or even
missing extensions, reduced the sensitivity accordingly (see also Hawkins, 1993).

Schulz-Mirbach et al. (2012) showed that cichlids vary considerably in swim

bladder extensions and swim bladder size, which affects auditory sensitivity and

the range of frequencies detectable. Paratilapia polleni and the orange chromide

(Etroplus maculatus) possess anterior swim bladder extensions coming close to the

inner ears, which results in significantly higher auditory sensitivities, at 0.5–1 kHz,

than in species lacking anterior extensions such as the jewel cichlid (Hemichromis
guttatus) and the slender lionhead cichlid (Steatocranus tinanti). In the latter

species the swim bladder is considerably small, which seems to limit the frequency

range detectable (highest frequency detectable 0.7 kHz as compared to 3 kHz in all

other cichlid species investigated). Further, rostral extensions of the swim bladder

were observed in African knifefishes (family Notopteridae), drums or croakers

(family Sciaenidae), and numerous other taxa (Coombs & Popper, 1982;

Ramcharitar et al., 2006; Braun & Grande, 2008).

Note that such morphological structures are not direct evidence for their acous-

tical function and do not indicate the manner in which they enhance hearing. Even a

lack of accessory hearing structures does not prove the opposite, namely that fish

lack enhanced hearing. Myrberg and Spires (1980) demonstrated that Caribbean

damselfishes (family Pomacentridae) are sound pressure sensitive and have best

hearing at 500 Hz despite lacking swim bladder extensions. Typically, species

lacking hearing specializations have best hearing at much lower frequencies.

Sound pressure sensitivity and high-frequency hearing indicates that the swim

bladder is involved in hearing, although it is unknown how vibrations are transmit-

ted to the inner ear. Correlations between the inner ear–swim bladder connection

and hearing sensitivity within taxa are not always as straightforward as in

holocentrids. In sciaenids or drums, more intimate connections between the bladder

and the auditory capsule do not result in a higher absolute sensitivity at comparable

frequencies, but mainly in a widening of the detectable frequency bandwidth. The

common weakfish (Cynoscion regalis) has a pair of anterior horns that terminate

close to the ear, whereas there are no extensions of the swim bladder in spot

Leiostomus xanthurus. C. regalis detects frequencies up to 2 kHz and
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L. xanthurus frequencies up to 700 Hz; both species do not differ in absolute

sensitivity between 200 and 700 Hz (Ramcharitar et al., 2006).

A special case of swim bladder extensions is found in herrings (family

Clupeidae). The extensions widen anteriorly and form auditory bullae—partly

gas-filled and partly fluid-filled—that simultaneously contact the utricle of the

inner ear and the lateral line (Blaxter et al., 1981). This hearing specialization

enables clupeids to detect sounds to greater than 3000 Hz. Representatives of the

alosine subfamily even detect ultrasound up to 180 kHz (Wilson et al., 2009) (see

the chapter by Narins and Mann in this volume). It has to be pointed out, however,

that the absolute hearing sensitivity is much lower in clupeids than in otophysines.

The third major group of accessory hearing structures besides ossicles and

bladder extensions are air-filled cavities other than swim bladders that are directly

attached to the inner ear (Fig. 1d). Two nonrelated taxa exhibit such structures

correlating with enhanced hearing acuity. Elephant-nose fishes (family

Mormyridae), weakly electric fishes from tropical Africa, possess small tympanic

bladders—gas-filled cranial derivatives of the swim bladder—that are directly

attached to the saccule and improve hearing sensitivity up to 3 kHz (Stipetić,

1939; McCormick & Popper, 1984; Fletcher & Crawford, 2001). Labyrinth fishes

or gouramis (perciform suborder Anabantoidei) possess suprabranchial organs

dorsally of the gills and directly next to the saccules. These chambers are utilized

for air breathing but also increase hearing abilities (Schneider, 1941). The paradise

fish (Macropodus opercularis) and other anabantoids detect sound up to 5 kHz

(Ladich & Yan, 1998).

Peripheral specializations for hearing tend to correlate with the inner ear fine

structure. The inner ear of fishes consists—besides three semicircular canals—of

three end organs, the utricle, saccule, and lagena, each of which is a sac that

includes two major structures, the sensory epithelium and the otolith. The sensory

epithelium contains sensory hair cells and supporting cells. The otolith consists of

calcium carbonate and lies very close to the sensory epithelium (Popper & Fay,

1999). The saccular hair cell bundles form orientation patterns that tend to be

similar in species that lack specializations to enhance hearing. In contrast, species

having specializations tend to have orientation patterns different from those of the

first group (Popper & Schilt, 2008).

2.3 Comparison Between Hearing Sensitivities

Figure 2 illustrates auditory sensitivities in 14 species of 13 teleost families as

determined using the auditory evoked potential (AEP) recording technique as

developed by Kenyon et al. (1998) to eliminate differences potentially caused by

different techniques (behavior vs. AEP) or by modifications of the AEP technique

(see Section 2.4; for a review see Ladich & Fay, 2013). Species with hearing

specializations are compared to those lacking such specializations. All AEP

thresholds are given in sound pressure levels (SPLs) relative to 1 μPa as published
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by the authors. The fish species lacking known specializations are tentatively put

together (dark red lines) although we do not definitively know whether these

species are pressure sensitive or not. The brown meager (Sciaena umbra) might

be pressure sensitive because of its well-developed auditory sensitivity (Wysocki

et al., 2009); it, however, lacks even the slightest swim bladder extension. Never-

theless, the comparison reveals clearly that species having morphological

specializations for hearing (formerly called hearing specialists) detect a wider

frequency range and that they possess, on average, lower auditory thresholds

compared with species lacking such specializations (formerly called hearing

generalists or nonspecialists). This effect is especially pronounced at frequencies

above 500 Hz. Accordingly, auditory sensitivity curves are mainly ramp-shaped in

species lacking and U-shaped in species having hearing specializations (Fig. 2).

2.4 Experimental Evidence of Hearing Enhancements

The functional significance of accessory hearing structures can be assessed in two

different ways. The first is by comparing morphological data (swim bladder to inner

ear connection) to auditory sensitivities either in adults of closely related species or

by comparing several developmental stages within a species. Such correlative

evidence for hearing enhancement was found in adult holocentrids and cichlids

(see Section 2.2) and catfishes (see Section 2.1.2) and in different development

stages in cyprinids and a bagrid catfish (see Section 5). Conclusions based on such

comparisons between species or developmental stages are rather indirect because,

as mentioned earlier, there are exceptions to these correlations. The second

approach provides direct evidence that a particular morphological structure

enhances hearing. It involves eliminating the accessory hearing structure and

measuring any decline in sensitivity. Surprisingly, data gained in these elimination

experiments varied considerably between species and the methodological

approaches used (for AEP studies see Ladich & Fay, 2013). The theoretical

assumption is that air-filled chambers improve hearing, in particular at higher

frequencies, but this was not always the case.

