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Abstract
Temperature affects peripheral and central mechanisms of signal production and de-
tection in ectothermic animals. This study reviews for the first time the effects of 
temperature on acoustic communication in fishes and analyses whether changes in 
sound properties are coupled to changes in auditory sensitivities. Effects of tempera-
ture on sound production have been studied in approximately one dozen families of 
teleosts. Calling activity increased or was unaffected by temperature, in the latter 
case probably because seasonal, daily and lunar rhythms also influence mating be-
haviour and calling. Sound characteristics (pulse repetition rate, fundamental fre-
quency) are positively correlated with temperature if pulses are directly based on 
sonic muscle contractions. In fishes possessing other sonic mechanisms, the domi-
nant frequency of their pulsatile pectoral sounds may increase as well. Auditory sen-
sitivities were mainly determined in otophysines, which possess enhanced hearing 
abilities. Studies revealed that hearing increased with temperature, in particular at 
higher frequencies. We know close to nothing about whether temperature-
dependent changes in sound characteristics are coupled to changes in auditory sen-
sitivity or mate choice. Female midshipman toadfish appear to choose males based 
on call frequency, which varies with temperature. Future studies need to address 
several topics: (i) temperature effects on sound production have to be separated 
from other sources of variation; (ii) effects on hearing need to be studied in many 
more taxa; (iii) potential negative effects of global warming on acoustic communica-
tion (because of temperature coupling) need to be investigated because fish consti-
tute a major source of protein for humans.
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1  | INTRODUC TION

Sound detection and acoustic communication are affected by temper-
ature in ectothermic animals such as fishes, in which body temperature 
depends on air or water temperature. Temperature affects physiologi-
cal and metabolic processes including neuromuscular and sensory sys-
tems as well as behaviour (Brenowitz, Rose, & Capranica, 1985; Carey 
& Zelick, 1993; Fay & Ream, 1992; Fonseca & Correira, 2007; Oldfield, 
1988). Among ectothermic vertebrates, temperature effects on call-
ing and hearing are well known in anurans. Acoustic properties of 
sounds may depend highly (pulse rate) or moderately (call length, car-
rier frequency) on body temperature (Zweifel, 1968; Gerhardt, 1978; 
Gerhardt & Huber, 2002).   Furthermore, the central nervous system 
of frogs includes auditory neurons which respond to particular rates 
of amplitude modulations depending on temperature. This selective 
sensitivity parallels the temperature-dependent shifts in pulse rates of 
mating calls and, subsequently, female choice (Brenowitz et al., 1985; 
Gerhardt, 1978; Hubl, Mohneke, & Schneider, 1977).

Fishes possess a large diversity of sound-generating mecha-
nisms and produce a large array of vocalizations important in con-
flict resolution, territory and nest advertisement, mate choice and 
most likely predator defence (Amorim, 2006; Amorim, Vasconcelos, 
& Fonseca 2015; Fine & Parmentier, 2015; Ladich & Fine, 2006; 
Ladich & Myrberg, 2006).  Furthermore, fishes evolved a variety 
of sound-detecting mechanisms enabling them to hear conspecif-
ics and heterospecifics including predators and prey (Ladich, 2014; 
Ladich & Schulz-Mirbach, 2016).

This study is the first review on our knowledge on the effects of 
temperature on calling activity, sound characteristics and auditory 
sensitivity in fishes. It also analyses whether temperature coupling 
exists in fishes between acoustic properties of sounds and hearing 
abilities, similar to frogs. The review draws attention to the impor-
tance of temperature effects on acoustic communication in fishes. 
Fishes are key elements in aquatic ecosystems and the major 
source of protein for many people. A rise in water temperatures 
due to global warming affects acoustic communication and thus 
potentially impacts reproduction and fish stocks in the long run. 
Topics for future research in this field are suggested and discussed.

2  | C ALLING AC TIVIT Y

Calling activity at different temperatures has been investigated 
in representatives of several fish families (Table 1). This has either 
been done in the laboratory, in outdoor tanks or in the field. The 
various experimental set-ups and their outcomes are described and 
discussed below. The measured variability illustrates that differ-
ences between species, families and recording conditions need to be 
interpreted cautiously. In the laboratory, for example, experimental 
changes in temperature were accompanied by seasonal light cycles 
or by a constant 12 hour to 12 hour (12 hr: 12 hr) light cycle, with the 
latter being close to the natural photoperiod in tropical species but 
not to temperate zone species. Calling activity may additionally vary 

seasonally between different months, times of the day (day, dawn 
and dusk, night), lunar cycle or perhaps acclimation time in labora-
tory studies. This makes the description of temperature effects and 
comparisons between available studies even more challenging.

In general, the calling activity—defined here as the number of 
sounds produced per unit of time—increased in the majority of studies 
with rising temperature (Table 1). A lack of a temperature effect on call-
ing activity does not exclude effects on sound characteristics (Table 2).

2.1 | Laboratory studies

Studies carried out in the laboratory can control parameters includ-
ing the light cycle and isolate the effect of temperature on sound 
production. The Amazonian Striped Raphael catfish (Platydoras 
armatulus, Doradidae) produce more distress sounds at 30°C than 
at 22°C when hand-held during the day (Papes & Ladich, 2011). 
Photoperiods may affect calling activity in addition to temperature. 
The gudgeon (Gobio gobio, Cyprinidae), a small shoaling Eurasian 
cyprinid, emits creaking sounds during various behaviours such as 
digging, foraging, when disturbed or hindered, or during pursuit be-
haviour. The number of 10-min time periods during which a shoal of 
four fish produce creaking sounds is highest at 17°C (temperature 
range: 8–17°C) and during low-light hours (night) (Ladich, 1988).

