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Abstract

Sound production and hearing sensitivity of ectothe animals are affected by the ambient
temperature. The present study investigates theeimée of temperature on sound
characteristics and the hearing ability in the rogotal Lined Raphael catfidPlatydoras
armatulus. Doradid catfishes produce stridulation soundsutaping the pectoral spines in the
shoulder girdle and drumming sounds by an elaptiog mechanism which vibrates the
swimbladder. Fish were acclimated for at leastehveeks to 22°, then to 30° and again to
22° C. Sounds were recorded in distress situatigren fish were hand-held. The stridulation
sounds became shorter at the higher temperatusrgag the pulse number, the minimum
and maximum pulse period, the sound pressure sktdominant frequency did not change
with temperature. On the other hand, the fundanhé&etguency increased and the mean pulse
period of drumming sounds decreased at the higimepérature in drumming sounds. Using
the auditory evoked potential (AEP) recording tegha, the hearing thresholds of eight
specimens were tested at six different frequerfoes 0.1 to 4 kHz. The temporal resolution
was determined by analyzing the minimum resolvahtk period (0.3 - 5 ms). Auditory
sensitivity increased from 0.5 to 4 kHz with risitggnperature, whereas temporal resolution
in response to double-clicks did not change withgerature. Latencies of AEPSs in response
to single clicks decreased in three out of foulkgest higher temperature.

These data indicate that hearing sensitivity ineesavith temperature at higher
frequencies. Constraints imposed on hearing seitgitit different temperatures cannot be
compensated even by longer acclimation periodsoisd characteristics also change with
temperature, it is suggested that the ambient teatyre directly affects acoustic orientation

and communication in the neotropical catfiskarmatulus.

Keywords: Catfish; Hearing; Sound production; Thermal Actltion; Auditory Evoked

Potentials; Temporal Resolution; Latency



1. Introduction

Ectothermic animals are dependent on environméetati sources and control their body
temperature through external means. Compared totleenic animals, they maintain
relatively low metabolic rates. In general, theexpef all metabolic processes is influenced
by the body temperature which depends on the armntaeperature (Cossins et al., 1977;
Salem and Omura, 1998; Navarro et al., 2002; Asderst al., 2003; Itoi et al., 2003).
Therefore, ambient temperature affects variousiplogical processes such as neuronal and
muscular activities including all sensory systemsdgtothermic animals (Siegmund and
Vogel, 1977; Johansen, 1984; Ratnasabapathi €198I2; Domingues et al., 2002; Jones et
al., 2008; Bellgraph et al., 2010).

In temperate climates fish have to deal with proroaa seasonal and diurnal
fluctuations in water temperature. Fish either cajfib temperature fluctuations or they
migrate. Thus, the thermal tolerance range ofdtcies differs to some degree. Certain
physical constraints cannot be compensated for ewem animals are acclimated (Bennet,
1985; Wysocki et al., 2009) suggesting that therste an optimum temperature range.

Fish have evolved the largest diversity of souraipcing mechanisms among
vertebrates and sounds are emitted in numerousxisne.g. disturbance situations, during
courtship, competitive feeding, territorial encanst(for reviews see Ladich and Myrberg,
2006; Ladich and Fine, 2006; Kasumyan, 2008). Regmtatives of some catfish families
possess two different sound producing mechanismadi¢h, 1997; Fine and Ladich, 2003).
High-frequency stridulation sounds are emitted whessing ridges of the dorsal process of
the pectoral spine against the groove of the pakgmdle while abducting or adducting
pectoral spines (Tavolga, 1960; Pfeiffer and Eisegh1965; Fine et al., 1997; Kaatz et al.,
2010; Parmentier et al., 2010). On the other haibdations of the swimbladder by sonic
muscles result in the emission of low-frequencyntiming sounds (Ladich, 1997; Ladich und

Bass, 2003; Ladich and Fine, 2006). In the fanilloradidae a thin round bony plate termed
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elastic spring (‘Springfeder’; Muller, 1842) vibestthe swimbladder. The elastic spring is
rapidly pulled forward during contractions of somascles which originate at the occipital
bone and insert at the elastic spring (Ladich, 26@ie and Ladich, 2003).

Effects of temperature have not been studied idwation sounds so far, but in low-
frequency sounds such as drumming sounds. In dettexaound duration and the
fundamental frequency increased with rising ambiemiperature, whereas the pulse period
decreased (Torricelli et al., 1990; Lugli et ab986; Connaughton et al., 2000; Amorim, 2005;
Maruska and Mensinger, 2009). The fundamental #rqy increased due to the higher
contraction rate of the drumming muscle at higkergerature. Similarly, the duration and
fundamental frequency of boatwhistles increasetien_usitanian toadfishjalobatrachus
didactylus (Amorim et al., 2006). Amorim (2005) found thabastic features of knock and
grunts of grey gurnardsutrigla gurnardus were temperature-dependent (pulse periods
decreased with rising temperature). The c&atjus callarias, emitted more sounds at higher
temperatures (Brawn, 1960).

Fish depend on hearing for analyzing the acoustae, for orientation, prey and
predator detection and for intraspecific commumicaf{Fay and Popper, 2000; Ladich and
Popper, 2004; Fay, 2009). Ambient temperature tffieearing in invertebrates and
ectothermic vertebrates. Effects on hearing haea legamined in insects (Fonseca and
Correia, 2007; Franz and Ronacher, 2002; OIdfied®8), amphibians (Egert and Lewis,
1995; Long et al., 1996; Van Dijk et al., 1997) aaptiles (Eatock and Manley, 1981,
Smolders and Klinke, 1984). In general, raisingtdmperature resulted in an increase of the
most sensitive (best) frequency as well as of Hsolaite sensitivity (Hubl et al., 1977,
Wallkowiak, 1980). The number of action potentialsreased and the temporal tuning of
auditory neurons shifted to higher rates of amgétmodulation (Brenowitz et al., 1985).
Similar results have been found in the tuning efdladitory system in cicadas and locusts

(Oldfield, 1988; Fonseca and Correia, 2007).
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In fish, only a few studies investigated the efeafttemperature changes. Dudok van
Heel (1956) found that the European minn&hoxinus phoxinus, is able to discriminate
between higher frequencies at higher ambient teatye. In goldfishCarassius auratus,
warming increased the spontaneous activity and\dagnsf auditory neurons, the best
frequency at a given signal level and the resp@m&ss to an acoustic stimulus (Fay and
Ream, 1992). The walleye pollocKeragra chalcogramma, showed a reduction in auditory
sensitivity at lower ambient temperature within reo(Mann et al., 2009). Wysocki et al.
(2009) showed that the eurytherm channel catfighlurus punctatus, and the stenotherm
tropical catfishPimelodus pictus, exhibited higher hearing sensitivity at highenperatures,
especially at the highest frequency tested. Diffees between temperatures were more
pronounced in the eurytherm catfish species.

Sound characteristics are important for codingrmiation in agonistic and
reproductive contexts (conflict resolution, disgreguations, courtship, establishment of
territories). Fish often produce series of shooiabikband pulses as in stridulation sounds of
catfishes and gouramis (Ladich et al., 1992; Ladl&®7) with distinct temporal patterns and
variabel interpulse intervals (Myrberg et al., 19Z&dich et al., 1992). Severals studies have
suggested that temporal patterns are importanecaof information in fish (Myrberg et al.,
1978; Wysocki and Ladich, 2002). Wysocki and Lad2002) showed that the auditory
system of the catfistiRlatydoras armatulus (formerly P. costatus), and the croaking gourami,
Trichopsis vittata, were able to process each pulse within a striiduaound.