Several elimination experiments were conducted in otophysines. Investigators

either extirpated the largest hearing ossicle or functionally eliminated the swim

bladder by removing or deflating it. Poggendorf (1952) extirpated the tripus, the

largest of the Weberian ossicles, in Ameiurus nebulosus (family Ictaluridae) and

observed a largely frequency-independent drop in sensitivity of 36 dB at the lowest

(60 Hz) and 42 dB at the highest frequency (6 kHz). Bilateral tripus extirpation in

the goldfish (Carassius auratus) resulted in a frequency-dependent decline in

sensitivity from 7 dB at 100 Hz up to 33 dB at 2 kHz and a narrowing of the

detectable frequency range (maximum frequency: 2 kHz vs. 4 kHz) (Fig. 4) (Ladich

& Wysocki, 2003). This difference in hearing loss due to tripus extirpation may be

caused by different experimental techniques and less so by the use of different

species.
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Similarly, swim bladder elimination experiments also gave inconsistent results.

Frisch and Stetter (1932) (see Section 1) were the first to demonstrate the contribu-

tion of swim bladders to hearing. Removing the swim bladder in the European

minnow decreased hearing abilities, in particular at higher frequencies. Fay and

Popper (1974) calculated that the auditory system of Carassius auratus gains

sensitivity with increasing frequency due to the impedance transform

characteristics of the fish’s accessory hearing structures. Swim bladder removal

resulted in a sensitivity decline by 20–35 dB, with a smaller drop below 100 Hz.

Fay and Popper (1974) argued that this was the case because the fish was motion

sensitive at low frequencies and the swim bladder plays little or no role at lower

frequencies. Yan et al. (2000) deflated the swim bladder in the goldfish and

observed a large loss of sensitivity at low frequencies (55 dB at 300 Hz) and a

smaller loss at high frequencies (35 dB at 4000 Hz). In contrast, gas extraction from

the swim bladder in the roach (Rutilus rutilus, family Cyprinidae) and Ameiurus
nebulosus resulted in poorer hearing sensitivity at increasing frequencies

(Kleerekoper & Roggenkamp, 1959; Laming & Morrow, 1981).

Elimination experiments were also carried out in other taxa. In mormyrids, Yan

and Curtsinger (2000) deflated the tympanic ear bladder, whereas Fletcher and

Crawford (2001) filled it with physiological saline. Thresholds were elevated

maximally at mid-audiogram frequencies (400–800 Hz), with smaller threshold

shifts at 100 Hz and 2.4 kHz. In anabantoids, Schneider (1941) showed that the

upper hearing range dropped by more than two octaves in the paradise fish

(Macropodus opercularis, family Osphronemidae) (from 4.5 kHz down to

800 Hz) when the suprabranchial organ was filled with water. Yan (1998), after

deflating the organ, found a rather constant decline of hearing sensitivity and no

change in the detectable frequency range. The difference in hearing loss when

eliminating the suprabranchial chamber in anabantoids is most likely caused by

different experimental techniques.

In summary, the effects of accessory hearing structures on auditory sensitivity

are not completely understood. Although they clearly enhance hearing by lowering

thresholds at particular or at all frequencies, it has not been shown unambiguously

that this effect is frequency dependent or that it affects the upper hearing limit.

There is strong evidence, however, that the hearing enhancement increases with

frequency and that it extends the maximum frequency detectable. This explains

why species possessing specializations typically detect a wider range of frequencies

than groups without such adaptations (Fig. 2).

2.5 Remarks on Comparisons Between Audiograms
and Between Noise Spectra

The main tools for describing hearing abilities in animals are hearing threshold

curves or audiograms, which illustrate the lowest SPL at which animals are able to

detect sounds at different frequencies. Absolute hearing thresholds given in decibel
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values allow a comparison of hearing abilities across different studies, but such

comparisons require caution. Comparison of hearing thresholds in goldfish

measured in different labs revealed differences of up to 50 dB or more (Fay,

1988; Ladich & Fay, 2013). Hawkins (1981) showed such differences for hearing

curves gained by using different behavioral techniques, and Ladich and Wysocki

(2009) provided similar data for curves determined by various modifications of the

AEP recording technique. It would be interesting to explain the factors behind these

differences and to calculate some correction factor for obtaining an ideal audio-

gram. This, however, is unrealistic because of the many unknown factors poten-

tially influencing results, including animal holding conditions, background noise

levels during experiments, different sound fields, calibration errors, and the influ-

ence of different threshold definitions. It is therefore advisable (and done through-

out this chapter) to compare audiograms gained under similar experimental and

acoustic conditions, ideally in the same laboratory.

Comparisons between fish hearing curves are further complicated because fishes

detect different acoustical parameters in a sound field. They primarily detect

particle motion (in contrast to terrestrial vertebrates, which detect only sound

pressure) but may also be able to detect sound pressure if they have air-filled

cavities that in some manner transmit their oscillations in a sound field to the

inner ear. Because of the lack of particle motion sensors for small fish tanks, almost

all hearing sensitivities were described in terms of sound pressure units (dB re

1 μPa); the necessary sound pressure hydrophones can easily be purchased from

numerous companies. Even if this sensor problem could be overcome, it is techni-

cally difficult to determine whether a species is pressure sensitive when it possesses

air-filled cavities. Currently, the assumption is that many more species are pressure

sensitive than previously thought (Popper & Fay, 2011). This chapter describes and

compares audiograms as they have been published, even if this may not be the

correct physical parameter for some species.

Similar difficulties can arise when comparing broadband sound/noise pressure

levels or spectral levels from different studies. Broadband SPLs typically give the

sound energy in the frequency range from 20 Hz to 20 kHz. Sound/noise spectral

levels give the sound/noise energy in narrower frequency bands such as octave

bands, third-octave bands, 50-Hz bands, or any other bandwidth. Broadband SPLs

or spectral levels can be given in absolute decibel or in arbitrary, relative decibel

values, either as power spectral levels in decibel values relative to 1 μPa or as

spectral density levels in decibel re 1 μPa2/Hz (see Richardson et al., 1995). In

addition, many publications fail to mention the time period over which the noise

pressure levels were determined, for example, 1 s, 1 minute, or 1 hour, and so forth.