Juvenile grey gurnards (Eutrigla gurnardus, Triglidae) produce 
grunts and knocks during competitive feeding. In contrast to the 
gudgeon, the sound production rate in juvenile grey gurnards is 
not associated with experimental temperatures but to light hours 

1	 INTRODUCTION 599

2	 CALLING ACTIVITY 599

2.1	 Laboratory studies 599

2.2	 Sound recordings in the field 601

3	 SOUND CHARACTERISTICS 601

3.1	 Temporal patterns of sounds 603

3.2	� Dominant frequency and sound pressure 
level

605

3.3	� Temperature-independent (seasonal) 
changes in sound production

606

4	 AUDITORY SENSITIVITIES 606

4.1	 Auditory thresholds 606

4.2	 Latencies 607

4.3	� Temperature-independent (seasonal) 
changes in auditory sensitivity

607

5	� TEMPERATURE COUPLING BETWEEN 
SOUND CHARACTERISTICS AND FEMALE 
CHOICE

607

6	� SUMMARY AND FUTURE RESEARCH 609

ACKNOWLEDGEMENTS 609

ORCID 610

REFERENCES 610



600  |     LADICH

TABLE  1 List of families and species in which calling activity has been investigated at different temperatures including a short description 
of correlations of calling activity to temperature and other factors. Seasonal light cycle indicates seasonal changes either in the laboratory or 
in the field. Systematics following Nelson, Grande, and Wilson (2016)

Species Reference
Location: Temp. 
Range

Temperature and Calling 
activity Light

Other factors and Calling 
activity

Gudgeon (Gobio gobio, 
Cyprinidae)

Ladich (1988) Lab: 8–17°C Creaks: increase Seasonal Calling: higher at night

Lined Raphael (Platydoras 
armatulus, Doradidae)

Papes and 
Ladich (2011)

Lab: 22, 30°C drum. s.: increase 12:12 hr 1) –

Atlantic cod (Gadus morhua, 
Gadidae)

Brawn (1961) Lab: 4–17°C Grunts: not corr. Seasonal Months: max. February–
March: daily: increase with 
spawning after sunset

Oyster toadfish (Opsanus 
tau, Batrachoididae)

Maruska and 
Mensinger 
(2009)

Outdoor concrete 
tank: 14–25°C

Grunts: increase Seasonal pos. corr. with day length; 
pos. corr. with tidal 
amplitude difference

Montie et al. 
(2015)

May River: 
21–26°C

Boatwhistle: increase Seasonal Not corr. to salinity or depth

Opsanus sp. Rice et al. 
(2016)

GA, NC: 13–30°C Chorusing duration corr. 
to temp. below 20 and 
above 24°C

Seasonal –

Opsanus tau Ricci et al. 
(2017)

Harris Creek; 
20–28°C

Boatwhistle: not corr. Seasonal Increase before sunrise and 
after sunset

Monczak et al. 
(2017)

May River, 
11–33°C

Boatwhistle: not corr. Seasonal Calling influenced by lunar 
phase: max. full moon; 
more frequent April/May

Lusitanian toadfish 
(Halobatrachus didactylus, 
Batrachoididae)

Amorim et al. 
(2006)

Tagus River: 
10–23°C

Sound prod: pos. corr. Seasonal Sound prod. dropped end of 
July at high temperature

Painted goby 
(Pomatoschistus pictus, 
Gobiidae)

Vicente et al., 
2015

Lab: 14–22°C Drum rate: not affected seas. 2)

Jarbua terapon (Terapon 
jarbua, Terapontidae)

Schneider 
(1964)

Lab: 20, 25, 30, 
33°C

drum. s, threat. s.: 
increase

6 hr light 3) Increase when light turned 
on

Croaking gourami 
(Trichopsis vittata, 
Osphronemidae)

Ladich and 
Schleinzer 
(2015)

Lab: 25, 30, 35°C Croak interval: decrease 12:12 hr 4) –

Grey gurnard (Eutrigla 
gurnardus, Triglidae)

Amorim (2005) Juveniles, lab: 
5–12°C

s. prod. rate: not corr. Seasonal s. prod. rate highest at light 
hours when fish more 
active

Bullhead (Cottus gobio, 
Cottidae)

Ladich (1989) Lab: 8, 13°C Higher at 13°C 12:12 hr s. prod. higher at night

Spotted weakfish 
(Cynoscion nebulosus, 
Sciaenidae)

Montie et al. 
(2015)

May River: 
22–30°C

Knocks, clucks: increase Seasonal More calling in deeper 
water

Montie et al. 
(2017)

Lab: 15–30°C 5) Calling: pos. corr. Seasonal Calling incr. when light cycle 
shifted from 13.5 to 
14.5 hr daily rhythm: start 
once light turned off, max. 
after 3 hr

Monczak et al. 
(2017)

May River; 
16–33°C

Calling: pos. corr. Seasonal Months: highest June–
August 
incr. with day length. lunar 
phase: max. first quarter

Black drum (Pogonias 
cromis, Sciaenidae)

Rice et al. 
(2016)

GA, NC: 13–20°C Chorusing assoc. with 
temp. below 20°C

Seasonal Chorusing primarily at night

Monczak et al., 
2017

May River: 
13–24°C

Calling: pos. corr. Seasonal

(Continues)
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when fish were more active (Amorim, 2005). The Atlantic cod (Gadus 
morhua, Gadidae) produces grunting sounds during aggressive and 
courtship behaviour as well as when frightened and chased. Analysis 
of calling activity from 4 to 17°C reveals no temperature effect but a 
seasonal and daily pattern (Table 1) (Brawn, 1961). The painted goby 
(Pomatoschistus pictus, Gobiidae) emits drum sounds during court-
ship. Again, the drum emission rate is not related to temperature 
(14–22°C) according to Vicente, Fonseca, and Amorim (2015). These 
studies in non-related taxa—namely the gurnard, cod and goby—re-
veal that the lack of a correlation does not depend on a particular 
behavioural context but likely on seasonal and daily patterns of for-
aging or reproductive behaviour.

