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Abstract Playback experiments have been a useful tool

for studying the function of sounds and the relevance of

different sound characteristics in signal recognition in

many different species of vertebrates. However, successful

playback experiments in sound-producing fish remain rare,

and few studies have investigated the role of particular

sound features in the encoding of information. In this

study, we set-up an apparatus in order to test the relevance

of acoustic signals in males of the cichlid Metriaclima

zebra. We found that territorial males responded more to

playbacks by increasing their territorial activity and

approaching the loudspeaker during and after playbacks. If

sounds are used to indicate the presence of a competitor,

we modified two sound characteristics, that is, the pulse

period and the number of pulses, in order to investigate

whether the observed behavioural response was modulated

by the temporal structure of sounds recorded during

aggressive interactions. Modified sounds yielded little or

no effect on the behavioural response they elicited in ter-

ritorial males, suggesting a high tolerance for variations in

pulse period and number of pulses. The biological function

of sounds in M. zebra and the lack of responsiveness to our

temporal modifications are discussed.

Keywords Acoustic communication � Aggressive

sounds � Fish � Playback experiments � Temporal features

Introduction

Several fish species are known to emit sounds in different

social contexts, in particular during agonistic interactions

and courtship (Ladich and Myrberg 2006; Myrberg and

Lugli 2006). These sounds demonstrate a large inter- and

intra-specific diversity, and one particular interest has been

to study the potential function of these acoustic signals in

communication (Amorim 2006). In cichlids, inter-specific

differences found among closely related species emphasize

the important role acoustic signals may have played in the

spectacular rate of speciation witnessed in this group

(Verzijden et al. 2010). Amorim et al. (2004, 2008) showed

that courtship calls of five closely related species of cich-

lids differed in some temporal features, that is, number of

pulses, pulse period and duration, and in peak frequency.

Thus, acoustic signals could play a role in species

recognition.

Previous studies also suggest that sounds of fish include

individual characteristics that can enable sender recogni-

tion and assessment at the intra-specific level (Amorim

et al. 2010). One of the most widespread differences is an

inverse relationship between the frequency of sound and

the size of the emitter (e.g. Ladich et al. 1992; Crawford

et al. 1997; De Jong et al. 2007; Amorim et al. 2008;
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Colleye et al. 2009; Bertucci et al. 2012). Since bigger

individuals are usually dominant and territorial, sound

characteristics may be used by a receiver to assess the size

of a potential rival. For example, beside the fact that sounds

increased the chance of winning a fight in croaking gou-

ramis (Trichopsis vittata) (Ladich et al. 1992), some size-

related acoustic features may predict the outcome of a

fight, that is, winners produce sounds with a lower domi-

nant frequency and a higher sound pressure level (Ladich

1998). Acoustic signals could therefore encode social sta-

tus and/or motivation. Moreover, in some species, sounds

also show individual characteristics. Most examples come

from Batrachoidids in which several studies have reported

individuality of male courtship calls (e.g. Edds-Walton

et al. 2002; Amorim and Vasconcelos 2008) and in male

aggressive sounds (e.g. Thorson and Fine 2002).

If sounds seem to carry a wide range of information

from the specific to the individual level, we can then ask

whether sounds have context-specific characteristics. In

birds and mammals, sounds of aggressive interactions are

usually low in frequency and short, whereas courtship or

affiliative sounds are purer and of higher frequency

(Morton 1977). These differences seem to exist in fish. In

the midshipman (Porichthys notatus), male advertisement

calls directed to females are long and tonal while aggres-

sive sounds are short and broadband (Bass and McKibben

2003). More recently, Parmentier et al. (2010) described

the acoustic repertoire of a damselfish (Dacyllus flavicau-

dus). Sounds could be classified in three categories, that is,

fighting sounds, mating sounds and chasing sounds. Dif-

ferences between signals were found in the number of

pulses, the pulse period and their relative intensities. For

example, sounds associated with aggressive behaviours had

a smaller number of pulses than courtship sounds. In

cichlids, several studies have reported context-related dif-

ferences. In Oreochromis mossambicus, pulse period and

number of pulses of the male courtship sounds are signif-

icantly different depending on the behaviours they are

associated with (Amorim et al. 2003). The structure of

these sounds is also affected by recent social experience of

males as winners produced more sounds with longer pulses

and lower peak frequencies than losers (Amorim and

Almada 2005).