Noise levels determined during short recording periods can be influenced by

unwanted noise to a much higher extent than noise levels measured over longer

periods. Further, some hydrophones are quite insensitive or “noisy” and are unable

to detect low noise levels correctly. This may not be a problem when measuring

high noise levels, such as of anthropogenic noise in a marine environment, but it is
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certainly problematic in quiet, stagnant freshwater habitats. All of these factors may

influence broadband SPLs and subsequently spectral levels within spectral bands

and should be considered when comparing sound/noise spectra.

3 Diversity and Ecoacoustical Constraints

The notion that hearing sensitivities of fishes (and potentially other animal taxa) are

adapted to the acoustical conditions of the waters they inhabit is hereafter called the

“ecoacoustical constraints hypothesis.” This hypothesis assumes that hearing

thresholds are as low as possible without being masked by the noise in their

environment (ambient noise). If the ambient noise varies in aquatic environments,

it would inevitably result in the evolutionary selection of a large variety of hearing

sensitivities in fishes. Low noise levels would then facilitate the evolution of

morphological structures (accessory hearing structures) for hearing enhancement

and the detection of low-level sound, whereas high ambient noise levels make

accessory hearing structures meaningless. This hypothesis further postulates that

improvements of hearing sensitivities evolved independently of the ability to

produce sounds for acoustic communication.

According to the ecoacoustical constraints hypothesis, fish optimized their

ability to pick up acoustic information emanating from abiotic sources (waterfalls,

coastal surf, etc.) and biotic sources such as predators and prey and con- and

heterospecifics under all prevailing acoustical conditions. For example, it would

certainly be quite important for shoaling cyprinids to hear the feeding noises from

con- and heterospecific shoal mates, but this assumption lacks experimental data.

Fay (2009) argues that our current understanding of which information fish use out

of their soundscape—besides communication sounds—is very limited. Markl

(1972) observed that the red piranha [Pygocentrus (Serrasalmus) nattereri], a
representative of the otophysine order Characiformes, attacked prey producing

splashing noise more often than silent prey.

Indirect evidence for the attractiveness of certain underwater sounds for fishes

comes from acoustic fishery techniques. As has been documented and exploited by

indigenous people all over the world for hundreds of years, the artificial generation

of underwater noise attracts fishes (Steinberg, 1957;Wolff, 1966). It is quite unlikely

that these sounds are attractive because they resemble communication sounds: fishes

attracted are either not vocal or produce sounds in quite different behavioral

contexts. Hitting rods on the water surface attracts piranhas in South America as

well as cichlids in Lake Tanganyika in Africa. Rattle fishery, known in the Baltic

regions since the Medieval period, is based on rattling a plank underwater (Wolff,

1966). This method reportedly caught large numbers of perches. Rattling coconut

shells underwater is very attractive for sharks (shark rattle) and was used in the South

Seas (Wolff, 1966). It remains to be clarified whether the catch success is based on

attracting or startling fishes. More recent experiments indicate that ambient noise

may help fish to navigate to suitable settlement habitats. Playback experiments
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revealed that pelagic coral reef fish larvae (of the families Trypterigiidae,

Pomacentridae, Apogonidae, Gobiidae, Lethrinidae) orient toward loudspeakers

playing back reef noise (Tolimieri et al., 2000; Simpson et al., 2008).

Besides orientation to prey items and suitable habitats, predator avoidance seems

to be a major selective pressure for the evolution of hearing improvements. Many

fish species avoid predators using a C-like startle behavior (C-start) (Canfield &

Eaton, 1990; Canfield&Rose, 1996). This escape response is mediated byMauthner

neurons in the spinal cord. Canfield and Eaton (1990) suggested that the sound-

pressure-evoked predator evasion coevolved with the addition of hearing to the

swim bladder function. Thus, fish with hearing specializations could detect

predators earlier and initiate escape responses more effectively. The aforementioned

studies point to the importance of hearing for orienting to or away from sounds other

than communication sounds (Ladich & Popper, 2004).

Examining the appropriateness of the ecoacoustical hypothesis requires recording

ambient noise of habitats and determining their broadband levels. It also calls for

demonstrating that a large diversity in ambient noise conditions exists. Finally, it has to

be shown that hearing sensitivities of fish are adapted to natural noise conditions. How

can this be tested? If fish are adapted to their acoustic environment, then the hearing

sensitivity in the presence of ambient noise should be similar to that under quieter

conditions. Such quiet conditions are typically given in soundproof rooms. If hearing

sensitivities change and thus if thresholds shift up under natural noise conditions, then

fish are masked and not well adapted to their natural acoustic environment. The latter

result would contradict the ecoacoustical constraints hypothesis.

Additional factors must also be considered. Ambient noise in natural habitats is

probably not constant but varies between different location within a species’ habitat

(microhabitat), varies with different times of the day and seasons, weather

conditions (wind, rain, surf, movement of reeds, etc.) and biotic factors (activity

of underwater insects, arthropods etc.). To which conditions should fish be adapted?

Should fish be adapted to an average noise regime or to the lowest level encountered

in their environment, even if these conditions are not always met? Noise levels can

also change because of weather conditions such as wind and rain, both in aquatic

and terrestrial habitats. One can hear over large distances on a calm day and

probably detect many more animals than on a stormy day, when we hear quite

badly, owing to the noise emanating from heavily moving vegetation such as trees.

It is hypothesized that fish, similar to other animals, are adapted to the lowest noise

levels to detect faint sounds of different origin that are important for various reasons

(migration, food, prey, predators, communication).

3.1 Diversity in Ambient Noise

The ambient noise of aquatic habitats has rarely been investigated with regard to the

fishes inhabiting these locations. Wenz (1962) and Urick (1983) estimated and

described ambient noise spectra in the ocean and showed a dependence on sea
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states, wind speeds, depth, and ship traffic. The general result of these largely

theoretical descriptions is that the noise spectrum level increases with sea state,

wind speed, and precipitation and that the spectrum level decreases at higher

frequencies. Nonetheless, a single set of noise curves for all oceanic habitats is

much too rough to analyze meaningfully the differences in noise situations in

habitats of marine fishes. Moreover, it does not help our understanding of the

evolution of accessory hearing structures in freshwater or deep sea habitats.

Recently, ambient noise has been recorded in a number of freshwater and

marine habitats in central Europe. Wysocki et al. (2007) recorded and analyzed

12 aquatic habitats there (measurements were taken during daylight on a day in

spring and early summer), including running waters such as creeks and rivers and

quiet standing waters such as lakes and backwaters. The noise levels and spectra

differed considerably between these habitats. Standing freshwaters were quiet,

with broadband noise levels below 100 dB re 1 μPa (equivalent continuous SPL

averaged over a period of 60 s, LLeq, 1min, root mean square [RMS]) under no-wind

conditions. Broadband noise levels in fast-flowing waters were typically above

110 dB and peaked at 135 dB in a free-flowing section of the Danube River. Noise

levels (LLeq, 1min, RMS ) differed by more than 50 dB between habitats, making it

necessary to consider each habitat separately when looking for masking effects in

the field.