In contrast, Schneider (1964) mentions that juvenile Indo-Pacific 
Jarbua terapon (Terapon jarbua, Terapontidae) emits many more ag-
onistic sounds at 30°C than at lower temperatures (25 and 20°C), 
with an increase when light was turned on. Similarly, the territorial 
bullhead (Cottus gobio, Cottidae) produces more sounds at 13°C than 
at 8°C (Ladich, 1989). The increase in calling activity is based on a 
higher number of agonistic encounters and a higher number of calls 
per interaction (Figure 1a). In the croaking gouramis (Trichopsis vit-
tata, Osphronemidae), sound intervals decrease with increasing tem-
perature (Ladich & Schleinzer, 2015). Studies on sciaenids reveal an 
increase in calling with temperature and a seasonal and daily rhythm 
(Montie et al., 2017; Montie et al., 2016). The spotted weakfish 
(Cynoscion nebulosus, Sciaenidae) increases calling when the light cycle 
shifted to 14.5 hr and when light is turned off (Montie et al., 2017).

The periods during which fish were allowed to acclimate to ex-
perimental temperatures varied widely, ranging from a few hours 
(18 hr, Schneider, 1964) up to 3 weeks (Papes & Ladich, 2011) or 
have not been mentioned (Table 1). No study tested and compared 
different acclimation periods in the same species at the same tem-
peratures. Thus, we do not know whether those fish acclimated for 
a longer period would emit more or fewer calls. Such a study was 
carried out only with regard to hearing and will be dealt with later 
(Wysocki, Montey, & Popper, 2009).

2.2 | Sound recordings in the field

Sound recordings in the field lack certain limitations of labora-
tory studies but also have disadvantages. For example, it is un-
known which and how many individuals are calling at the same 
time and how many have left a particular area in the meantime. 

Several studies investigated sound production in the oyster toad-
fish (Opsanus tau, Batrachoididae) and reported conflicting results. 
Grunts, which are typically uttered during agonistic interactions 
(Maruska & Mensinger, 2009), increased in number with rising 
temperature as well as with day length and maximum tidal am-
plitude in an outdoor concrete tank (Table 1). Montie, Vega, and 
Powell (2015) note an increase in the number of boatwhistles—the 
advertising calls of the oyster toadfish—in the May River, South 
Carolina, whereas Rice, Morano, Hodge and Muirhead (2016) 
observe that chorusing is related to temperatures below 20°C and 
above 24°C. No such correlations to temperature are described 
at other locations. Instead, Monczak, Berry, Kehrer, and Montie 
(2017)and Ricci, Bohnenstiehl, Eggleston, Kellogg, and Lyon (2017) 
mention seasonal, lunar and daily calling rhythms as well as differ-
ences between recording locations (Montie et al., 2015) (Table 1). 
Amorim, Vasconcellos, Marques, and Almada (2006) observe sea-
sonal patterns of emission of different sound types (croaks, grunt 
trains, boatwhistles) in Lusitanian toadfish (Halobatrachus didacty-
lus, Batrachoididae); these patterns are significantly correlated to 
the temperature in the Tagus estuary, Portugal. The temperature 
dependency is, however, lacking at the end of the breeding season 
(Figure 1b).

Sound recordings were carried out in several species of sciaenids 
in the field, and they typically yield a positive correlation to tempera-
ture (Monczak et al., 2017; Montie et al., 2015) along with depen-
dencies on water depth, seasonal, daily and lunar rhythm. Rice et al. 
(2016) found that chorusing occurs at night and at temperatures 
below 20°C (2016).

In summary, an unambiguous temperature dependency can been 
shown only when all other parameters (ecological, behavioural) are 
kept constant. Otherwise daily, seasonal (or lunar) factors related to 
mating and spawning behaviour may influence or obscure possible 
effects of temperature on calling activity.

3  | SOUND CHAR AC TERISTIC S

Physical properties of sounds are typically affected by ambient 
temperature in ectothermic animals such as fishes and frogs, but to 
different degrees. This dependency is most often found in the tem-
poral patterns of sounds. In sound duration, opposite effects were 
observed in different species or even within a species producing 

Species Reference
Location: Temp. 
Range

Temperature and Calling 
activity Light

Other factors and Calling 
activity

Silver perch (Bairdiella 
chrysoura, Sciaenidae)

Monczak et al., 
2017

May River: 
12–28°C

Chorusing; pos. corr. Seasonal Months: peak calling in April

Red drum (Sciaenops 
ocellatus, Sciaenidae)

Montie et al. 
(2016)

Lab: 15–30°C 5) Calling: pos. corr. Seasonal Daily pattern: max. in the 
evenings

12: 12 hr, 12 hour light to 12 hour dark cycle; drum., drumming; GA, Georgia; Lab, laboratory; NC, North Carolina; pos. corr., Positively correlated to 
temperature; prod., Production; s., sound; temp., Temperature; seas., Seasonal; threat., threatening.
1) Acclimation time (A.t.): 3 weeks. 2) A. t.: 24 hr. 3) A. t.: 18 hr. 4) A. t.: 2 d. 5) Reproductive season simulated.