One way of studying the function of sounds and the

relevance of different sound characteristics in signal rec-

ognition is to use playback experiments. Whereas play-

backs have been widely used in many vertebrates

(McGregor 1992), only a small number of such experi-

ments have been performed in vocal fish. One possible

limitation to the use of this technique would be the ability

of current loudspeakers to accurately broadcast sounds with

low frequencies (Ladich and Myrberg 2006). However,

early experiments showed that the responsiveness to

conspecific sounds was higher than to heterospecific

sounds (e.g. Delco 1960; Myrberg and Spires 1972). In

damselfishes, in the oyster toadfish and in gobies, playback

experiments have revealed that male sounds attract females

and may provoke courtship displays in neighbours (Winn

1967, 1972; Gerald 1971; Ibara et al. 1983; Lugli et al.

1996; Rollo and Higgs 2008). In damselfish, a series of

experiments have shown that the higher response to con-

specific sounds depends on the number of pulses and pulse

rate of ‘chirps’ (Myrberg et al. 1978; Spanier 1979).

Moreover, playbacks of large male are more attractive than

playbacks of small males (Myrberg et al. 1986; McKibben

and Bass 1998) and may play a role in male–male inter-

action as a ‘nesting male present’ signal (McKibben and

Bass 1998). In a subsequent study, McKibben and Bass

(2001) were interested in the temporal pattern of sounds

emitted by male P. notatus and used playbacks in choice

test experiments in which sounds were altered in terms of

pulse duration, the gap between pulses and beat of sounds.

Playbacks to gravid females revealed that longer pulses and

greater pulse-to-gap ratios resulted in more attractive sig-

nals and that pure tones were more attractive than beats.

Overall, these playback experiments show that temporal

pattern of sounds seems to be important in fish acoustic

communication.

In cichlids, Verzijden et al. (2010) showed that female

Pundamilia nyererei prefer conspecific males associated

with playbacks of courtship sounds, and sounds emitted

during aggressive interactions reduce the level of aggres-

siveness witnessed during a fight between males of the

Malawian cichlid Metriaclima zebra (Bertucci et al. 2010).

However, Bertucci et al. (2010) found no behavioural

response to playbacks of sounds when they were not

associated with other (visual) stimuli. The same result was

found in male gobies exposed to aggressive sounds (Lugli

1997). Given this tight interaction of acoustic cues with

other modalities in fish (Lugli 1997; Lugli et al. 2004;

Ladich and Myrberg 2006), the results of previous exper-

iments may be confusing. Furthermore, playback experi-

ments focusing on the role of sounds at the intra-specific

level remain rare (Stout 1963; Schwarz 1974; Rigley and

Muir 1979). Hence, no study comparable to McKibben and

Bass (2001) has been performed to investigate the role of,

for example, temporal structure of sounds in cichlids.

Metriaclima (formerly Pseudotropheus) zebra is a rock-

dwelling cichlid from Lake Malawi. Males produce sounds

while defending territories against other males and while

courting females (Amorim et al. 2004; Simões et al. 2008).

During agonistic postures like quivering or lateral displays,

males produce low-frequency sounds consisting in a train

of short pulses. Simões et al. (2008) highlighted differences

between sounds produced by males and females and dif-

ferences in characteristics of males’ sounds emitted during
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agonistic interactions and courtship, as agonistic sounds

were longer in duration and pulse period than courtship

sounds.

In this study, we attempt to set-up an apparatus allowing

us to elicit a behavioural response to acoustic playback,

with no other associated stimuli, in male cichlid M. zebra.

In order to test whether the observed behavioural response

of males could be modulated, we then tested the relevance

of acoustic cues by modifying two temporal characteristics

that could be good candidates for encoding information,

that is, the number of pulses and the sound duration, and

broadcasting these modified stimuli to territorial males. We

aimed to determine the possible function of temporal var-

iability of sounds in coding aggressiveness in this species.