The broadband noise level provides a rough estimate of the overall noise

situation in a habitat. To determine how fish might be affected in their particular

hearing range and how well sounds may propagate, it is important to examine

spectral levels in detail. Low levels of spectral noise energy in a limited frequency

range, sometimes termed “noise windows,” are far more suitable for sound propa-

gation and sound detection than high levels. Wysocki et al. (2007) showed that most

environmental noise in stagnant habitats is concentrated in the lower frequency

range below 500 Hz. In fast-flowing waters, high amounts of sound energy were

present in the frequency range above 1 kHz, leaving a low-energy “noise window”

below 1 kHz (Fig. 5). In addition to sound pressure spectra, there is a need for

particle motion spectra to assess fully the ambient noise conditions that fish

encounter. Because of the difficulty acquiring appropriate sensors (see

Section 2.5), this shortcoming is not easy to overcome.

Differences in broadband and spectral amplitudes of up to 50 dB were described

not only for freshwaters in central Europe but also for northern Italy and the

Mediterranean. Lugli (2010) investigated the ambient noise profiles between

50 Hz and 1000 Hz at the breeding sites of northern Italian and Mediterranean

gobies (family Gobiidae) in stony streams, vegetated springs, brackish lagoons, and

sandy as well as rocky shores. Noise spectral levels in the 50- to 500-Hz band

differed by more than 40 dB; they were much higher in the brackish/marine habitats

(80–115 dB) than in the vegetated spring (60–70 dB re 1 Pa2/Hz) and the stream

(70–80 dB). Gobies inhabiting the coast, in particular a rocky coast, are exposed to

much higher levels of low-frequency masking noise than freshwater gobies (Fig. 6).

The noise situation can change over short distances. Ambient noise from a waterfall

may attenuate as much as 30 dB between 1 and 2 m, making the acoustical

302 F. Ladich



20

40

60

80

100

S
ou

nd
 s

pe
ct

ru
m

 le
ve

l (
dB

 r
e 

1 
µP

a

20

40

60

80

100

1 2 3 4 5
20

40

60

80

100

Frequency (kHz)

1 2 3 4 5 1 2 3 4 5

LL LN

BF

BG

ST SS

RDC RDI

RDO

LL LN

BF

BG

ST SS

RDC RDI

RDO

Fig. 5 Absolute amplitude spectra of nine habitats within central Europe illustrating the large

diversity in ambient noise conditions. BF, Backwater Fadenbach; BG, Backwater Gänsehaufen

Traverse; LL, Lake Lunz; LN, Lake Neusiedl; RDC, Danube Channel; RDI, Danube River at

Danube Island; RDO, Danube River at Orth; SS, Schwarza stream; ST, Stream Triesting. Arrows

indicate potential noise windows. (Adapted from Wysocki et al., 2007. Reprinted with permission

from the Acoustical Society of America)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 10.9

Frequency (kHz)

0

120

110

100

90

80

60

70

50

S
pe

ct
ru

m
 le

ve
l (

dB
 r

e 
1 

µP
a²

/H
z)

RS

BL

SS

ST

VS

Fig. 6 Low-frequency spectra (50–1000 Hz) of the ambient noise from five habitats of gobies in

northern Italy and theMediterranean. Asterisks indicate the center frequency of the quiet window of

the ambient noise. BL, brackish lagoon; RS, rocky shore; SS, sandy shore; ST, stony stream; VS,

vegetated spring. (Adapted after Lugli, 2010, with permission from Springer Science+Business

Media)



environment of single fish quite variable (Lugli, 2010). Are these sound pressure

spectra representative of the particle motion situation in these goby habitats? Lugli

and Fine (2007) showed that the ambient noise spectra are generally similar to

particle velocity spectra, including the quiet window at noisy locations, although

the energy distribution of velocity spectra is shifted up by 50–100 Hz.

Both comparative studies (Wysocki et al., 2007; Lugli, 2010) thus reveal

similar trends. Major differences in spectral levels exist between standing waters

such as lakes, backwaters, or pools and rapidly moving waters such as creeks,

large streams and rocky shores. These differences amount to 40–50 dB in both

geographical regions and illustrate the diversity of soundscapes fish have to

deal with.

Additional support for these conclusions comes from a recent study by Speares

et al. (2011), who investigated two creeks in Alabama that are inhabited by small

darter species (family Percidae). They reported that spectral levels differed between

three microhabitats—a run, a riffle and a pool—depending on the water flow

velocity. The loudest microhabitat in both streams was the fast-moving riffle.

Spectral levels of the riffle were approximately 40–60 dB higher than levels of

the other microhabitats in these creeks in the frequency range below 1 kHz. This

result agrees with the general observation that large water movements (running

water, coastal surf) result in much higher noise levels (Wysocki et al., 2007; Lugli,

2010; see also Tonolla et al., 2009).

Ambient noise profiles of the habitats of marine fish have been characterized

several times, but comparative investigations are rare. Several studies of guidance

mechanisms for larvae, juveniles, and adult fish described the ambient noise of

coral reefs (Tolimieri et al., 2004; Kennedy et al., 2010; Radford et al., 2011). Reef

noise is a combination of the sounds produced by various abiotic sources and reef-

associated animals. Depending on the reef investigated, different high-energy peaks

are caused by vocal fish, crustaceans, and other marine invertebrates. In a compar-

ative study, Kennedy et al. (2010) recorded the ambient noise at 40 reefs of the Las

Perlas archipelago in the Gulf of Panama and compared these to offshore sites.

Acoustic recordings were taken at each site while the sea was calm. Spectral

profiles between different reefs are rather similar, with a peak at around 3 kHz,

which was attributed to snapping shrimps. Spectral energies of lower levels

between 0.5 and 1 kHz were attributed to damselfish vocalizations (family

Pomacentridae). In contrast, offshore recordings were rather quiet and spectral

noise levels were about 20–30 dB lower (Fig. 7).

Changes in noise levels and spectra in central Europe were found not only

between habitats, but were also reported throughout the year. Amoser and Ladich

(2010) observed that changes in broadband SPL were smallest in the river

(maximum: 10 dB), whereas higher changes were measured in stagnant habitats

and streams (maximum: 31 dB). These local and seasonal changes make the

soundscape for fish rather complex, especially when fish migrate between

habitats.
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3.2 Auditory Adaptation to the Acoustic Environments

The diversity in ambient noise profiles raises the question whether the auditory

sensitivities of different fish species are adapted to these ambient noise profiles. The

ecoacoustical constraints hypothesis postulates that fish are not masked by the

ambient noise in their average habitats, but that they may be masked when they

migrate to other habitats or during particular weather conditions or sea states. To

test this notion, the hearing sensitivities need to be measured under quiet laboratory

and under ambient noise conditions and compared.