The aims of the present study were to investifaeeffects of temperature (1) on
sound production and on sound characteristicgr{Zhe absolute auditory sensitivity and (3)
on the ability to resolve temporal patterns of stsuim the Lined Raphael catfish.

The neotropical catfisiR. armatulus (Piorski, 1999), was chosen because this group
produces two different sound types (swimbladder@exoral stridulatory sounds) and

because it possesses accessory hearing strudideegijan apparatus). Groups with
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accessory hearing structures which couple airefilavities acoustically to the inner ear are
most likely affected by temperature changes (Wysetkl., 2009)Platydoras armatulus
occurs in the Amazonian river system am#énown to emit both types of sounds in distress
situations (Ladich, 1997). This is the first studyestigating the effects of temperature on

vocalization, hearing and acoustic communicatioa fish species.

2. Materials and Methods

2.1. Animals

Lined Raphael catfish were kept in a community télrillO x 55 x 30 cm, 25+ 1 °C) and a
total of 8 adult specimens Bf armatulus was used in the present study. They were obtained
from a local pet supplier. Four fish each wereadtrced into two experimental tanks (70 x 40
x 30 cm) which were equipped with half flower patgl the ground was covered with sand.
The water was filtered by external filters and al2zhour light-dark cycle was maintained.
Fish were fed with frozen chironomid larvae anddl@ood five days per week. The size of
fish was as follows: total length: 126.2 - 142.5 natandard length: 108.6 - 121.1 mm; body
mass: 27.9 - 41.8 g. The sex of the fish was nigroened because this was not possible
without sacrificing animals.

Temperature in the experimental tanks was chaonged) submersible heaters by
approximately one degree per day until final terapges of 22 + 1 °C and 30 £ 1 °C,
respectively, were achieved. Fish were acclimabeaf least three weeks to each
experimental temperature, first to 22 °C, then@d@ and finally to 22 °C again. Auditory
measurements were conducted prior to sound regwditxperiments were performed with
permission of the Austrian Federal Ministry of $wie and Research (GZ 66.006/0023-

[1/10b/2008).



2.2. Sound and video recordings

Sound and video recordings were conducted in adsproof room in a separate recording
tank (50 x 27 x 30 cm) either at 22 +1 °C or att3F°C, depending on the acclimation
temperature in the experimental tank. Fish weraltraeld at a distance of 5 to 10 cm from
the hydrophone which was positioned in the middifne recording tank. In order to avoid
overlap of stridulation sounds generated by bottigral fins at the same time, one fin was
fixed.

Sounds and fin movements were recorded using apkidne (Briel & Kjaer 8101)
connected to a power supply (Bruel & Kjaer 2804) an amplifier (AKG B29L), and a
video camera (Sony VX1). Both acoustic and vidgoais were recorded simultaneously on
a harddisk video recorder (Panasonic DMR-EX95Vyledrecordings were necessary to
determine which sounds were produced during aboluetnd adduction of pectoral fins.
Sound pressure levels (RMS fast, L-weighting) wemmrded using a sound level meter
(Bruel & Kjaer Mediator 2238) which was connectedtie power supply of the hydrophone.
Three walls of the recording tank were lined onitisédde by acoustically absorbent material
(airfilled packing foil) and its bottom was coveretth fine sand. The recording tank

supporting table was placed on a vibration isolgilate (Fig. 1).



GR

VvC

HDR

AM — PS TA

SM

Fig. 1. Sound and video recording setup. AbbrenatidM...Microphone amplifier, GR...Grounding,
H...Hydrophone, HDR... harddisk videorecorder, Monitor, PS...Power supply, SM...Sound level

meter, TA... Recording tank, VC...Video camera.

2.3. Sound analysis

Sounds were analysed using Cool Edit 2000 (SymimllSoftware Corporation, Phoenix,
USA) and ST Soundtools 3.7.8. (Institute of Sound ReseartheaAustrian Academy of
Sciences)P. armatulus produced sounds during the adduction (AD) and etitoiu (AB) of
pectoral fins (Ladich, 1999). The following sourtthtacteristics were determined in
stridulatory sounds: the sound duration (ms), tmalmer of pulses, the minimum and
maximum pulse period (ms), the dominant frequeitz) @nd the sound pressure level (dB
rel 1 uPa) (Fig. 2). In each individual five AD-chfive AB-sounds (a total of 10 sounds)
were examined. In the drumming sounds, the souratida (ms), the number of pulses, the
mean pulse period (ms) and the fundamental frequ@tz) were determined. Sound pressure
levels could not be determined for drumming souretsause fish produced stridulation

sounds, which were much louder, at the same time.
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The pulse period was defined as time between thk @eplitudes of two subsequent
pulses within a sound. In stridulation sounds, @aynds consisting of at least four pulses
were used for pulse period measurements. The avefadhe minimum and maximum pulse
periods of stridulation sounds (each N = 3) weteuwlated separately for each fish instead of
a total mean due to the large variabilty in thesensl characteristics. For each individual, 60
pulse periods were measured and a total of 48@ m@sods at each temperature. The
dominant frequencies of stridulation sounds werasueed using cepstrum-smoothed power
spectra determined from all stridulatory soundstehiby one specimen including all AD-
and AB-sounds, thus 10 sounds per fish. A souediihde up of stridulation sounds was
created separately to calculate individual-speciiminant frequencies. A total of 80 sounds
were examined at each temperature.

In drumming sounds, pulse periods were defineti@sime between subsequent
drumming muscle contractions. Pulse periods weatyaad in at least four drumming sounds
per fish (10 pulse periods per fish). A total of®unds were examined at each temperature.
The mean pulse period was calculated for each Tisa.fundamental frequency of drumming
sounds was determined from sound power spectralatdd from 10 sounds per fish. Again,
a sound file made up of drumming sounds emittedri®/specimen was created separately to

calculate the fundamental frequency of each indiaid
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Adduction Abduction

L

Sound duration / \ 50 ms

Pulse period

Fig. 2. Adduction and abduction movement of theigedt fin and oscillogram of an AD-sound and

AB-sound showing sound characteristics measured.

2.4. Auditory sensitivity measurements
Auditory sensitivity was measured using the auglitaroked potential (AEP) recording
technique described by Kenyon et al. (1998) andifieddby Wysocki and Ladich (Wysocki
and Ladich, 2002; Wysocki and Ladich, 2005). Tesjects were secured in a round plastic
tub (35 cm diameter, 15 cm height, lined on thedm$®y acoustically absorbent material, 1
cm layer of fine sand) filled with water and adggso that the nape of the head was just
above the surface of the water, and a respiraijpetie was inserted into the animal’s mouth.
The water temperature was either at 22 +1 °C at130C, depending on the temperature in
the holding tanks.

Respiration was achieved by a temperature-coattgtavity-fed water circulation
system. To immobilize animals and to reduce thegege noise level, they were injected
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with a curariform agent (Flaxedil; gallamine triettiide; Sigma-Aldrich, Vienna, Austria).
The dosage required was 1.5 - gg8g* and allowed the fish to perform opercular
movements during the experiment. The plastic tub pasitioned on an air table (TCM
Micro-g 63-540) which rested on a vibration-isotht®ncrete plate. The entire setup was
enclosed in a walk-in soundproof room which wasstautted as a Faraday cage (interior
dimensions: 3.2 x 3.2 x 2.4 m).