Materials and methods

Fish

Metriaclima zebra were purchased from N’Guyen Inter-

national (Kingersheim, France) and stored for 2 months on

a 12-h light/dark cycle, in mixed sex groups, in holding

tanks (60 9 120 9 50 cm) containing 8–10 individuals

with a male/female sex ratio of 1:2. They were 4-years old

and sexually mature at the time of the experiment. Each

tank was equipped with an external filter (Rena Filstar xP3,

Rena France, Annecy, France), an aeration device, sand

substrate, terracotta pots and bricks as shelters. The tem-

perature was maintained at 25 ± 2 �C by an internal heater

(RenaCal 200, Rena France, Annecy, France) and the pH

remained at 8.0. Fish were fed daily with commercial

cichlid food (JBL NovoRift, JBL GmbH & Co. KG,

Neuhofen, Germany). Once a week, this diet was com-

plemented with a frozen mixture of mussels, shrimps and

spinach.

Twelve male individuals were involved in the experi-

ments (mean ± SE total length—from the tip of the head

to the tip of the caudal fin—of 137.08 ± 4.47 mm, stan-

dard length—from the tip of the head to the caudal

peduncle—of 112.17 ± 5.48 mm, and a weight of

34.30 ± 1.66 g). The fish were identified by the number

and the position of egg-spots on their anal fin, any marks on

their body, in combination with VIE tags (Visible Implant

Elastomer, Northwest Marine Technology, Shaw Island,

WA, USA) implanted under the skin.

Experimental set-up

The experiment was conducted in an aquarium (60 9

30 9 30 cm) placed on a vibration-insulated shelf and

located in an acoustically insulated room to reduce back-

ground noise. Additionally, three walls of the aquarium

were covered with bubble wrap in order to reduce sound

reverberation within the aquarium. The experimental tank

contained a filter, an aeration device, an internal heater, a

sand substrate and a terracotta pot in the middle in order to

provide a shelter for the fish. During the experimental

sessions, the filter and the aeration device were switched

off to allow recordings of fish sound. On one side of the

aquarium, we placed an underwater loudspeaker (Univer-

sity sound, Electrovoice, UW–30) (Fig. 1) connected to an

amplifier (Denon PMA–100 M) and a Marantz PMD670

solid-state recorder.

A video camera (BUL520, Active Media Concept,

Vallauris, France) was placed in front of the apparatus in

order to record behaviour during trials. To record acoustic

signals, a hydrophone (Aquarian Audio Products H2a-

XLR, sensitivity: -180 dB re 1 V/lPa, flat frequency

response: ±4 dB in the range 20–4.5 kHz) was placed in

the centre of the aquarium, that is, above the shelter. The

hydrophone was connected to a preamplifier (Yamaha

MLA8, Yamaha Music France, Marne-la-Vallée, France)

and a video capture card (Osprey-450e) of a PC, which

synchronized audio and video signals.

In order to broadcast sounds at a ‘natural’ level, we

placed the loudspeaker at a distance from the hydrophone

corresponding to the distance at which the sounds were

originally recorded. We then adjusted the intensity of

playbacks to get the same level of recording. We confirmed

that this apparatus did not alter played back sounds in a

previous experiment (Bertucci et al. 2010) by comparing

two features of the sound, that is, mean frequency and

pulse period: these sound features did not differ before and

after a playback (see Online Resource 1 for results of the

comparison tests and a figure showing oscillograms of a

H

Ls

S

PB

Fig. 1 Schematic representation of the experimental set-up (not to

scale). H hydrophone, Ls loudspeaker, PB playback, S shelter. Grey

dashed line represents the middle of the aquarium
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recorded sound and of the same sound after transmission

through the broadcasting apparatus).

Sounds to be used as acoustic stimuli were obtained

from recordings made in our laboratory. Two unfamiliar

size-matched males were introduced into adjacent tanks,

separated by opaque partitions and were given 24 h to

acclimatize and become territorial. A hydrophone was

placed in each tank, between the shelter and the walls

separating the aquaria, that is, where individuals would

spend most of their time displaying; details of the hydro-

phone and its connections were as same as for the

recording of the stimulus sounds. At the start of a recording

session, the opaque partition was removed, allowing the

two fish to interact visually for 20 min before the partition

was replaced. We performed a maximum of three recording

sessions per male to collect a sufficient number of sounds.