The first studies on this topic were carried out in the 1970s. Chapman (1973) and

Chapman and Hawkins (1973) determined hearing in the cod Gadus morhua and

other representatives of the family Gadidae in the field. Fish were tested in a

Scottish Loch 15 m below the sea surface and 5 m above the sea bed. Unmasked

thresholds were obtained only under calm conditions. The authors showed that any

change in the ambient noise level was accompanied by a corresponding decrease in

hearing sensitivity in cods. The ratio between hearing threshold and spectral noise

level of the environment at a particular frequency was constant and independent of

the ambient noise level. In the cod, the ratio increased from 18 dB at 50 Hz to 24 dB
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at 380 Hz. The different masking effect caused by the changing ambient noise was,

further, confirmed when the noise level was raised artificially by transmitting

random noise through underwater speakers. Cod, which have an unknown hearing

specialization, are able to detect sounds under the quietest conditions encountered

in their habitat. Thus cod are adapted to the lowest noise levels encountered in their

habitats, which is in accordance with the ecoacoustical hypothesis.

To test the hypothesis further, Amoser and Ladich (2005) measured hearing

sensitivities of common European freshwater fishes, the common carp (Cyprinus
carpio, family Cyprinidae) and the European perch Perca fluviatilis (family

Percidae) in various parts of their distribution range. They recorded the ambient

noise conditions in four different habitats (Danube River, Triesting stream, Lake

Neusiedl, backwaters of the Danube River), and played it back to fish while

simultaneously measuring their auditory thresholds using the AEP recording tech-

nique. C. carpio, a species having hearing specializations, is only moderately

masked by the quiet habitat noise level of standing waters (mean threshold shift

9 dB), but its sensitivity is heavily affected by river noise (decrease by up to 49 dB)

in its best hearing range (0.5–1.0 kHz) (Fig. 8).

In contrast, the baseline hearing thresholds (lab conditions) ofP. fluviatilis, a species
not known to possess hearing specializations, were much higher and only slightly

masked (mean shift up to 12 dB at 0.1 kHz) by the highest noise levels presented.
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These results indicated that hearing abilities of otophysines are well adapted to the

lowest noise levels encountered in freshwater habitats and that their hearing is

considerably masked in some parts of their distribution range, such as a river. The

perch, in contrast, is not adapted to low noise levels at all. Does the latter result

contradict the ecoacoustical hypothesis or does P. fluviatilis prefer more noisy

locations within its range?

These data on species having or lacking hearing specializations raise the ques-

tion whether there is a general trend in the distribution of species according to the

noise situations in central European freshwaters. Does diversity in freshwater

habitats correlate to the noise levels as described in this study and to the occurrence

of particular hearing sensitivities? According to Spindler (1997), Austria is

inhabited by 61 fish species belonging to 16 families. Thirty-eight species are

otophysines. Within these otophysines, about two thirds (26 species) spend all or

part of their life in standing waters such as backwaters of rivers and lakes. Thus,

more species—and relatively more otophysines—inhabit quiet waters. In contrast,

only 11 of 23 species lacking specializations for hearing (salmonids, percids,

cottids, gobiids, and others) live in these habitats. The distribution of species

possessing and species lacking specializations in quiet stagnant versus rather

noisy freshwater habitats supports, at a local level, the assumption that species

having enhanced hearing live in rather quiet habitats, for which their hearing

abilities are adapted.

Schellart and Popper (1992) argued that high-frequency hearing might have

evolved as a response to the physics of shallow water sound propagation.

Low-frequency sound does not propagate in shallow waters owing to a highpass

filter effect (Roger & Cox, 1988). Fishes living in shallow waters, as well as other

animals that collect acoustic information, must be able to detect higher sound

frequencies. Thus the highpass filter effect is an ecoacoustic constraint that may

partly explain the evolution of hearing enhancement, in particular at high

frequencies. However, it does not explain the detection of low sound levels as is

typical for many fishes possessing hearing specializations (Fig. 2).

Are the hearing abilities of marine fish adapted to the ambient noise? Recent

studies on nonrelated taxa revealed that fish are well adapted to the ambient noise

found during calm sea conditions. In addition to the study on cods by Chapman

(1973), investigations on toadfish, on sciaenids or drums, damselfish, and gobies

revealed that the hearing sensitivities were only slightly masked by ambient noise.

Codarin et al. (2009) observed that the auditory sensitivity of the brown meagre

Sciaena umbra (family Sciaenidae), the Mediterranean damselfish Chromis
chromis (family Pomacentridae), and the red-mouthed goby Gobius cruentatus
(family Gobiidae) changed by less than 3 dB when exposed to the ambient noise

recorded in their natural habitat, the Miramare Natural Marine Reserve in the

Adriatic Sea (Fig. 9). This effect was independent of the absolute hearing sensitivity

of these species. S. umbra showed a broader hearing bandwidth (0.1–3 kHz) and

lower thresholds than C. chromis (0.1–0.6 kHz) or G. cruentatus (0.1–0.7 kHz). In

addition, Vasconcelos et al. (2007) showed in the Lusitanian toadfish

Halobatrachus didactylus (family Batrachoididae) that ambient noise from the

Diversity in Hearing in Fishes 307



Tagus River estuary in Portugal affected the auditory sensitivity only at low

frequencies (50 and 100 Hz) compared to quiet lab conditions. Considerable

masking effects were observed at all frequencies tested in these four marine fish

families when the noise levels increased artificially, for example, by ship noise.

These data from representatives of five families indicate that their auditory

sensitivities are not masked under calm sea conditions. The data, however, do not

explain why sensitivities differ between species in the same habitat, as illustrated in

S. umbra andG. cruentatus (difference at 500 Hz: 28 dB) (Fig. 9). This could be due
to differences between the microhabitats within the Adriatic Sea, which were not

analyzed in detail in the study. More likely, different hearing sensitivities were

selected under different ecoacoustical constraints. The family Gobiidae might have

evolved under high noise conditions and subsequently some species lost their swim

bladders without compromising their hearing sensitivities. Representatives of this

immensely successful fish family (approx.. 2000 species according to Nelson,

2006) might not be well adapted to low ambient noise levels encountered in parts

of their huge distribution range (Lugli, 2010).