The AEPs were recorded using silver wire electrd@e32 mm diameter) were
pressed firmly against the skin which was covengdrball pieces of tissue paper to keep it
moist, in order to ensure proper contact duringeexpents (Fig. 3). The recording electrode
was placed in the midline of the skull over theimagf the medulla and the reference
electrode cranially between the nares. Shieldextreldes leads were attached to the
differential input of an a.c. preamplifier (Gras$®, Grass Instruments, West Warwick, RI,
USA,; gain 100x, high-pass at 30 Hz, low-pass ati1)kA ground electrode was placed in
the water near the subject. Both, stimuli presemaind AEP-waveform recording were
accomplished using a Tucker-Davis Technologies (TGdinesville, FL, USA) modular
rackmount system (TDT System 3) controlled by atiBenPC containing a TDT digital

processing board and running TDT BioSig RP Software
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ﬁ Sound-proof room

Mic

Rec E Ref E

Air table Y

PC

DSP

Fig. 3. Experimental setup for AEP-measurement.réhtions: Amp...Amplifier, DSP...Digital-
sound-processing card, EPA...Electrode preamplierGrounding cable, HPA...Hydrophone-
Preamplifier, Hyd...Hydrophone, MA 3...Microphonenflifier, Mic...Microphone,
MS2...Microphone-Speaker, PA 5...Programmable Atiéor, PC...Personal Computer, Ref
E...Reference Electrode, Rec E...Recording EleetrBés P...Respiration Pipette, RP 2.1...Realtime-

Processor, SM 5...Signal Mixer, WR...Water reservoi

2.5. Sound stimuli

Sound stimuli waveforms were generated using TYG8n RP software and fed through a
power amplifier (Alesis RA 300, Alesis Corporatidrms Angeles, CA, USA). A dual-cone
speaker (Tannoy System 600, frequency response %0 b kHz £ 3 dB), mounted 1 m
above test subjects in the air, was used to préiserstimuli during testing (Fig. 3). Sound
stimuli consisted of tone bursts presented at etitign rate of 21°S. Hearing thresholds

were determined at frequencies of 0.1, 0.2, 0.3,dind 4 kHz, presented in random order.
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Rise and fall times were one cycle at 0.1 and Bl2 &nd two cycles at all other frequencies.
All bursts were gated using Blackman window.

The stimuli were presented at opposite polaritl&9{ phase shifted) for each test
condition and the corresponding AEPs were averagdte BioSig RP software in order to
eliminate stimulus artefacts. The sound presswa ([EPL) of tone-burst stimuli was reduced
in 4 dB steps until the AEP waveform was no loreygparent. The lowest SPL for which a
repeatable AEP trace could be obtained, which wgsrchined by overlaying replicate traces,
was considered the threshold (Kenyon et al., 1888ich and Wysocki, 2009). A
hydrophone (Briel & Kjaer 8101) was positioned rtbarright side of each fish (2 cm apart)

to determine absolute SPLs values underwater, tbodee subjects.

2.6. Temporal resolution measurements

In order to analyze the temporal resolution abaitylifferent temperature the tecchnique
described by Wysocki and Ladich (2002) was appli#itks and double clicks were
generated using TDT System Il and TDT ‘SigGen’ @afe and were fed through a DA1
digital-analog converter, a PA4 programmable atiéon) and a power amplifier (Denon
PMA 715R) to the air speaker (Tannoy System 6083hHype of stimulus (single click and
click pairs) were presented to the animals at atigpn rate of 354, Double-click stimuli
were presented at 28 dB above hearing threshofddifierent click periods were presented,
beginning with the shortest click period. Click ipéls tested were 0.3, 0.5, 1, 1.5, 2, 2.5, 3,
3.5,4 and 5 ms.

The amplitudes of the responses to the secondalielch pair of clicks were
measured and compared to the response to a slitiéotiowing the method used in
Wysocki and Ladich (2002). The most consecutivékp&egere used for analysis. The AEP
components were denominated with P for positivikpédirected upwards) and N for

negative peaks (directed downwards) by ascendintbets. The main peaks for analysis
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were N1, N2, P2 and P3. First, the hearing thresimiesponse to a single click was
determined, followed by a presentation of doublekslat 28 dB above hearing threshold.
For the purpose of isolating the response to therskclick within a pair of clicks, a
point-to-point subtraction operation was condugWgsocki and Ladich, 2002). The AEP in
response to a single click was substracted frometjgonse to a double click. The shortest
click period at which a second respond was stiéclable was classified as the minimum

resolvable click period.

2.7. Latency measurements

The latency was defined as time between the orisbe®ingle click stimulus and the first
four constant peaks of the AEP recorded in respottsthis click stimulus. The most constant
peaks in the AEPs were N1, P1, N2 and P2 (se€kigWysocki and Ladich, 2002). The

single click was presented 28 dB above hearingkiuid.

2.8. Statistical analysis

All data were tested for normal distribution usthg Kolmogorov-Smirnov-test and when
data were normally distributed, parametric statitiests were applied. Thus, data measured
at three different experimental temperatures werepared using either a repeated measures
ANOVA followed by Bonferroni post hoc tests (stridtion sound characteristics, minimum
resolvable click period), or by a non-parametrst tethe number of individuals which
vocalized at all temperatures or where latency dallacted were below the maximum
number of fish investigated (eight individuals) K#uskal-Wallis test was applied to calculate
differences in drumming sound characteristics beeaunly five individuals produced
drumming sounds at all temperatures. A Friedmahwas used to compare group differences

in latencies followed by a Wilcoxon-test becausaasalata were limited to six individuals.
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Audiograms obtained at three temperatures (280CC and 22° C repeated) were
compared by a two-factorial analysis of variancBlQVA) using a general linear model
where one factor was temperature and the othefreasency. The temperature factor alone
should indicate overall differences in sensitibgtween temperatures and in combination
with the frequency factor if different tendenciesseat different frequencies of the
audiograms. A repeated measures ANOVA followed Bpaferroni post hoc tests was
calculated to determine differences between thidshai each frequency. All statistical tests

were run using SPSS 17.0. The significance level sed at p< 0.05.

3. Results

3.1. Stridulation sounds

All P. armatulus produced sounds during forward (abduction, AB) badkward movement
(adduction, AD) of the fins, utilizing either one laoth fins at the same time. Fish could also
move fins without emitting sounds or lock spinesiumabducted position. Subjects usually
started producing sounds with an adduction movemheato the fact that they were
spreading their pectoral fins in an adducted pasitiuring handling. Stridulation sounds
consisted of series of broadband pulses with nra@ngees ranging from 0.3 to 1.3 kHz (Fig.
4). All fish investigated emitted stridulation salsnwhen hand-held (but not all fish produced

drumming sounds).
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Fig. 4. Sonagram and oscillogram of stridulationrsbproduced during an adduction (AD) and
abduction (AB) movement of pectoral fins. Sampliate 44.1 kHz, filter bandwidth 320 Hz, hanning

filter, overlap 30 %.