We only considered sounds consisting of more than two

pulses and recorded within a distance of 1–2 body lengths

from hydrophones. Sounds recorded from four individuals

with a mean ± SE total length of 115.00 ± 7.99 mm, a

standard length of 98.00 ± 6.38 mm and a weight of

25.20 ± 4.25 g were used and digitized at 44.1 kHz (16-bit

resolution). None of the recorded fish were involved in the

present experiment, and none of the fish tested had expe-

rience with any of the individuals from which the sounds

were recorded.

Analysis of behavioural responses

Behavioural data were collected from the videos recorded

during the trials. For each period in the two sessions

(intruder and resident), we quantified the number of

aggressive behaviours performed, that is, lateral display,

quiver, sound production and bite attempts, using the

behavioural transcription software EthoLog 2.2.5 (Ottoni

1995–1999). We also quantified behaviours defining space

occupancy, that is, time spent swimming (s) in the zone of

the loudspeaker, which was one half of the aquarium,

number of territory maintenance behaviours (when the fish

was moving–digging—sand within the aquarium while

becoming territorial, for example Oliveira and Almada

1996; Simões et al. 2008), number of times that the tested

fish visited the shelter and number of times it went close

(less than one body length) to the loudspeaker.

We analysed the number of lateral displays, quivers,

sounds produced, bite attempts, the number of territory

maintenance acts, visits to the shelter, number of positions

close to the loudspeaker and time spent in the zone of the

loudspeaker by means of either a repeated measures anal-

ysis of variance when the data were normally distributed or

a Friedman analysis of variance if this was not the case.

The analysis was performed using STATISTICA 6.0

(Statsoft Inc 2004).

Control experiment: how do male M. zebra respond

to playback of conspecific sounds?

The first step of our study was to set-up an efficient play-

back apparatus that would allow us to study the behav-

ioural response of M. zebra to played back signals. As we

were also interested in the effect of social status on the

behavioural response to playback, each fish was tested in

the experimental tank in two successive playback sessions,

separated by 24 h of rest. This apparatus allows testing fish

in two different social conditions. During the first session,

the fish was considered as an intruder, whereas it was

considered as resident during the second session.

The test fish was introduced to the experimental set-up

and was given 10–15 min to acclimatize. The first session

was then divided into three periods of 10 min. During the

first 10 min, no sounds were played back (pre-playback

control). At the end of this first period, we started to play

back aggressive sounds to the subject every time it entered

in the half of the aquarium containing the loudspeaker

(playback period, see Fig. 1). The fish then received no

playback for 10 min, until the end of the first session (post-

playback period). We then switched the electric devices

back on—filter and aeration—and left the fish in the tank

for 24 h, so that they could become resident. During the

second session, we repeated the procedure with the 10 min

pre-playback, 10 min playback and 10 min post-playback

periods playing back the same sounds as the day before. At

the end of the trial, the fish was returned to its home tank

and 2/3 of the water in the test aquarium were renewed and

allowed to stand for 24 h before the introduction of a new

fish.

Experiment with modified signals: do modifications

of sound temporal pattern alter the behavioural

response to playbacks?

In a second step, we wanted to test whether modifications

of a sound’s temporal pattern could elicit differential

behavioural responses in the tested fish. Sounds of M. zebra

consist of trains of a variable number of short and low-

frequency pulses. Male sounds show a range of variation in

the period of pulses from 40 to 180 ms and sound duration

varies from 250 ms to 1 s with 5–15 pulses per sound

(Simões et al. 2008; Bertucci et al. 2012). We altered

temporal features of these sounds using the PRAAT soft-

ware version 5.0.35 (Boersma and Weenink 1992–2008)