TABLE  1  (Continued)
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TABLE  2 Fish species in which temporal patterns of sounds have been investigated at different temperatures, including a short 
description of changes at higher temperatures. Note that the striped Raphael produces two different sound types by two different sound-
generating mechanisms. Systematics according to Nelson et al. (2016)

Species Reference Temperatures PRR/FF PP Duration

Speckled piranha (Serrasalmus  
spilopleura, Serrasalmidae)

Kastberger (1981) Lab: 22–32°C PRR: increase Decrease

Striped Raphael (Platydoras  
armatulus Doradidae)

Papes and Ladich 
(2011)

Lab: 22, 30°C drum. s.: FF 
increase

Decrease No change

Min AB: decr. Shorter

Pollimyrus adspersus (Mormyridae) Crawford, Cook, and 
Heberlein (1997)

Field: 26–29°C Moan: PF 
increase a)

Grunt: PRR 
increase

Oyster toadfish (Opsanus tau, 
Batrachoididae)

Fine (1978) Field: 17.6–25°C FF: increase

Edds-Walton et al. 
(2002)

Field: 16–17, 
22–22°C

Boatwhistle.: 
PRR increase, 
ind. var.

Not correlated ind. 
var.

Maruska and 
Mensinger (2009)

Field: 14–25°C Grunts: FF 
increase

Rice et al. (2016) GA, NC: 
13–30°C

Boatwhistle: 
FF increase

Ricci et al. (2017) Harris Creek; 
20–28°C

Boatwhistle: 
FF increase

Lusitanian toadfish (Halobatrachus 
didactylus, Batrachoididae)

Amorim et al. (2006) Field: 10–23°C Boatwhistle: 
FF increase

Decrease Increase

Grunt train: FF 
increase

gr. period: 
decrease

Not correlated.

Croak: PP incr. Croak: decr.

Plainfin midshipman (Porichthys notatus, 
Batrachoididae)

Brantley and Bass 
(1994)

Lab: 14–26°C 
(hums)

Hums: FF 
increase

Lab: 10–19°C 
(grunts)

Grunts: FF 
increase

Padanian goby (Padogobius bonelli, 
Gobiidae)

Torricelli, Lugli, and 
Pavan (1990)

Lab: 15–12°C FF: increase Increase

Arno goby (Padogobius nigricans, 
Gobiidae)

Lugli, Torricelli, 
Pavan, and Miller 
(1996)

Lab: 16–18,19–
21, 22–24°C

FF: increase Seasonal Decrease

Painted goby (Pomatoschistus pictus, 
Gobiidae)

Vicente et al. (2015) Lab: 14–22 PRR: increase PP decrease Decrease

Croaking gourami (Trichopsis vittata, 
Osphronemidae)

Ladich and 
Schleinzer (2015)

Lab: 25, 30, 35°C BP/PP 
decrease

Decrease

Jarbua terapon (Terapon jarbua, 
Terapontidae)

Schneider (1964) Lab: 20, 25, 30, 
33°C

freq. deeper at 
lower 
temperature

Decrease

Northern searobin (Prionotus carolinus, 
Triglidae)

Connaughton (2004) Lab: 15–17.5°C FF: increase Not correlated

Grey gurnard (Eutrigla gurnardus, 
Triglidae)

Amorim (2005) Lab: 5–12°C Grunt: 
decrease

Increase

Knock: decr. Decrease

Squeteague (Cynoscion regalis, 
Sciaenidae)

Connaughton et al. 
(2000, 2002)

Lab: 12, 18, 24°C drum. s. PRR 
incr.

Min AB, min PP in stridulatory sounds produced during abduction of pectoral spine; BP, burst period; decr., decrease; drum. s., drumming sounds; FF, 
fundamental frequency; freq., frequency; gr., grunt; ind. var., individual variation; PF, peak frequency; PP, pulse period; PRR, pulse repetition rate; strid. 
s., stridulatory sounds.
a Defined as contraction rate of sonic muscles. For acclimation periods, see Table 1.
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different sound types. The relationship between dominant frequen-
cies (frequency with greatest amplitude) or sound pressure levels 
and temperature is less clear, mainly because these two sound char-
acteristics have rarely been investigated.

3.1 | Temporal patterns of sounds

Fishes evolved a variety of sound-generating mechanisms which 
may be classified according to the organs involved into swim bladder, 
pectoral and head mechanisms (Fine & Parmentier, 2015; Ladich, 
2014; Ladich & Fine, 2006; Ladich & Winkler, 2017). Swim bladder 
mechanisms are the most widespread type among fishes and consist 
of fast-contracting muscles, called drumming (sonic or vocal) mus-
cles, which vibrate the swim bladder. This can occur directly when 
drumming muscles are either entirely or partly attached to the blad-
der, or indirectly when muscles are entirely detached and vibrate 
the bladder via tendons or bones (Ladich & Bass, 2011). Pectoral 
sounds are produced by the pectoral fins or the pectoral girdle in 

fishes that possess either well-developed, tiny or even no swim 
bladders, such as adult sculpins (Ladich, 1989). Head mechanisms 
are based on friction of bones such as in the seahorse (Hippocampus 
sp., Syngnathidae) (Colson, Patek, Brainerd, & Lewis, 1998). No clear 
pattern in the occurrence of sonic mechanisms exists among differ-
ent taxa; some species such as several catfishes or seahorses may 
exhibit two different types of mechanisms, other species none at 
all (Fine & Ladich, 2003; Oliveira, Ladich, Abed-Navandi, Souto, & 
Rosa, 2014).