The duration in AD-sounds ranged from 62.8 to 160s2at 22° C, from 48.8 to 100.4 ms at
30° C and from 85.6 to 163.8 ms at 22° C repedtedB-sounds, the duration ranged from

65.6 to 106.0 ms at 22° C, from 53.0 to 85.0 nB0atC and from 43.6 to 131.6 ms at 22° C
repeated (Tab.1). A repeated measures ANOVA anohdelBoni post hoc test revealed that
AD- and AB-sounds were significantly shorter at 80as compared to 22° C {R4= 15.63,

p < 0.05) (Fig. 5).
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Tab. 1. Mean (x SE) sound duration, number of gjlsenumum and maximum pulse period and

sound pressure level (SPL) in AD-sounds and AB-deunP. armatulus. N = 8.

Temperature 22°C 30°C 22°C repeated

AD AB AD AB AD AB

Duration (ms) 94.8 £10.0 88.4+44 | 715+59 | 67.1+3.6 | 122.7+10.8 91.0+8.8

Number of
79+1.0 7.6+0.3 6.0+0.6 78+1.1 7.7+1.2 6.2+0.9
pulses
Minimum pulse
7.7+1.3 5.8+0.6 7.4+1.2 5.1+0.7 8.8+1.3 7.7+0.7

period (ms)

Maximum pulse
23.2+4.9 180+1.2 | 20.7+3.0 | 17.2+23 29.2+4.8 26.1+4.4

period (ms)
SPL
136.4 + 0.7 1379+1.0 1366+ 1.1
(dBre 1 yPa)
Dominant
601.6 +£118.9 1271.9+£107.5 1203.0 £133.1
frequency (Hz)
150
a
o 125+
E
c
2 1004
g
>
©
ho] 75 7
c
>
o
n 50
25
0 _

AD-sounds AB-sounds

Fig. 5. Mean (+ S.E.) duration of AD-sounds and #d&nds irP. armatulus kept at 22° Cll ), 30° C
(M) and 22° C repeatel ). N = 8 fish per tempeeatDifferent letters indicate significant

differences between temperatures<(p.05).
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Number of pulses in AD-sounds ranged from 3.42@ ht 22° C, from 3.4 t0 8.6 at 30° C
and at 22° C repeated from 3.3 to 14.6. The numbgulses of AB-sounds ranged from 5.8
to 8.6 at 22° C, from 5.6 to 15.2 at 30° C and fid&hto 9.4 at 22° C repeated (Tab. 1). No
temperature-dependent differences were found imdingber of pulses neither in AD- nor in

AB-sounds (Repeated measures ANOVA, k= 2.366 , p > 0.05) (Fig. 6).

Number of pulses

AD-sound AB-sound

Fig. 6. Mean (+ S.E.) number of pulses of AD-souandg of AB-sounds recorded at 22°ll ( ), 30° C

() and 22° C repeatedd ). N = 8 fish per tempeeat

The pulse period showed a large variability amang within individuals. In general, the
pulse periods were longest in the centre of thedeand became shorter at the beginning
and at the end of the sound (Fig. 4). The meanmuimi pulse period ranged from 7.4 - 8.8
ms in AD- and from 5.1 - 7.7 ms in AB-sounds (Tah.Repeated measures ANOVA and
Bonferroni post hoc test revealed that the mininpuise periods in AB-sounds were
significant shorter at 30° C than at 22° C repeéited s= 7.987, p< 0.05), but no other trend

could be observed (AD-sounds: = 2.174, p > 0.05). The maximum pulse period wds no
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significantly shorter at the higher temperaturdb+sounds but showed such a trend in AB-
sounds (AD-sounds: f14=1.858 , p > 0.05; AB-sounds;ks= 3.625, p = 0.054).

Sound pressure levels did not change significamitly temperature and remained
almost constant at about 137 dB reilFa (F,.14=0.948 , p > 0.05) (Tab. 1). Otherwise, the
dominant frequency revealed significant differenioesveen 22° C and 30° C and between
22° C and 22° C repeated. Dominant frequency doludtier fish were acclimated to 30° C
from 601.6 Hz to 1271.9 Hz. However, dominant fireaey did not decrease when repeating

the low temperature measurements.

3.2. Drumming sounds

P. armatulus emitted two different types of drumming soundsieseof short drumming
sounds and long drumming sounds. Series of shomimhing sounds could be recorded in 6
out of 8 animals but not at all temperatures (22RG 4; 30° C: N = 4; 22° C repeated: N =
1). Long drumming sounds, on the other hand, weserded in every individual but again
not at every temperature (22° C: N = 5; 30° C: B 22° C: repeated N = 5). The long
drumming sounds revealed a harmonic structure fiitdamental frequencies (drumming

muscle contraction rate) between 100 and 150 Hy. {Hi
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Fig. 7. Sonagram and oscillogram of a long drumnsimgnd. The sonagram shows three harmonics
with the main energy concentrated at the first lmamig(fundamental frequency). Sampling rate 44.1

kHz, Filter bandwidth 10 Hz, hanning filter, oveylas %.

P. armatulus produced more stridulation than drumming sounde. Vdtalizing
activity (the number of drumming sounds emittedy@&ased with temperature. Stridulation
sounds and drumming sounds were often emitteceagdme time. In general, drumming
sounds were longer than stridulation sounds, inescases over 300 ms. The mean duration
of drumming sounds was 277.5 ms at 22° C, 277.at88° C and 326.6 ms at 22° C
repeated (Tab. 2). The mean number of pulses immhing sounds were 16.7 at 22° C, 27.9

at 30° C and 25.2 at 22° C repeated.
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Tab. 2. Mean (= SE) of sound duration, number dég®) pulse period and fundamental frequency in

drumming sounds iR. armatulus. N = 5 kept at 22° C and 22° C repeated; N =30atC.

Temperature 22°C 30°C 22°C repeated
Duration (ms) 277.5+£100.7 277.2+41.0 326.6 £ 65.4
Number of pulses 16.7£5.7 27947 25.2+51
Mean pulse period 14.4+04 10.4+£0.8 12.8+0.6
Fundamental 74.2+2.4 99.1+7.9 755+15
frequency (Hz)

The mean pulse periods in drumming sounds differgaificantly between
temperatures (Kruskal-Wallis tegt= 10,504, df = 2, p < 0.05) (Fig. 8). The mealspu
period was significantly shorter at the higher tenapures (22° C and 30° C: U-test, U = 1.0,
N; =5, N =8, p<0.05; 30° C and 22° C repeated: U =855 8, Ns = 5, p< 0.05) (Fig. 9).
The fundamental frequency in drumming sounds ditfesignificantly between temperatures
(Kruskal-Wallis testy? = 10,719, df = 2, p < 0.05 (Fig. 9). The fundataéfrequency
increased significantly with rising temperature?(22and 30° C: U-test, U=1.0,N 5, N, =
8, p <0.05; 30° C and 22° C repeated: U = 665718, Ns =5, p< 0.05). The mean
fundamental frequency was approx. 75 Hz at 22° €C2&7 C repeated and 99.1 Hz at 30° C

(Tab. 2).
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Pulse period (ms)

22°C 30°C 22°C repeated

Fig. 8. Mean (+ S.E.) pulse period of long drummseginds in catfishes kept at 22°lll ( ), 30k ( )
and 22° C repeatelll ).N =5 at 22° C and 22° Catepe N = 8 at 30° C. Different letters indicate

significant differences between temperatures (p05).