(Fig. 2). To test the significance of the pulse period, we

built sounds for which we retained the number of pulses of

the original sounds (Fig. 2a), but modified pulse period

corresponding either to twice the maximum peak-to-peak

distance observed for each individual (PP Max, Fig. 2b) or

to half the minimum peak-to-peak distance (PP Min,
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Fig. 2c). These two modifications, respectively, resulted in

a series of slow sounds and fast sounds. To test the sig-

nificance of the number of pulses, we built sounds with no

alteration of the pulse period but we either deleted the

second half of the original sounds (half pulses, Fig. 2d) or

pasted a copy of the original sound at its end (double

pulses, Fig. 2e). For the latter modification, the two parts

were separated by the mean peak-to-peak interval of the

original sounds. These two modifications, respectively,

resulted in a series of short sounds and long sounds.

Prior to the experiment, fish were put into the aquarium

for 24 h to let them become resident. Resident fish were

then tested with playbacks of modified sounds following

the same procedure as previously described for the control

experiment. We used a repeated measures design with five

different treatments corresponding to the five categories of

sounds that we created, that is, normal sounds, PP Max, PP

Min, Double pulses and Half pulses. We tested two fish a

day for six consecutive days over a period of 5 weeks.

Each individual thus received a new treatment every 7 days

in a balanced order to avoid order effects. Since we

broadcast sounds when a fish was located in the half part of

the aquarium containing the loudspeaker, the number of

playbacks received by each individual depended on its

motivation to approach the loudspeaker, which explains

why the number of stimulations varied between individuals

and treatments (Table 1).

Results

How do male M. zebra respond to playback

of conspecific sounds?

Numbers of aggressive displays (lateral displays, quivers

and sounds) were too low to be analysed.

We found significant differences in the number of ter-

ritory maintenance behaviours (Friedman ANOVA,

n = 12, F4,44 = 39.59, P \ 10-3) with no difference in

intruders and a significant increase of this number in
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Fig. 2 Temporal modifications of male M. zebra sounds recorded

during aggressive interactions. a Oscillogram of an unmodified

control sound. b Oscillogram of the same sound with an increased

pulse period (PP), resulting in a slow sound (PP Max). c Oscillogram

of a sound with a decreased pulse period, resulting in a fast sound

(PP Min). d Oscillogram of a sound with only the first half of pulses

resulting in a short sound (half pulses). e Oscillogram of a sound with

a double number of pulses, resulting in a long sound (double pulses).

Oscillograms are shown to scale
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residents during the playback and after the playback as

revealed by a Fisher’s least significant difference (LSD)

post hoc test (Fig. 3a). Residents visited significantly less

the shelter than intruders after the playback (Friedman

ANOVA, n = 12, F4,44 = 16.31, P = 0.006) (Fig. 3b).

Residents came close to the loudspeaker significantly more

often after the playback than intruders during the same

period (Friedman ANOVA, n = 12, F4,44 = 16.26, P =

0.006, followed by a Fisher’s LSD post hoc test) (Fig. 3c).

We also found that residents tended to spend more time

in the zone of the loudspeaker than intruders after the

playback (Friedman ANOVA, n = 12, F4,44 = 10.58,

P = 0.06).

In summary, playback of conspecific sounds does not

alter the behaviour of fish that have just entered the

experimental set-up (intruders), whereas it elicits a terri-

torial response by fish that have been present for 24 h

(residents). This territorial response is well characterized

by territory maintenance behaviour.

Do modifications of the temporal pattern of sounds alter

the response?

For the territory maintenance activity, we found a signifi-

cant effect of temporal modifications in the post-playback

period (Repeated measures ANOVA, n = 11, F4,40 =

3.15, P = 0.02), with a higher number of territory main-

tenance acts in response to sounds with a high pulse period

(PP Max) compared to other modifications as revealed by a

Fisher’ LSD post hoc test. However, none of the treatments

differed from the control playback (Table 2; Fig. 4).

We found no differences between modifications for

the number of visits in the shelter (repeated measures

ANOVA, n = 11, F4,40 = 0.96, P = 0.44), the number of

positions close to the loudspeaker (repeated measures

ANOVA, n = 11, F4,40 = 0.79, P = 0.54) or the time

spent in the zone of the loudspeaker (s) (Repeated mea-

sures ANOVA, n = 11, F4,40 = 1.12, P = 0.36) (Table 2).