In summary, there is a large diversity in hearing sensitivities in freshwater as

well as marine fishes. A high percentage of freshwater species exhibits hearing

specializations. Otophysines comprise approximately 8000 of the 12,000 freshwa-

ter species (Nelson, 2006). When mormyrids and anabantoids are added to this

number, then at least two thirds of all freshwater species possess hearing

specializations. No such percentage can be calculated for the 16,000 marine

species. A large number of marine fish families possesses rostral swim bladder
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extensions but the functional significance of these morphological observations have

not been proven in all groups (see table 4.1 in Braun & Grande, 2008). In a few

families such as clupeids, holocentrids, sciaenids, pomacentrids, gadids, and

gerreids improved hearing was demonstrated physiologically or behaviorally (see

Section 2; Parmentier et al., 2011). Interestingly, swim bladder extensions have a

limited distribution within many of these marine families (see Section 2). Some

holocentrids and sciaenids lack anterior swim bladder extensions and hear poorly,

and some clupeids do not detect ultrasound (Hawkins, 1993; Mann et al., 2005). In

contrast, not a single otophysine species out of 8000 lacks Weberian ossicles.

The large number of species possessing hearing specializations in freshwaters is

probably due to the large number of standing, as well as shallow waters such as

lakes and backwaters of rivers where these sensory abilities could have evolved.

More direct support for the ecoacoustical hypothesis would be given if a positive

correlation between respective ambient noise levels and auditory thresholds would

be found in closely related species such as Myripristis kuntee and Adioryx
vexillarius, both belonging to the family Holocentridae but differing in hearing

thresholds by about 50 dB.

4 Diversity and Acoustic Communication

Bony fishes, but not cartilaginous fishes (sharks and rays), possess a large number

of sound-generating mechanisms, certainly the largest number among vertebrates

(for details see Tavolga, 1971; Ladich & Fine, 2006; Ladich & Bass, 2011). The

swim bladder constitutes the most important organ for sound production. It can be

vibrated by a large variety of sound-producing (drumming) muscles. Drumming

muscles can either be situated in the wall of the swim bladder (intrinsic muscles)

such as in toadfishes (family Batrachoididae) or they can originate outside (extrin-

sic muscles) and insert on the swim bladder, such as in pimelodid catfishes (family

Pimelodidae), tigerfishes (family Therapontidae), and squirrelfishes (family

Holocentridae). Drumming muscles can vibrate the swim bladder indirectly via

broad tendons such as in drums (Sciaenidae) or piranhas (Characidae), or via a bony

plate as found in several catfish families such as thorny catfishes (Doradidae). In

addition, fishes have evolved several pectoral mechanisms and produce sounds

using pectoral fins and girdles. Numerous catfish families (Doradidae, Pimelodidae,

Synodontidae) produce sounds by rubbing their pectoral fin spines in a groove of

the shoulder girdle. Croaking gouramis (genus Trichopsis, family Osphronemidae,

Anabantoidei) pluck two enhanced pectoral fin tendons. Sculpins (family Cottidae)

vibrate their entire shoulder girdle to emit sounds. Besides pectoral and swim

bladder mechanisms, fish can produce sounds in additional ways such as by the

pharyngeal apparatus (clownfish, family Pomacentridae). Several modifications of

these types of mechanisms exist, and there is some overlap and additional

variations, with some species simultaneously possessing two types of mechanisms

(Ladich & Fine, 2006; Ladich & Bass, 2011). In several well-known sound
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producers, we do not know the sound-producing mechanism at all or in detail, for

example, in gobiids, loaches (family Cobitidae), and cichlids (Cichlidae). Finally,

many fishes do not produce sounds for acoustic communication purposes, including

most members if the cyprinid family (goldfish, carps). This does not exclude that

they produce sounds unintentionally as a by-product of feeding, swimming, dig-

ging, and so forth. Nevertheless, the latter sounds should be carefully separated

from the former communication sounds (often termed vocalizations), whose evolu-

tionary selection pressures resulted in advantages for the sender (Bradbury &

Vehrencamp, 1998, 2011).

Swim bladder–generated sounds are typically low-frequency harmonic sounds

with main energies between 60 and 300 Hz, whereas pectoral fin stridulatory or

plucking sounds are characterized by much higher sound energies at much higher

frequencies, often between 1 and 2 kHz. The difference between species in the

ability to produce sounds in general and to produce sounds of quite different main

frequencies in particular raises several questions with regard to the diversity in

hearing sensitivities.

Did fish that evolved (know or unknown) sound-generating mechanisms and

produce communication sounds evolve hearing specializations that facilitate acous-

tic communication? If the detection of communication sounds was the main

function of the auditory system, then such a correlative evolution should be

observable. This, however, does not seem to be the case. Many well-known

sound producers such as toadfish, tigerfish, gobiids, sculpins, triglids, sunfishes

(family Centrarchidae), and cichlids lack hearing enhancements. Further, there is

no indication that sound production is more widespread in species possessing than

species lacking hearing specializations (Ladich, 2000). With few exceptions

(Cyprinella spp., Gobio gobio), most cypriniforms do not vocalize and in no case

have sound-generating mechanisms been described (Ladich, 1999). Among

anabantoids, which possess a suprabranchial air-breathing chamber, only

representatives of 1 out of 19 genera have a well-developed sonic mechanism

(Trichopsis) and vocalize (Ladich & Yan, 1998). This distribution pattern of

sonic organs among fishes with accessory hearing organs indicates once more

that sound production and hearing enhancements developed independently of

each other. The hearing sensitivities in representatives of three otophysine families

with no or different sonic mechanisms are quite similar. The hearing curves of

C. auratus (family Cyrinidae), the red-finned loach Yasuhikotakia modesta (family

Cobitidae), and Pygocentrus nattereri (family Characidae) reveal best hearing

sensitivities between 0.4 and 1 kHz and rather similar hearing curves, independent

of the sound-generating mechanism. C. auratus is not known to produce sounds,

loaches produce knocking sounds by an unknown mechanism, and piranhas possess

drumming muscles that vibrate the swim bladder via a broad tendon surrounding it

ventrally (Fig. 10) (Ladich, 1999; Ladich & Bass, 2005).

The development of hearing enhancements is thus clearly not related to the

presence or absence of sound-generating mechanisms in fishes. However, does the

maximum auditory sensitivity of taxa with sonic organs correlate to the sound

frequencies, and would that explain part of the diversity, at least in vocalizing
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species? Several studies demonstrate that this is the case. The main energies of

sounds correlate with main auditory sensitivities in the damselfish Stegastes spp.
(500 Hz) and green damselfish Abudefduf abdominalis (90–300 Hz), the croaking

gourami Trichopsis vittata (1500 Hz) and in toadfish Halobatrachus didactylus
(100 Hz) (Ladich & Yan, 1998; Maruska et al., 2007; Vasconcelos et al., 2007). In

contrast, a detailed study in otophysines investigating representatives of seven

families of all four orders revealed that differences in hearing sensitivities showed

no apparent correspondence to the spectral content of species-specific sounds. In

particular, fishes emitting both low- and high-frequency sounds, such as pimelodid

and doradid catfishes, did not possess two corresponding auditory sensitivity

maxima (Ladich, 1999).