160
1407
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401

Fundamental frequency (Hz)
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207

22°C 30°C 22°C repeated
Fig. 9. Mean (¢ S.E.) fundamental frequency of ldngmming sounds in catfishes kept at 22l ( ),
30° C @) and 22° C repeatdZl( ).N =5 at 22° C &fdQrepeated; N = 8 at 30° C. Different letters

indicate significant differences between tempeesifp< 0.05).
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3.3. Auditory sensitivity
Best hearing was found at 0.5 and 1 kHz at botlp&atures. Hearing sensitivity increased at
higher frequencies on average by 4 dB when the ¢esityre increased. At 4 kHz, hearing

threshold was on average by 8 dB lower (Tab. 3).

Tab. 3. Mean (+ S.E.) hearing threshold®ofarmatulus kept at 22° C, 30° C and 22° C repeated. N

= 8.
Frequency (kHz) 22°C 30°C 22°C repeated
0.1 82.0+0.8 821+11 84.0+1.1
0.2 76.1+£1.2 755+1.6 749 +0.7
0.5 69.0+15 65.3+1.6 69.5+0.8
1 68.1+1.0 64.6+15 69.4+1.0
2 73.1+£15 70.0x£1.3 71611
4 826+1.6 75.1+1.6 84.3+1.3

A two-factorial ANOVA revealed that the auditorynséivity was significantly lower
at the lower temperature s = 13.46, p < 0.001) and that there existed a fagmit
interaction between temperature and frequengy16k= 2.15, p< 0.05). Thus, changes in
auditory sensitivity showed different trends afeliént frequencies. Repeated measures
ANOVA revealed significant differences between lmggathresholds at 1 and 4 kHz and no
differences at lower frequencies (Fig.10). Auditeensitivity increased significantly with

frequency (r =0.842, N =6,90.05).
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Fig. 10. Mean hearing thresholdskof armatulus kept at 22° CIll ), 30° dll ) and 22° C repeated

(E). N = 8 per temperature.

Amplitudes of AEP waveforms were larger at the bBigtemperature (pers. obs.).
Depended on the stimulus frequency, shapes of AEPsarmatulus differed between
individuals, but showed no change with ambient terature (Fig. 11). At 0.5 kHz, the AEPs
response was larger at 30° C and consisted of peaks than at the lower temperature.
Interestingly, at 0.5, 1 and 2 kHz the onset ofrdsponse of AEPs at 22° C repeated showed

a larger delay than at 22° C.
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500 Hz

22°C —\A/W\\/\/\/\/\/V\'M/W

22°C repeated MWMWMW

1000 Hz

22°C

30°C )\M\\//N\/\‘\/\"’JNM\AN\’J\N
22°C repeated W\/\W

2000 Hz

22°C —W‘“Nuwwwmﬂ«
30°C S e pa A
22°C repeated WV%M/\/MWW

5ms

Fig. 11. Auditory evoked potentials (AEPSs) of thdifferent individuals of Lined Raphael catfish in
response to stimuli of various frequencies recoate2D dB above hearing thresholds (500 and 2000
Hz) or 28 dB above hearing thresholds (1000 Hz)eskth stimulus frequency, AEPs of the same

indivuals were compared.
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3.4. Waveforms and latencies in response to sitiglies

AEPs ofP. armatulusin response to clicks consisted of a series of tnegand positive
deflections. In this study, the main negative aosifive peaks of the AEPs were analyzed.
AEPs started with a negative peak (Fig. 12) anplidumde of AEPs decreased when lowering
SPLs. The most constant peaks N1, P1, N2 and R2faend in the AEPS in response to a
single-click presentation at 22° C and 30° C. Sigant differences in latencies of peaks P1,
N2 and P2 were found between temperatures (PldrRae-testy2 = 12.000, df = 2, p < 0.01;
N2: Friedman-test2 = 13.231, df = 2, p < 0.01; P2: Friedman-tgst; 12.250 ,df =2, p <
0.01). The delay in the onset of P2 was signifigdonger at lower temperature (Tab. 4) (22°
C and 30° C: Wilcoxon-test, N = 8 0.05; 30° C and 22° C repeated: Wilcoxon-test, 8 =
p < 0.05). The peak-to-peak amplitude between thegsitive peak and the second positive
peak increased with rising temperature. N1 andex@ed to fuse at higher temperature,

whereas P1 almost disappeared (Fig.12).

P2
22°C Pl
A
N2
> N1
c P2
S| 3o0°c
— 4 \PL
N1 N2
P2
22°C repeated X P1
N2
N1 5ms

Fig. 12. AEPs of one specimenffarmatulusin response to a single-click stimulus at different
temperatures, presented 28 dB above hearing tHdssi#orows indicate onset of single-click

stimulus.
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Tab. 4. Mean (= S.E.) latency of negative peaks (WN2) and positive peaks (P1, P2)ofarmatulus
kept at 22° C, 30° C and 22° C repeated calculasdatie time period between the onset of a single

click stimulus 32 dB above hearing threshold ardpbaks. N = 8, except N2 at 30° C N =7 and P1 at

30°CN=6.
Peak 22°C 30°C 22°C repeated
N1 0.99 + 0.02 1.04 £ 0.08 1.03+0.03
P1 1.49+0.04 1.16 £ 0.02 1.66 £0.03
N2 2.03+ 0.04 1.40+£0.03 2.14 +0.04
P2 2.81 +0.06 2.38+0.10 2.96 £ 0.04

3.5. Temporal resolution measurements

Two distinct AEPs were clearly detectable in reggoto double-clicks at click periods of 5
ms down to 1.5 ms (Fig. 13). At shorter click pdsepthe responses to the first and to the
second click were partly overlaid (Fig. 13). Theaxmmium resolvable click period was 0.81
ms (Tab. 5). Near to the hearing threshold, N1MRcs well as P2 and P3 tended to merge
until one negative and positive peak remained. A&P®ed within and between individuals in
shape and latency. No significant difference waseoled in the minimum resolvable click

periods between temperatures (Friedman #&st:3.5, df = 2, p > 0.05).
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Fig. 13. AEPs of one specimenffarmatulus in response to a double-click stimulus 28 dB above
hearing threshold at different click periods (ms)l &emperatures. The arrows indicate the onset of

stimuli.

Tab. 5. Mean (+ S.E.) minimum pulse period resdivdly the auditory system (ms) Bf armatulus

kept at 22° C, 30° C and 22° C repeated. N = 8qraperature.

Temperature Mean minimum gap width (ms)
22°C 0.85+0.10
30°C 0.81 +0.09
22°C repeated 1.00 £ 0.00
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4. Discussion

Physiological processes depend the surroundingdsatyre in ectothermic animals.
Subsequently, it has to be assumed that sound gifodi{sound characteristics) as well as
sound detection are affected by the temperatuiishies. A few investigators have studied
these effects in a small number of fish speciegyTbund that in several vocalizing fish
species, temperature change induced changes itahgharacteristics of sounds such as in
sound duration, in dominant/fundamental frequeaoyg/or sound pressure level (Kastberger,
1981; Torricelli et al., 1990; Lugli et al., 1996pnnaughton et al., 2000; Amorim, 2005;
Amorim et al., 2006; Maruska and Mensinger, 2009peneral, sound duration and
fundamental or dominant frequency increased, wisguatse period and pulse duration
decreased with rising ambient temperature. Howet/kas to be pointed out that not all
sound characteristics are effected by temperatages in species studied and that opposite

trends have been observed in a few cases.

4.1. Temperature effects on sound characteristics

The duration of stridulation soundsRnarmatulus was affected significantly when elevating
the ambient temperature. Both, AB- and AD-soundasiye significantly shorter at the higher
temperature. This is probably due to the fact pleatoral muscles contract faster and that it
takes less time for a complete pectoral fin swé&eépe(and Ladich, 2003).