Discussion

This study used playbacks of sounds produced by males

during agonistic interactions in order to investigate the role

of these signals in M. zebra. Playbacks have been suc-

cessfully applied when investigating the biological func-

tion of advertisement sounds of insects, frogs, birds or

mammals (McGregor 1992). In comparison, however, most

of the studies using playback experiments in fishes have

been unsuccessful, leading to confusing results. Such

studies therefore remain rare. One explanation comes from

the close-range feature of fish sounds and the requirement

of additional stimuli to elicit a behavioural response (Stout

1963; Schwarz 1974; Rigley and Muir 1979; Ladich 1997;

Bertucci et al. 2010).

Control experiment: only resident males respond

to acoustic playbacks

We showed in the first part of this experiment that acoustic

playbacks of sounds could trigger a behavioural response in

residents, with an increased number of maintenance acts

(or digging) during and after the playback periods. Sub-

strate plays an important social role in cichlids especially

during the breeding season, when males build nests, that is,

a depression in the substrate, representing their territory in

which females spawn (Oliveira and Almada 1996; Gal-

hardo et al. 2008, 2009). Hence, our results suggest that

Table 1 Number and mean values of playbacks received by each individual in the five different treatments

Intruder Resident Mean

Normal PP

Max

PP

Min

Double

pulses

Half

pulses

Mean Normal PP

Max

PP

Min

Double

pulses

Half

pulses

Mean

1 40 20 32 30 24 29.20 32 24 23 21 27 25.40 27.30

2 12 14 28 7 25 17.20 29 24 27 17 29 25.20 21.20

4 14 27 14 18 26 19.80 13 21 21 25 25 21.00 20.40

5 30 28 18 17 3 19.20 23 23 11 13 44 22.80 21.00

6 6 6 10 21 11 10.80 28 19 19 16 31 22.60 16.70

7 9 4 13 16 16 11.60 22 5 10 7 13 11.40 11.50

8 24 21 15 21 24 21.00 5 21 17 13 5 12.20 16.60

9 25 19 23 21 20 21.60 21 19 16 22 14 18.40 20.00

10 22 20 18 19 25 20.80 17 16 17 22 19 18.20 19.50

11 22 23 18 20 22 21.00 14 22 12 22 21 18.20 19.60

12 16 14 19 21 22 18.40 19 14 13 13 16 15.00 16.70

Mean 20.00 17.82 18.91 19.18 19.82 20.27 18.91 16.91 17.36 22.18 19.14
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aggressive sounds are relevant to a resident (territorial)

male and lead him to defend or at least advertise his ter-

ritory against a potential competitor. While the increased

number of territory maintenance behaviours may also be

due to the fact that fish became habituated to the experi-

mental tank and start exhibit some behaviours, the
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Fig. 3 Behavioural responses

to playback of intruders and

residents, during the three
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Pre-PB:10 min before playback,

PB: playback period (duration:

10 min; sound played back each

time the fish approached the
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after playback. a Number of

territory maintenance

behaviours, b number of visits
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distributions. Different letters

indicate significant differences

(P \ 0.05, Fisher post hoc test)
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occurrence of this response during and after the playbacks

clearly indicates that sounds are the source of this reaction.

Aggressive sounds might then play the role of a ‘territorial

male present’ signal in resident individuals, similar to the

‘nesting male present’ signal proposed by McKibben and

Bass (1998) in the midshipman. At the same time, males

reduced their visits in their shelter and came more often

close to the loudspeaker. Such phonotaxic responding is

comparable to that found in previous experiments con-

ducted in fishes (e.g. Myrberg and Spires 1972; Winn 1972;

Ibara et al. 1983). Thus, besides attracting mates or being

used during fights (Simões et al. 2008), acoustic signals of

cichlids may be used by territorial males to detect potential

rivals interacting with conspecifics in their vicinity.