In summary, there is no consistent evidence that hearing enhancement and sound

production coevolved in fishes. Thus, acoustic communication was not the main

driving factor in the evolution of the diversity in hearing (Ladich, 2000). Well-

known sound-producing groups such as toadfishes or gobies compensate their low

hearing sensitivities in two ways to facilitate communication—either by increasing

sound levels or by communicating over short distances. In fact, field measurements

by Lugli and Fine (2003) on courtship sound transmission in the freshwater goby

Padogobius bonelli (formerly P. martensii) showed that the communication

distances are less than half a meter. The low amplitude of goby sounds (90–120 dB

at 5–10 cm) are below the noise level at a location 50–60 cm from the source, even

under quiet conditions. Close-distance communication is widespread among all fish

taxa. Trichopsis vittata, for example, typically communicates at distances of

5–10 cm during aggressive and reproductive behavior (Ladich, 2007).
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5 Ontogenetic Diversity of Auditory Sensitivity

The diversity in hearing in fish becomes even more complicated when including

ontogenetic development. Several studies showed changes in hearing sensitivities

in the course of ontogenetic development. However, no uniform pattern has

emerged on what these changes look like or whether they occur at all.

Developmental changes vary considerably between species in both

non-otophysine and otophysine fishes. In perciforms, the largest fish order, four

out of approximately 150 families have been studied using different techniques.

Kenyon (1996) described the ontogenetic development in the bicolour damselfish

(Stegastes partitus, Pomacentridae) and found a large increase in sensitivity with

size. At 500 Hz, sensitivity increased from 130 dB re 1 μPa in 12–14 mm stages to

76 dB re 1 μPa in adults. The most sensitive frequency (500 Hz) and the detectable

frequency range did not change; hearing curves were flatter in the early stages and

V-shaped in adults. Such an increase of more than 50 dB within 100 days of

development is rare in fish. While Kenyon (1996) observed similar hearing

improvements (40 dB at 500 Hz) in the congeneric Stegastes variabilis, Egner
and Mann (2005) observed the opposite trend in the sergeant major damselfish

(Abudefduf saxatilis), another representative of this teleost family. The most sensi-

tive frequency was found to be 100 Hz and the sensitivity decreased with growth by

10–20 dB. The authors argued that this difference could be because Abudefduf
saxatilis is less vocal than Stegastes partitus and that different techniques were

utilized (heart rate conditioning vs. AEP technique). In the red seabream (Pagrus
major, family Sparidae), Iwashita et al. (1999) observed an improvement in sensi-

tivity at 100–200 Hz of about 20 dB but not at other frequencies. In Trichopsis
vittata (family Osphronemidae), Wysocki and Ladich (2001) found that the abso-

lute sensitivity improved by 14 dB in the high-frequency range (0.8–3 kHz) where

the main energies of croaking sounds were concentrated and that the most sensitive

frequency shifted from 2.5 kHz to 1.5 kHz (Fig. 11a). This shift corresponds with

the shift in the main energies of sounds.

In the round goby (Neogobius melanostomus, Gobiidae) and in the spotfin

butterflyfish (Chaetodon ocellatus, family Chaetodontidae) no differences in

hearing abilities between different size stages were found (Belanger et al., 2010;

Webb et al., 2012). Thus, within the teleost order Perciformes, hearing sensitivity

changes during ontogeny from an improvement by more than 50 dB in one

damselfish, to no change in a gobiid and a butterflyfish to a sensitivity decrease

of 10–20 dB in another damselfish species. Some of this difference may be due to

different measurement techniques, but accessory hearing structures may be the

main explanation. Some damselfish utilize their swim bladder for hearing and

gouramis use their suprabranchial chamber, whereas some gobiids lack swim

bladders.

In an ontogenetic study on marine fish larvae where only stages between 9 and

28 mm were investigated, Wright et al. (2011) found an improvement in auditory
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Fig. 11 Mean hearing threshold of different developmental stages of (a) the croaking gourami

(Trichopsis vittata), (b) the squeaker catfish Synodontis schoutedeni, and (c) the Lusitanian

toadfish (Halobatrachus didactylus). All thresholds were determined by the AEP technique

(Kenyon et al., 1998). Arrows indicate the most sensitive frequency of the smallest juveniles

and the largest stage (adults). In (a) the most sensitive frequency above 1 kHz is indicated in

the smallest juveniles, because the dominant frequency of croaking sounds is found above 1 kHz.

(a adapted after Wysocki & Ladich, 2001, with permission from Springer Science+Business

Media)
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sensitivity in four of five perciform species: the giant trevallyCaranx ignobilis (family

Carangidae), the orange spotted grouper Epinephelus coioides (family Serranidae),

the fourfinger threadfin Eleutheronema tetradactylum (family Polynemidae), and the

Australian bass Macquaria novemaculeata (family Percichthyidae) but not in the

brown marbled grouper Epinephelus fuscoguttatus (family Serranidae).

Among otophysines the ontogenetic development has been investigated in 3 out

of more than 40 families, namely in cyprinids and in two catfish families. Again,

results are contradictory, despite their common accessory hearing structures

(Weberian ossicles). Popper (1971) found no differences in hearing capabilities in

5 cm and 10 cm goldfish. Popper’s results can probably be explained by the fact that

the major improvements in hearing take place in stages smaller than 20 mm and that

his specimens were much larger. Nevertheless, that study showed that larger fish,

which have larger inner ear sensory maculae and thus more hair cells, do not

necessarily hear better. In the zebrafish Danio rerio (Cyprinidae), much earlier

stages have been investigated. Higgs et al. (2003) showed that the development of

Weberian ossicles affected the bandwidth of detectable frequencies rather than

absolute thresholds. The youngest D. rerio (10 mm total length) detected sounds

up to 200 Hz, while older D. rerio (40 mm total length) detected frequencies up to

4 kHz. In contrast, Lechner et al. (2010, 2011) found that hearing sensitivities

changed at all frequencies in both catfish species investigated. In the squeaker

catfish (Synodontis schoutedeni, family Mochokidae) and the African bullhead

catfish (Lophiobagrus cyclurus, family Bagridae), auditory sensitivities improved

at lower frequencies (0.05–1 kHz) but were worse at higher frequencies (4–6 kHz).