Stridulation sounds were influenced by temperatwiesreas on the other hand
duration of drumming sounds did not change withderature in the current study. Similarly,
in the sonic muscles of the searolfnionotus carolinus, Connaughton (2004) reported no
relation between sound duration and temperatutiatian.

Temperature effects on drumming sounds are a welled topic in fish biology.
Drumming sounds in piranhaSgrrasalmus nattereri, in the oyster toadfisiQpsanus tau, and

in the gobiesPadogobius bonelli andP. nigricans, became shorter at higher temperatures
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(Kastberger, 1981; Torricelli et al., 1990; Ludliad., 1996; Maruska and Mensinger, 2009).
In contrast, drumming sound duration in the wedkiid/noscion regalis, and in the

Lusitanian toadfishiHal obatrachus didactylus, increased with rising ambient temperature
(Connaughton et al., 2000; Amorim, 2006). Thusylteon sound duration influenced by
temperature showed different trends. For instanoeim (2005) reported that ‘knocks
became shorter and ‘grunts’ became longer at higimeperature. So far sound characteristics
are temperature-dependent though it could not heleded which factors are responsible that
sounds showed either an increase or a decreasegthlwith temperature change.

The maximum and minimum pulse periods of stridalasounds showed temperature-
dependence to some degree. The minimum and themaaxpulse period became shorter in
AB-sounds at higher temperature, whereas in AD-@suno such trend could be found. The
shorter pulse periods at higher temperatures ey resulted in shorter duration of AB-
sounds because the number of pulses was constentadk of such a relationship in AD-
sounds is probably due to the fact that the mininaumeh maximum pulse periods do not
reflect the mean pulse period of sounds compleBdyninant frequency of stridulation
sounds also did not change with temperature. Ngpeoable studies focusing ambient
temperature effects on stridulation sound pararadtave been published so far.

Onthe other hand in drumming soundsPofirmatulus, the mean pulse period was
temperature-dependent and subsequently resuleedhange of the fundamental frequency
from approximately 75 Hz to 100 Hz. The pulsespogluced by fast-contracting muscles
consisting of an abundance of thin myofibrils edeid by layers of sarcotubules (Ladich,
2001). A change in temperature may affect the ppdgeern generator circuits and muscle
contraction properties that causes changes inaxidn rate of the drumming muscles. A
warmer sarcoplasmic reticulum can cycle calciumeamapidly in the oyster toadfish,
Opsanustau (Feher et al., 1998). The muscle is therefore abfelax and to twitch again

earlier at higher temperatures. This temperatupea@ent process enhance the muscle
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contration rate and decreases pulse period at higimgerature. Higher temperature results in
higher contraction rate of drumming muscles dughtarter pulse periods and subsequently
lead to higher dominant/fundamental frequenciesikKdfeiak, 1980; Torricelli et al., 1990;
Amorim et al., 2006). Studies on the Arno goBggdogobius nigricans, the searobin,
Prionotus carolinus, and the oyster toadfis@psanus tau, reported a rise in fundamental
frequencies with higher temperature (Lugli et 896; Connaughton, 2004; Maruska and
Mensinger, 2009). These studies did not investaydtéue to this outcome pulse periods
decreased with elevated temperature. Interesti@gpnaughton et al. (2000) described
shorter pulse duration but increasing pulse periodse weakfish at higher temperature.
Nevertheless, sound characteristics like pulseogeand fundamental and/or dominant
frequency showed overall a strong correlation \&itibient temperature.

In P. armatulus, no temperature effect could be found in soundguree level in
stridulation sounds. Sound pressure levels indtatn sounds ranged from 136.4 to 137.9
dB. Connaughton (2004) observed that the soundpresevel of the searobiRrionotus
carolinus, was not influenced by temperature as well. Intrast, lower sound pressure levels
have been described in the piranha and the weakffiiwer temperatures (Kastberger, 1981;

Connaughton et al., 2000).

4.2. Temperature effects on hearing

In several ectothermic animals, temperature-deperaftects on the auditory system have
been reported. Amphibians showed in experimentshieshearing capability changed
significantly by increasing the surrounding tempar@ (Hubl, 1977; Walkowiak, 1980). An
increase in temperature resulted in lower heatingsholds and thus in an enhancement of
the auditory sensitivity. In insects, temperaturarnges showed similar influence on the

auditory pathway. An increase in the characteristiaring frequency or best frequency, in
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spike rate and in sensitivity could be related ssming above ambient temperature (Oldfield,
1988; Fonseca and Correia, 2007).

Higher temperatures induced a frequency-dependiamige in sensitivity in all fish
species investigated so far (Mann et al, 2009; \jset al., 2009). Dudok van Heel (1956),
was the first describing temperature effects oratiditory funtion in fishes. He trained
blinded European minnow®ljoxinus phoxinus) to react to different frequencies. At higher
temperature, the upper limit of frequency discriation shifted from 1200 Hz up to 1600 Hz.
Subsequently, the detectable frequency range bewaéaiee. His suggestion was due to the
volley theory by Wever (1949) that rising temperattesulted in shorter refractory period of
nerve fibres and therefore, the auditory sensytivitreased in ectothermic animals.

Wysocki et al. (2009) were interested if ambiemperature influenced auditory
sensitivity in an erythermal and stenothermal shtlifferently. Hearing thresholds of the
stenothermic tropical catfisRimelodus pictus, decreased when increasing the temperature
from 22 to 30 °C (Wysocki et al., 200®imel odus pictus andP. armatulus, showed a similar
frequency-dependent increase in sensitivity whereasing the ambient temperature (Fig.
14). Temperature affected hearing sensitivity natrieigher frequencies in these tropical

catfish species.
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Fig. 14. Comparison of the change in hearing seitgitn the Amazonian catfishes

Pimel odus pictus (Wysocki et al., 2009) anfd. armatulus (recent study). Differences are shown in

both species after acclimation for at least 3 weelgther 22° C and 30° C.

The eurythermal Northamerican channel catfistalurus punctatus, differed widely
from the stenothermal tropical catfish&s ffictus andP. armatulus) (Wysocki et al., 2009,
and current study). The channel catistinibited higher changes in hearing sensitivity ahe
the temperature changed, especially at the hidgresgiency tested. Ih punctatus hearing
sensitivity at 4 kHz increased by 23 dB when terapee raised from 18 to 26°C. Hearing
thresholds of the tropical catfishés,pictus, showedsmaller differences (maximum change:
5 dB) at a similar temperature change of 8° C.fdbéihces between temperatures were more
pronounced in the eurythermal catfish species iindime stenothermal catfishes.

Similarly, at higher frequencies did the auditoepnsitivity of P. armatulus increase to
a larger extent. This effect was in particular fowt 0.5 kHz and higher frequencies. The

auditory sensitivity increased at 4 dB on averdtgeould be a hint that at least one process in
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the auditory pathway might be temperature-depend@ytand Ream (1992) concluded that
temperature-dependent effects on the nervous systgoidfish,Carassius auratus, may be
due to changes in the release and reuptake of tn@asmitter at the synapses between hair
cells and auditory nerve fibres. Elevating tempemtesulted in an increase in cell’'s
spontaneous activity, sensitivity, best frequenuoy sesponsiveness. In the process chain,
there could be a another specific step for transdutigh-frequent information.