Independent of the sound-producing mechanism, all fish 
sounds are built up of pulses produced either singly (seahorse), 
continuously over some time (even up to 1 hr in the plainfin mid-
shipman Porichthys notatus, Batrachoididae), or in different regular 
or irregular patterns (Amorim, 2006). In drumming sounds, each 
cycle typically reflects one muscle contraction. Muscle contrac-
tions can be amalgamated into individual pulses, trains of pulses 
or continuous long duration tonal sounds. Temporal patterns of 
pulses within sounds are almost always correlated to the tempera-
ture if they are based directly on contractions of sonic muscles. 
The pulse repetition rate (PRR) and fundamental frequency (FF) 
will increase, and the pulse period (PP, time between the onset 
of two successive pulses following one another) decreases when 
the temperature rises (Table 2). Large individual variation, how-
ever, was described in the PRR and sound duration of the oys-
ter toadfish’s mating calls at the same temperature (Edds-Walton, 
Mangiamele, & Rome, 2002; Fine, 1978).

The striped Raphael as well as representatives of several other 
catfish families possesses two fundamentally different sound-
generating mechanisms (Fine & Ladich, 2003; Ladich & Fine, 2006): 
a swimbladder mechanism in which a bony plate vibrates the swim 
bladder when a drumming muscle contracts and moves this plate 
rapidly (elastic spring mechanism), and a pectoral stridulatory mech-
anism consisting of an enhanced first fin ray (pectoral spine) which 
is rubbed in a groove of the shoulder girdle and produces a series of 
short pulses. Swimbladder vibrations result in the emission of low-
frequency drumming sounds with fundamental frequencies (muscle 
contraction rate) of 70 to approximately 300 Hz (Figure 2a). The FF 
is highly temperature-dependent, ranging from approx. 70 Hz at 
22°C to 100 Hz at 30°C in the striped Raphael (Figure 2b).

Representatives of numerous families show a strong depen-
dency of muscle contractions rates (PRR, FF, PP) on temperature 
(Table 2). This is because muscle contraction is controlled by the dis-
charge rate of the sonic motoneurons (Bass & Baker, 1991) located 
in the brainstem and spinal cord (Bass, Chagnaud, & Feng, 2015; 
Ladich & Bass, 2005, 2011). The sonic motoneuron discharge rate is 
highly temperature-dependent as demonstrated in the midshipman, 
oyster toadfish, the non-related Pacific staghorn sculpin (Leptocottus 
armatus, Cottidae) and the northern searobin (Prionotus carolinus, 
Triglidae) (Bass & Baker, 1991), and most likely in all species possess-
ing sonic muscles in which one muscle contraction results in a single 
cycle of a sound. In addition, the Ca+ uptake rate of the sarcoplasmic 
reticulum of the sonic muscle correlates with temperature, which 
helps to drive a higher FF (Feher, Waybright, & Fine, 1998).

F IGURE  1  (a) Mean number of sounds produced per hour by 
three bullheads during agonistic interactions at two temperatures 
(N = 12). (b) Mean number of boatwhistles (filled circles) emitted by 
the Lusitanian toadfish from July 2001 to September 2002 in Tagus 
estuary, Portugal. Squares show temperature during recordings. 
Drawings based on Ladich (1989) and Amorim et al. (2006) [Colour 
figure can be viewed at wileyonlinelibrary.com]
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F IGURE  2 Sonograms and oscillograms of sounds (left column) of stenothermal fish species possessing different sound-generating 
mechanisms. Right column: effects of temperature on sound characteristics. (a) Drumming sound of a striped Raphael recorded at 30°C.  
The main energy is concentrated in a fundamental frequency (FF) at ~ 100 Hz. (b) Mean (+SE) FF of drumming sounds recorded at 22°C, 
30°C and again at 22°C: FF increases significantly with temperature (N = 8 at 30°C and N = 5 at 22°C). Modified from Papes and Ladich 
(2011). (c) Croaking sound produced by croaking gouramis during agonistic interactions consisting of four double-pulsed and one single-
pulsed burst, each one produced by one pectoral fin. (d) The mean (+SE) burst periods at different temperatures decreased significantly 
(N = 11). Modified from Ladich and Schleinzer (2015). (e) Stridulatory sounds in a striped Raphael produced during adduction and abduction 
of one pectoral spine. Note the large variability in pulse periods within and between sounds. (f) Mean (+SE) duration of AD- and AB-sounds 
illustrating that stridulatory sounds become shorter at the higher temperature and that duration may differ at the same temperature (AD-
sounds at 22°C) (N = 8). Modified after Papes and Ladich (2011) [Colour figure can be viewed at wileyonlinelibrary.com]
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In the croaking gourami, croaking sounds are produced when 
enhanced pectoral fin tendons are stretched and plucked similar to 
guitar strings. Typically two tendons per fin are plucked, yielding se-
ries of double-pulsed (seldom single-pulsed) bursts when pectoral 
fins are beaten alternately (Figure 2c). Burst periods (and PPs within 
bursts) decrease with increasing temperature, and as the discharge 
rate of sonic motoneurons strongly depends on temperature (Bass & 
Baker, 1991), the two effects are likely correlated (Figure 2d) (Ladich 
& Fine, 1992; Ladich & Schleinzer, 2015).

In contrast to the mechanisms described above, the relation-
ship between pulse patterns and temperature is less straightfor-
ward in pectoral stridulatory mechanisms in catfishes. The sweep 
of one pectoral spine, and thus one pectoral muscle contraction, 
results in a series of pulses of different PP (Figure 2e) (Fine & 
Ladich, 2003; Knight & Ladich, 2014; Parmentier et al., 2010). 
Analyses of minimum and maximum PPs of sounds produced 
during abduction (AB-sound) and adduction (AD-sound) of pec-
toral spines in the striped Raphael reveal that only one of four 
PP-measures shows a temperature dependency (Papes & Ladich, 
2011).