Except for the smallest stages of L. cyclurus, which detected frequencies up to

2–3 kHz, no change in the detectable frequency range was observed in catfishes

(Fig. 11b). In the later stages, sensitivity increased by about 40 dB, which raises the

question how such an improvement could be explained. Anatomical investigations

using μCT and other techniques revealed that Weberian ossicle (intercalarium) and

interossicular ligaments were not developed in the youngest group of L. cyclurus
(Lechner et al., 2011).

Besides perciforms and otophysines, ontogenetic development has been

investigated in two more nonrelated taxa—in two toadfish species (family

Batrachoididae) and one herring species (family Clupeidae). Toadfishes are lacking

hearing specializations, which seems to be reflected in small or no ontogenetic

changes at all. In Lusitanian toadfish (H. didactylus), hearing abilities change only

slightly during growth. The best hearing was below 300 Hz in all stages. Only the

smallest toadfish group revealed lower hearing sensitivity at the best frequency

(100 Hz). Moreover, at higher frequencies (i.e., 800 and 1000 Hz), younger fish

demonstrated either the absence of auditory response or lower sensitivity (Fig. 11c)

(Vasconcelos & Ladich, 2008).

Sisneros and Bass (2005) investigated the response properties of individual

primary auditory afferents in the plainfin midshipman (Porichthys notatus) and

showed that the best hearing range was between 60 and 200 Hz in small juveniles,

large juveniles, and adults. Similar to the Lusitanian toadfish, the most sensitive

frequencies did not change during ontogeny. The auditory sensitivity improved at
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the most sensitive frequency by approximately 10 dB from small to large juveniles,

but no difference was found between large juveniles and adults. Alderks and

Sisneros (2011) found only small differences in the maximum detectable fre-

quency, in that larger fish had a higher probability of detecting frequencies above

400 Hz. Higgs et al. (2004) investigated ultrasound detection in the American shad

(Alosa sapidissima) and found that the response to ultrasound apparently improved

during ontogeny. Fish smaller than 30 mm responded only to 90-kHz tones whereas

fish 30–100 mm in size responded to frequencies from 40 to 120 kHz. No significant

difference in thresholds was found.

In summary, hearing ability changes during ontogenetic development in almost

all fishes investigated. The ontogenetic change typically includes an improvement

in absolute sensitivity and sometimes an extension of the detectable frequency

range. Absolute sensitivity either increased slightly (toadfishes) or considerably

(Stegastes spp.) during ontogeny, or increased only at particular frequencies

(P. major) or not at all (A. sapidissima, N. melanostomus)—or even decreased

(A. saxatilis). An increase at lower frequencies and a decrease in sensitivity at

higher frequencies were documented in T. vittata, S. schoutedeni, and L. cyclurus.
An extension of the frequency range was observed in species lacking or possessing

specialization for hearing—inH. didactylus, P. notatus, A. sapidissima, L. cyclurus,
D. rerio—but the degree of extension varied considerably between taxa.

Differences between taxa in the course of the ontogeny of hearing could reflect

different developmental constraints (acoustic communication, accessory hearing

structures, inner ear anatomy), different developmental stages investigated or

different techniques used to measure auditory sensitivities or a combination of

these factors.

Several studies showed that juvenile fish of different size vocalize during

agonistic encounters (Henglmüller & Ladich, 1999; Wysocki & Ladich, 2001;

Vasconcelos & Ladich, 2008; Lechner et al., 2010). Sound characteristics change

during ontogenetic development. In general, sounds become louder and longer

and dominant frequencies decrease. Does the hearing sensitivity develop in

accordance with sound characteristics to facilitate acoustic communication in

early stages and can the diversity during ontogenetic development be explained

by the factor communication? In T. vittata, S. schoutedeni, and H. didactylus,
dominant frequencies of sounds decrease in parallel to the decrease in the most

sensitive frequencies; this is not the case in H. didactylus, where the most

sensitive frequency remains constant. This correspondence does not necessarily

explain the diversity during ontogenetic development. Comparisons between

audiograms and absolute sound spectra in T. vittata and H. didactylus within the

same-sized fish revealed that smaller juveniles would barely be able to detect

agonistic vocalizations owing to the low SPLs of vocalizations (Wysocki &

Ladich, 2001; Vasconcelos and Ladich, 2008; Lechner et al., 2010). Thus, acous-

tic communication is not facilitated during ontogenetic development and does not

explain the change in the diversity.
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6 Summary

Fishes of different taxa evolved a large diversity of hearing sensitivities as well as

changes during ontogenetic development. This diversity is linked mainly to

differences in the way the inner ear is connected to gas-filled cavities such as the

swim bladder. A close connection between both (ear and gas-filled cavity) results in

higher auditory sensitivity or an expansion of the detectable frequency range or in

both. Why do auditory sensitivities in fish differ so much? Hearing enhancements

might be related to the detection of vocalizations of conspecifics and facilitation of

acoustic communication. However, a comparison of hearing abilities in fish with

and without accessory hearing structures does not support this notion. Fish utilize

sounds for acoustic communication independently of their hearing abilities.

Ecoacoustical constraints are a more likely explanation for the diversity in hearing

sensitivities. Low ambient noise levels most likely facilitated the evolution of

accessory hearing structures, allowing fish to detect various abiotic and biotic

sound sources such as con- and heterospecifics, including predators and prey

items. Only few studies, however, measured hearing sensitivities in the presence

of ambient noise from the habitat of particular fish species and analyzed the

detectability of sounds crucial for survival. Many more studies are necessary to

get a clear picture as to why fish evolved such a diversity in hearing abilities. In

particular we need ambient noise measurements in habitats where closely related

species occur which differ widely in hearing sensitivities such as holocentrids,

catfishes, or cichlids. If the ecoacoustical constraints hypothesis is right then

habitats should differ in the ambient noise regime according to the fish’s hearing

sensitivities.

The second major question is linked to the latter one. If the fish ear is adapted to

the ambient noise then the question raises to which sound sources do fish listen to in

their natural environment? This is particularly interesting in species that do not

vocalize. What kind of sounds do predators, prey items, con- and heterospecifics or

even abiotic noise sources emit? At which distances do fish detect these sound

sources and how do they react? Answering these questions calls for many more

sound recordings in the immediate vicinity of fish and for analysis and subsequently

playbacks of these sounds, particularly in the field. Currently, we still do not know

what well-known nonvocal fish such as carps are actually listening to in the field.
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Poggendorf, D. (1952). Die absolute Hörschwelle des Zwergwelses (Amiurus nebulosus) und
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