There are quite reasonable explanation for the gnenon that the hearing sensitivity
at higher frequencies are more affected by temperahanges than at lower frequencies.
High frequency hearing needs faster firing of atfotentials due to synchronization with the
shorter sound cycles (Wysocki et al., 2009). Matytgerefractory periods and transduction
processes are more temperature-dependent thaof tbager cycles of lower frequencies.
This would be consistent with the frequency-depahdeprovement of hearing in the present
study.

Latencies decreased in three out of four peaksNRBnd P2) at higher temperatures
in P. armatulus. This result might be explained by temperatureedeence of spike
conduction velocity, of spike shape and perhapsyoéptic delay. Short latencies indicate
better hearing cability at higher temperature (Aen@nd Ladich, 2006). Besides, Wysocki
and Popper (2006) observed also a difference ipesbBAEPs at different temperatures. At
higher temperature, peaks tended to fuse, espethallfirst and the second negative peak,
and the amplitudes of AEPs increased.

In the locustLocusta migratoria, was observed that higher temperatures resultad in
better resolution of gaps (Franz and Ronacher, 2002such change with temperature was
found in the current study. Wysocki and Ladich (20@ported that the mean minimum
resolvable pulse period of the Lined Raphel catidi2 ms, measured at 25° C. The current
study found a mean minimum resolvable click penb0.86 (£ 0.05) ms at 32 dB above

hearing threshold at both temperatures investigateldwo distinct AEPs were clearly
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traceable at a click period larger than 3.5 msdeting to Wysocki and Ladich, 2002). The
minimum pulse periods in the stridulation sounds§&) and in the drumming sounds (6 ms)
in P. armatulus - measured in the recent study - are longer thamtean pulse period. This
indicates that these catfishes are able to ené¢mdeimporal information of sounds from

conspecifics, independent from changes in ambé&nperature

4.3. Temperature and acoustic communication

Many catfish species produce sounds in various\betial contexts such as disturbance,
agonistic behavior and male courtship display (Binszky and Ladich, 1998; Kaatz, 1999;
Fine and Ladich, 2003). Thus, the detection oflatation and drumming sounds are an
important factor in catfish behavior. In disturbarsituations catfish are likely to emit more
stridulation sounds, whereas in intraspecific cetstenore drumming sounds are produced
(Kaatz, 1999). It can be concluded that stridufasounds may have a warning or defense
intention, while drumming sounds play an importaié in intraspecific communication
(Kaatz, 1999; Heyd and Pfeiffer, 2000).

Temperature affects sound characteristics in d&idun sounds (duration) as well as
drumming sounds (pulse period, fundamental frequemoth observations are in accordance
with the fact that the muscle contraction rateeases with temperature. Higher contraction
speed of the pectoral abductor and adductor musstéts in shorter AB- and AD-sounds.
Similarly, higher drumming muscle contraction regsults in shorter pulse periods and higher
fundamental frequency. Stridulation sounds tenddthve higher dominant frequencies and
shorter pulse periods. Sound frequencies of bathdtypes shift to higher frequencies with
rising temperatures and hearing sensitivity inadas higher frequencies. Thus, low
frequency (0.1 and 0.2 kHz) drumming sounds armhiticular of high frequency stridulation
sounds (above 500 Hz) will be better detectablegiter temperatures. The more sensitive

hearing thresholds accompanied by the faster regpoithe auditory system at higher
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temperatures (shorter latencies of AEP waves) laatlee assumption that acoustic
communication is facilitated at higher temperatunefishes. Future studies on vocal fish
species may find out if this effect is more pronoeshin eurythermic than stenothermic fish

species.
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8.1. Mean data of stridulation sounds per individia) 22° C, b) 30° C and c) 22° C

repeated.
a) 22° C
Fish Stridulation sounds
minimum minimum
Sound Sound Number of | number of
_ _ pulse pulse
duration duration pulses pulses _ _
period period
(AD) (AB) (AD) (AB)
(AD) (AB)
Pal 160 98 9 8 8 6
Pa2 92 66 12 7 4 4
Pa3 81 97 3 7 16 8
Pa4 63 82 6 7 7 6
Pa5 89 89 10 9 6 4
Pa6 92 85 10 9 5 4
Pa7 85 84 6 9 8
Pa8 96 106 8 8 7 7
Fish Stridulation sounds
Maximum Maximum
Sound Dominant
pulse pulse
, , pressure frequency
period period
level (dB) (H2)
(AD) (AB)
Pal 44 19 134.5 1226.6
Pa2 13 14 135.5 335.9
Pa3 45 18 140.0 625.0
Pa4 18 15 137.0 273.4
Pa5 12 14 137.5 546.9
Pa6 13 22 134.5 648.4
Pa7 21 23 137.0 906.3
Pa8 18 18 135.0 250.0
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b) 30° C
Fish Stridulation sounds
Minimum Minimum
Sound Sound Number of | Number of
_ _ pulse pulse
duration duration pulses pulses _ _
period period
(AD) (AB) (AD) (AB)
(AD) (AB)
Pal 100 56 8 15 8 2
Pa2 81 53 7 7 3 3
Pa3 75 70 4 7 14 5
Pa4 65 70 5 7 5 6
Pa5 61 63 7 6 5 7
Pa6 49 75 5 8 5 3
Pa7 57 67 3 6 9 6
Pa8 83 85 9 7 8 8
Fish Stridulation sounds
Maximum | Maximum _
Sound Dominant
pulse pulse
, , pressure | frequency
period period
level (dB) (Hz)
(AD) (AB)
Pal 22 5 134.0 1210.9
Pa2 26 23 141.6 1300.0
Pa3 28 14 141.0 1242.2
Pa4 16 21 136.0 992.2
Pa5 11 12 138.5 1132.8
Pa6 15 23 140.8 1976.6
Pa7 35 21 135.0 1054.7
Pa8 12 18 136.5 1265.6
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c) 22° C repeated
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Fish Stridulation sounds
Minimum Minimum
Sound Sound Number of | Number of
_ _ pulse pulse
duration duration pulses pulses _ _
period period
(AD) (AB) (AD) (AB)
(AD) (AB)
Pal 164 86 8 9 6 6
Pa2 135 44 9 3 5 9
Pa3 86 96 4 8 15 7
Pa4 127 108 6 6 12 9
Pa5 96 84 8 6 7 7
Pa6 158 132 15 9 6 5
Pa7 87 83 3 3 10 10
Pa8 130 96 5 11 10
Fish Stridulation sounds
Maximum Maximum _
Sound Dominant
pulse pulse
, , pressure frequency
period period
level (dB) (H2)
(AD) (AB)
Pal 51 14 133.5 1424.0
Pa2 17 12 135.3 894.0
Pa3 25 16 136.8 1691.0
Pa4 41 38 135.5 1590.0
Pa5 14 23 142.2 1464.0
Pa6 18 24 134.9 984.0
Pa7 43 47 134.6 784.0
Pa8 25 33 140.3 793.0
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8.2. Mean data of drumming sounds per individua)&2° C, b) 30° C and c) 22° C

repeated.
a) 22° C
Fish Drumming sounds
Mean
Sound Fundamental
_ Number of pulse
duration _ frequency
pulses period
(ms) (Hz)
(ms)
Pal 164 10 13 76.2
Pa2 677 39 15 68.4
Pa3 143 9 15 84.0
Pa4 184 12 14 68.4
Pa5 K.A. k.A. K.A. 74.2
Pa6 K.A. K.A. K.A. k.A.
Pa7 K.A. K.A. K.A. k.A.
Pa8 220 14 15 74.2
b) 30° C
Fish Drumming sounds
Mean
Sound Fundamental
_ Number of pulse
duration _ frequency
pulses period
(ms) (Hz)
(ms)
Pal 359 35 10 87.9
Pa2 498 51 9 117.2
Pa3 181 15 13 80.1
Pa4 181 15 12 84.0
Pa5 261 36 7 134.8
Pa6 160 19 9 123.0
Pa7 345 36 10 87.9
Pa8 235 18 13 78.1
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c) 22° C repeated