The total duration of acoustic signals is expected to become shorter 
at higher temperatures because pulses and PPs become shorter due 
to the higher muscle contraction rates. Most studies seem to fit this 
assumption (Table 2). For example, stridulatory sounds in the striped 
Raphael are shorter at 30°C than 22°C (Figure 2f) (Papes & Ladich, 2011). 
Nevertheless, such a relationship may be lacking or may be reversed 
or may even show different trends within one species. In the striped 
Raphael, sound duration may differ even at the same temperature when 
experiments are repeated (Figure 2f, AD-sound) or may not be affected 
at all (drumming sounds). In the grey gurnard grunt, duration increases 
and knock duration decreases with temperature (Table 2) (Amorim, 

2005). Among toadfishes, an increase, decrease and lack of a correlation 
were reported depending on species and sound types (Table 2).

3.2 | Dominant frequency and sound pressure level

In drumming sounds, the main energy occurs in the FF (the muscle 
contraction rate) (Figure 2a) or a multiple of the FF (e.g. the second 
or the third harmonic). In short pulsatile sounds such as pectoral 
sounds of catfishes or croaking gouramis or chirp sounds of the bi-
colour damselfish (Stegastes partitus, Pomacentridae), the main en-
ergies do not reflect sonic muscle contraction rate but rather size 
and thus resonance properties of structures within fish (e.g. the 
swim bladder in bicolour damselfish according to Myrberg, Ha, & 
Shamblott, 1993). More recently, Colleye, Nakamura, Frédérich, and 
Parmentier (2012) suggested that resonant sounds result from vibra-
tion of the rib cage in the yellowtail clownfish (Amphiprion clarkii, 
Pomacentridae). In species generating pulsatile sounds, the main en-
ergies are often concentrated at frequencies above 500 Hz or even 
1 kHz (Figure 2c,e) (Table 3). In the croaking gourami, the dominant 
(peak) frequencies increases with temperature (Figure 3), but no 
such effect was observed in the painted goby (Vicente et al., 2015).

The sound pressure level of sounds has seldom been measured 
at different temperature (Table 3). Studies on the speckled piranha 
(Serrasalmus spilopleura, Serrasalmidae) and squeteague (Cynoscion 
regalis, Sciaenidae) revealed that sound levels increase with tem-
perature (Connaughton, Taylor, & Fine, 2000; Kastberger, 1981). No 
such increase was reported in other studies in which sound levels 
were determined (Table 3). Higher sound levels are most likely due 
to larger muscles and faster muscle contraction rates and thus an in-
crease in volume velocity at higher temperatures (Fine & Waybright, 
2015).

TABLE  3 Fish species in which dominant frequency and sound pressure levels have been investigated at different temperatures including 
a brief description of changes at higher temperatures. Systematics according to Nelson et al. (2016)

Species Reference Temperatures Dominant frequency
Sound 
pressure level

Speckled piranha (Serrasalmus spilopleura, 
Serrasalmidae)

Kastberger (1981) 22–32°C Increase

Striped Raphael (Platydoras armatulus, 
Doradidae)

Papes and Ladich (2011) Lab: 22, 30°C stridulatory s.: 
increase

Not affected

Painted goby (Pomatoschistus pictus, 
Gobiidae)

Vicente et al. (2015) Lab: 14–22 Not affected Not affected

Croaking gourami (Trichopsis vittata, 
Osphronemidae)

Ladich and Schleinzer (2015) Lab: 25, 30, 35°C Increase

Northern searobin (Prionotus carolinus, 
Triglidae)

Connaughton (2004) 15–17.5°C No correlation

Grey gurnard (Eutrigla gurnardus, Triglidae) Amorim (2005) Lab: 5–12°C Grunt: peak freq. 
increase

Knocks: peak freq. 
increase

Squeteague (Cynoscion regalis, Sciaenidae) Connaughton et al. (2000, 2002) 12, 18, 24°C Increase Increase

freq., frequency; s., sound.
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3.3 | Temperature-independent (seasonal) changes 
in sound production

While many studies revealed a relationship between calling 
activity/sound characteristics and temperature, several stud-
ies failed to report such a relationship (cod—Brawn, 1961; oys-
ter toadfish—Monczak et al., 2017; Ricci et al., 2017; Lusitanian 
toadfish—Amorim et al., 2006). A drop in the calling activity of 
the Lusitanian toadfish in late July despite high temperatures 
(Figure 1b) most likely reflects seasonal androgen changes ac-
cording to the authors (the effects of sex steroids on fish acoustic 
communication are reviewed in Maruska & Sisneros, 2015). A cor-
relation between calling activity and temperature is furthermore 
lacking in representatives of gobiids and triglids (Amorim, 2005; 
Vicente et al., 2015). In the painted goby, temperature does not 
affect the drum emission rate, but there is a clear decrease in 
sound duration and PP at higher temperatures (Vicente et al., 
2015).

Sound characteristics may vary significantly between individ-
uals at the same temperature. Fine (1978) and Edds-Walton et al. 
(2002) describe large variation in the PRR and sound duration of 
the oyster toadfish’s mating calls, assuming that these may help 
to distinguish individuals when multiple males are present during 
mate choice.

In tropical regions where the photoperiod is constant and tem-
perature fluctuates minimally throughout the year, fish vocalizations 
may also reveal seasonal changes in sound features. Borie, Mok, 
Chao, and Fine (2014) characterize sounds in the South American 
silver croaker (Plagioscion squamosissimus, Sciaenidae) in the Central 
Amazon and find clear differences in advertisement calls emitted in 
the mating and outside the mating season (where bursts are shorter 
and consist of fewer pulses). Thus, equatorial fishes must rely on sea-
sonal cues that differ from those experienced by species in temper-
ate zones, such as water depth (wet and dry season). They can then 
adapt their mating activity and calling behaviour accordingly.