This response is robust against modifications

of the temporal pattern of sounds

In contrast to previous findings that the number of pulses

and pulse rate were important sound characteristics in

attracting a mate or neighbour’s attention and for species

discrimination in damselfishes (Myrberg et al. 1978; Ibara

et al. 1983; Amorim 2006), most of the modifications of

temporal features here had little or no effect on the

behaviour of resident male M. zebra. Only a massive

increase in the pulse period (PP Max signal) resulted in a

stronger behavioural response implying a bigger threat in

the receiver. A longer pulse period is generally associated

with agonistic interactions in M. zebra (Simões et al. 2008)

and with larger males (Bertucci et al. 2012) and might thus

promote the observed reaction.

If the total sound duration was responsible for the

observed response to playbacks, we would have expected

the double pulse signal to show the same or a greater effectT
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Fig. 4 Behavioural response (number of territory maintenance

behaviours) elicited by sounds with modified time pattern. Fish are

tested when resident (i.e. after 24 h in the aquarium, see text for

details). Pre-PB: 10 min before playback, PB: playback period

(duration: 10 min; sound played back each time the fish approached

the loudspeaker, Post-PB: 10 min after playback. Different letters

indicate significant differences (P \ 0.05, Fisher post hoc test)
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as PPmax sounds on the number of territory maintenance

behaviours. This was not the case, which suggests that the

increased pulse period, not the total sound duration, may be

the cause of the increased territorial activity induced by the

PP Max signal. Increasing the sound duration by playing

the same sound twice successively not only creates a

twofold longer sound, but also alters the sound envelope.

Indeed, most cichlid sounds start with pulses of low

amplitude; pulse amplitude then increases and declines at

the end (e.g. Lobel 2001; Amorim et al. 2008). Repetition

of the same sound twice may affect the dynamic pattern of

pulses. Pulse amplitude would therefore be a good candi-

date parameter to be modified in further playback

experiments.

Apart from the PPMax modification, and in relation to

the previous point, playbacks of only the first half of

sounds provided the same results as fast sounds (PPMin)

and long sounds (Double pulses), with a decreased number

of territory maintenance behaviours. This decrease was not

significantly different from the control, but it suggests that

during the first half of a sound (which usually corresponds

to an increase in pulse amplitude), a fast sound or a long

sound do not provide the same amount or quality of

information regarding territorial behaviour as unmodified

sounds. The question whether information is carried by the

entire sound or in other (decreasing) parts of the sound thus

deserves more investigation.

Only two temporal acoustic features were considered

here, and we cannot exclude the possibility that the key

characteristics of our stimuli were preserved despite our

drastic modifications and that other cues might also be

involved in the encoding process affecting, in particular,

the phonotaxic response. Sound pressure level and domi-

nant frequency of sounds may play an especially important

role in conspecifics’ assessment (Myrberg et al. 1986;

Ladich 1998; McKibben and Bass 1998) and deserve fur-

ther investigations. On present data, the system seems to be

able to sustain and tolerate a wide range of variations in

term of pulse period and sound duration before the

behavioural response of receivers is altered.

The association of the territorial and the phonotaxic

response found in the control experiment validates the

efficiency and reliability of our results and represents one

of the first convincing playback experiments conducted in a

cichlid fish. We also provide good evidence of the

important role of acoustic communication at the intra-

specific level in M. zebra.

There is a major gap in the fish literature compared to

insects and anurans in particular. While our drastic modi-

fications may have resulted in some supernormal stimuli,

that is, very slow signals or unnatural stimuli, that is, with a

modified amplitude envelope, the results of the second part

of our study have to be considered as a first attempt at

deciphering the encoding mechanisms of this fish.

Numerous studies have shown that fish auditory system is

well suited for temporal processing (e.g. Suzuki et al. 2002;

Wysocki and Ladich 2003; Vasconcelos et al. 2011).

However, to our knowledge, no neurophysiological studies

have been performed to know how pulse interval and other

temporal features are represented in the auditory system of

this species. Further playback experiments focusing on

other acoustic cues like frequency, amplitude of pulses or

spectral properties of sounds, in association with neuro-

physiological experiments, will be necessary to understand

more thoroughly information processing in fish acoustic

communication.
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