Fish Drumming sounds
Mean
Sound Fundamental
_ Number of pulse
duration _ frequency
pulses period
(ms) (Hz2)
(ms)
Pal 170 12 14 72.7
Pa2 547 42 13 80.1
Pa3 305 21 14 72.3
Pa4 K.A. K.A. K.A. k.A.
Pa5 231 21 11 74.2
Pa6 380 31 12 78.1
Pa7 170 12 14 72.7
Pa8 547 42 13 80.1

8.3. Data of hearing thresholds of each indivicaa) 22° C, b) 30° C and c) 22° C repeated.

a) 22°C

Fish Frequency (Hz)

0.1 0.2 0.5 1k 2 4
Pal 85 77 70 70 74 79
Pa2 80 72 64 70 73 83
Pa3 80 73 73 71 72 93
Pa4d 84 80 77 67 77 84
Pa5 85 81 70 71 79 81
Pa6 80 72 66 66 68 79
Pa7 81 77 66 67 75 80
Pa8 81 77 66 63 67 82
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b) 30° C

Fish Frequency (kHz)

0.1 0.2 0.5 1 2 4
Pal 85 78 64 66 72 85
Pa2 79 75 59 67 70 72
Pa3 83 75 65 73 76 70
Pa4d 82 82 62 63 66 76
Pa5 79 79 73 65 72 73
Pa6 79 68 63 60 65 75
Pa7 83 71 71 62 72 76
Pa8 87 76 65 61 67 74

c) 22° C repeated

Fish Frequency (kHz)

0.1 0.2 0.5 1 2 4
Pal 82 75 72 72 70 80
Pa2 84 73 69 69 68 88
Pa3 88 77 71 73 76 91
Pa4 89 73 68 67 75 85
Pab 82 74 72 70 74 84
Pa6 81 73 66 71 68 81
Pa7 85 77 70 69 70 82
Pa8 81 77 68 64 72 83
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8.4. Data of latencies measurement of each indalidueach temperature at peak a) N1, b)

P1, c) N2 and d) P2.

a) Peak N1

Fish Latencies (ms)

22°C 30°C 22°C repeated
Pal 1.05 0.95 1.00
Pa2 1.05 1.00 1.00
Pa3 1.00 0.95 0.95
Pa4 0.90 0.85 1.00
Pa5 0.90 1.05 0.95
Pa6 1.00 0.95 1.10
Pa7 0.95 1.60 1.10
Pa8 1.05 1.00 1.20

b) Peak P1

Fish Latencies (ms)

22°C 30°C 2C

repeated

Pal 1.65 1.15 1.70
Pa2 1.60 1.15 1.75
Pa3 1.50 1.20 1.70
Pa4d 1.35 1.10 1.45
Pa5 1.30 K.A. 1.70
Pa6 1.55 1.15 1.70
Pa7 1.45 K.A. 1.65
Pa8 1.50 1.20 1.65
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c) Peak N2

d) Peak P2
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Fish Latencies (ms)

22°C 30°C 2ec

repeated

Pal 2.05 1.45 2.05
Pa2 2.05 1.50 2.05
Pa3 2.05 1.35 2.20
Pa4d 1.85 1.25 2.15
Pa5 1.85 1.35 1.95
Pa6 2.15 1.40 2.30
Pa7 2.05 k.A. 2.15
Pa8 2.15 1.50 2.30
Fish Latencies (ms)

22°C 30°C 2c

repeated

Pal 2.90 2.10 3.05
Pa2 2.90 2.20 2.75
Pa3 2.85 2.15 2.90
Pa4 2.65 2.05 2.90
Pa5 2.60 2.55 2.95
Pa6 3.00 2.60 3.15
Pa7 2.60 2.80 2.95
Pa8 2.95 2.60 3.05
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8.5. Data of temporal resolution measurement df @zaividual at each temperature.

Fish Minimum resolvable click period (ms)
22°C 30°C 2erc
repeated
Pal 0.3 1 K.A.
Pa2 1 0.5 1
Pa3 1 0.5 1
Pa4d 1 1 1
Pa5 0.5 1 1
Pa6 1 1 1
Pa7 1 0.5 1
Pa8 1 1 1
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9. Zusammenfassung
Die Lauterzeugung und das Hoérvermégen ektotherraistiere werden von der
Umgebungstemperatur beeinflusst. Die aktuelle 8thdt den Einfluss der Aul3entemperatur
auf die Lautparameter und das Hérvermégen desamsthen Liniendornwelsdé¥atydoras
armatulus untersucht. Welse der Familie Doradidae (Dornwgiseduzieren einerseits
Stridulationslaute durch das Reiben der Dornfaresder Brustflosse im Schultergirtel und
andererseits Trommellaute mit Hilfe des Springapies; der die Schwimmblase in Vibration
versetzt. Die Versuchstiere wurden mindestens\Wahen zuerst an 22° C akklimiert, dann
an 30° C und anschliel3end wieder an 22° C akklirriée Laute der Welse wurden in
Stresssituationen, in denen sie in der Hand gehalteden, aufgenommen. Die
Stridulationslaute wurden bei hoherer Temperatuzdai wahrend die Anzahl der Pulse, die
kleinste und die gro3te Pulsperiode, der Schallgregel und die Hauptfrequenz sich nicht
mit der Temperatur veranderten. Auf der anderete@ehohte sich die Grundfrequenz und
die durchschnittliche Pulsperiode der Trommellangiekiirzte sich mit steigender Temperatur.
Mittels der Auditory Evoked Potential (AEP) RecargliMethode wurde die
Horempfindlichkeit bei insgesamt sechs verschiedéirequenzen zwischen 0.1 bis 4 kHz
getestet. Das zeitliche Auflésungsvermdgen des étimigens wurde durch die minimale
auflésbare Klickperiode (0.3 — 5 ms) bestimmt urelditenzen der Antwort als
Verzogerungen auf den prasentierten Klick gemed3as Horvermodgen verbesserte sich
zwischen 0.5 und 4 kHz mit steigender Umgebungsteatpr, wéhrend das zeitliche
Auflésungsvermogen als Antwort auf Doppelklickshtigon der Temperatur beeinflusst
wurde. Die Latenzen der AEPs verkUrzte sich in doai insgesamt vier Peaks bei hdherer
Temperatur.

Diese Daten lassen daraus schliel3en, dass diengfinellichkeit mit zunehmender
Temperatur steigt. Die biologischen Gegebenhedensich auf das Hérvermdgen bei

unterschiedlichen Temperaturen anders auswirkeme@ selbst nach langer
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Akklimierungsperiode nicht kompensiert werden. Dage Lautparameter ebenfalls
temperaturabhéngig waren, lautet die Schlussfoiggrdass die Umgebungstemperatur direkt
die akustische Orientierung und die Kommunikaties deotropischen Liniendornweldes

armatulus beeinflusst.
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