4  | AUDITORY SENSITIVITIES

4.1 | Auditory thresholds

Temperature-dependent changes in hearing have (with one excep-
tion) been determined only in otophysines, a fish taxon characterized 
by auditory (Weberian) ossicles (Weber, 1819, 1820). The Weberian 
ossicles increase their auditory sensitivity and detectable frequency 
range compared with taxa lacking any accessory hearing structures 
(Ladich & Schulz-Mirbach, 2016). Dudok van Heel (1956) observes a 
broadening of the range of pitch detection at higher temperatures 
in the Eurasian minnow (Phoxinus phoxinus, Cyprinidae). The upper 
limit of pitch discrimination rise from 1,260 Hz at 16°C to 1,420 Hz 
at 25°C. Changes in thresholds were not analysed.

In the goldfish (Carassius auratus, Cyprinidae), Fay and Ream 
(1992) observe an increased responsiveness and lower thresholds 
of saccular nerve fibres, along with an upshift of the fibre’s best fre-
quency, with increasing temperature. This finding of lower thresh-
olds with increasing temperature matches with subsequent studies 
in otophysines using the auditory evoked potential (AEP) recording 
technique. The AEP technique allows non-invasive electrophysio-
logical measurements of auditory sensitivities in which entire audio-
grams can be determined (Ladich & Fay, 2013).

Recently, auditory thresholds were determined in representa-
tives of three eurythermal (temperate zone) and two stenothermal 
(tropical zone) freshwater families and one marine species (Table 4). 
All species reveal an increase in auditory sensitivity with increasing 
temperature. The stenothermal striped Raphael shows an increase 
in sensitivity in the mid-to-high frequency range of up to 8 dB after 
3 weeks of acclimation to 22 and 30°C (Figure 4a) (Papes & Ladich, 
2011). Wysocki et al. (2009) observe a similar change in sensitivity 
in the stenothermal pictus cat (Pimelodus pictus, Pimelodidae). The 
authors find that sensitivity increases with increasing frequency by 
up to 5 dB at 4 kHz (Table 4).

While the changes in sensitivity were rather similar among 
the stenothermal catfish families (Doradidae, Pimelodidae), the 
differences were astonishing among eurythermal catfish families. 
Wysocki et al. (2009) describe a change in sensitivity of up to 20 dB 
in the eurythermal channel catfish (Ictalurus punctatus, Ictaluridae) 
when temperature is raised from 18 to 26°C (Figure 4b). In con-
trast, a much smaller increase (maximally 10 dB) is observed in the 
eurythermal Wels catfish (Silurus glanis, Siluridae) in a comparable 
temperature range (Figure 4c, Table 4) (Maiditsch & Ladich, 2014). 
In the channel catfish, a total increase of 36 dB is described be-
tween 10 and 26°C at 4 kHz (Wysocki et al., 2009).

In summary, raising the temperature by 8–10°C results in a sensi-
tivity increase in maximally 10 dB in representatives of the silurid and 
cyprinid families belonging to two different orders of Otophysines 
(Table 4). Interestingly, in the ictalurid the increase was twice as high 
under comparable conditions. This major difference between the 
three eurythermal species (families) contradicts the assumption by 
Wysocki et al. (2009) that large sensitivity differences are expected 
in species physiologically adapted to tolerate a wide temperature 

F IGURE  3 Mean (+SE) dominant frequencies of croaking sounds 
in croaking gouramis showing a significant increase between 25 and 
35°C (N = 11). Modified from Ladich and Schleinzer (2015) [Colour 
figure can be viewed at wileyonlinelibrary.com]
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range (eurythermal species in temperate zones) but not in species 
adapted to a narrow range (stenothermal species of tropical zone). 
Additional investigations in species living in different temperature 
regimes are required to clarify whether the change in sensitivity is 
larger in eurythermal vs. stenothermal species.

The study by Wysocki et al. (2009) is the first one showing that 
acclimation may affect auditory sensitivity in fish. Channel catfish 
acclimated for 3 weeks have higher auditory sensitivities than unac-
climated ones after an increase in water temperature.

The only non-otophysine species investigated so far is the Alaska 
pollock (Gadus chalcogrammus, Gadidae). Mann, Wilson, Song, and 
Popper (2009) show in this gadid species an increase in sensitivity of 
21 dB when the temperature raises from 5 to 10°C (Table 4). This value 
needs to be compared cautiously to the results in otophysines because 
it is based on a single specimen measured without acclimation to the 
temperature. Nevertheless, it indicates that a hearing improvement 
can be expected for otophysine and non-otophysine species indepen-
dent of accessory hearing structures (Ladich & Schulz-Mirbach, 2016).

4.2 | Latencies

The latency, namely the time between the onset of a sound stimu-
lus and the onset of the AEP, depends on temperature. Latencies 
in response to single clicks are significantly shorter at 25°C than 
at 15°C in common carp (Cyprinus carpio, Cyprinidae) and the Wels 
catfish (Maiditsch & Ladich, 2014). A similar trend towards shorter 
latencies at higher temperatures is reported in the stenothermal 
striped Raphael. Papes and Ladich (2011) show that the latency 
decreases in three of four AEP peaks at the higher temperature.

4.3 | Temperature-independent (seasonal) changes 
in auditory sensitivity

Auditory sensitivity can change during the course of the breeding 
season. Bhandiwad, Whitchurch, Colleye, Zeddies, & Sisneros (2017) 

and Sisneros (2009) show that the saccular sensitivity of different 
morphs of the plainfin midshipman was 8–13 dB higher in summer 
reproductive than in winter non-reproductive specimens. Such sea-
sonal plasticity may enhance detection of males’ mating calls by fe-
males during the breeding season. This change in auditory sensitivity 
seems to be oestrogen-dependent and independent of temperature 
because all experiments were carried out at constant temperature 
(14–16°C) in the laboratory.

Females of the social cichlid Astatotilapia burtoni (Cichlidae) are 
10–13 dB more sensitive to low-frequency sounds (100–200 Hz) in 
the spectral range of male courtship sounds when they are sexually 
receptive compared to during the mouth-brooding parental (non-
receptive) phase. These differences in thresholds are clearly inde-
pendent of temperature (28°C) and depend primarily on circulating 
sex-steroid levels in females (Maruska, Ung, & Fernald, 2012).

5  | TEMPER ATURE COUPLING BET WEEN 
SOUND CHAR AC TERISTIC S AND FEMALE 
CHOICE

Optimization of acoustic communication requires that temperature-
dependent changes in sound characteristics are paralleled by appropri-
ate changes in auditory sensitivity. Gerhardt (1978) investigates which 
synthetic calls female gray treefrogs (Hyla versicolor, Hylidae) prefer at 
particular temperatures. He observes that gravid females choose call 
pulse rates of 15 per second at 16°C and of 24 per second at 24°C. Their 
choice corresponds to the properties of males’ mating calls produced 
at the same temperature. Gerhardt (1978) terms this phenomenon 
“temperature coupling” and hypothesizes that the pattern-generating 
system and the pattern-recognition system share the same or similar 
neural networks. Brenowitz et al. (1985) demonstrate that the tempo-
ral tuning of auditory neurons in the midbrain shifts to higher rates 
when body temperature increases in the gray treefrog. This shift paral-
lels the shift in the pulse rate of males’ mating calls.

TABLE  4 Overview of bony fishes for which hearing thresholds were determined at different temperatures. Maximum increase in 
sensitivity (dB) between the lowest and highest temperature is shown, and frequency at which the highest increase was observed. 
Systematics according to Nelson et al. (2016)

Species Reference Temperature Max increase Remarks

Common carp (Cyprinus carpio, 
Cyprinide) a

Maiditsch and Ladich (2014) 15, 25°C 7.1 dB (0.5 kHz) Accl, 1st mes.

Wels catfish (Silurus glanis, Siluridae) a Maiditsch and Ladich (2014) 15, 25°C 10.4 dB (0.5 kHz) Accl, 1st mes.

Striped Raphael (Platydoras armatulus, 
Doradidae) b

Papes and Ladich (2011) 22, 30°C 7.5 dB (4 kHz) Accl, 1st mes.

Channel catfish (Ictalurus punctatus, 
Ictaluridae) a

Wysocki et al. (2009) 10, 18, 26°C 36.4 dB (4 kHz) Accl

Pictus cat (Pimelodus pictus, 
Pimelodidae) b

Wysocki et al. (2009) 22, 26, 30°C 5.2 dB (4 kHz) Accl

Alaska pollock (Gadus chalcogrammus, 
Gadidae)

Mann et al. (2009) 5, 8, 10°C 21 dB (0.3 kHz) Not accl.,c

Accl, acclimation for 3 weeks; 1st mes., differences based on first measurement if thresholds were determined twice at a particular temperature, 
a Eurythermal, b Stenothermal. c One specimen measured at three temperatures during one trial.
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Does such temperature coupling exist in fishes? Temperature 
coupling between sound characteristics and female choice, indicat-
ing changes in auditory sensitivity, has so far only been demonstrated 
in one fish species. McKibben and Bass (1998) show in outdoor 
concrete tanks that gravid female plainfin midshipman prefer pure 

tone stimuli which are similar to fundamental frequencies of males’ 
mating calls (hums) at particular temperatures (Figure 5). When 80 
and 90 Hz tones are played back simultaneously via two underwater 
speakers, females prefer the 80 Hz tone at 12°C and the 90 Hz tone 
at 14.5°C (Figure 5). The authors mention, however, that females will 
not encounter males whose sound frequencies differ by 10 Hz but 
signals will differ by less than 10 Hz at any one temperature in the 
field. This leaves the question open whether females choose accord-
ing to frequency differences. Experimental data indicate that the 
most sensitive frequency of auditory neurons shifts upward with 
temperature in midshipman, similar to the situation in goldfish (Fay 
& Ream, 1992).

Crawford (1997) shows that midbrain auditory neurons in the 
weakly electric Pollimyrus adspersus (Mormyridae) are most sensi-
tive to synthetic click trains with interclick intervals similar to that of 
natural sounds. This indicates that auditory temporal computation 
occurs in regions that are apparently homologous in fish, frogs and 
terrestrial vertebrates.

Wysocki and Ladich (2002) show that the minimum PP resolv-
able by the auditory system in various species possessing hearing 
specializations was below 1.5 ms. This enables otophysines and 
osphronemids (labyrinth fishes or gouramis) to process each pulse 
within a pulse series of intraspecific sounds. Papes and Ladich (2011) 
examine whether the temporal resolution increases with tempera-
ture. They analyse AEPs in response to double-click stimuli with 
varying click period (0.3–5 ms) in the striped Raphael at 22 and 30°C. 
Temporal resolution was determined by analysing the minimum re-
solvable click period at the two temperatures. The data show that 
the minimum resolvable click period in response to double-clicks is 
0.8 ms and does not change with temperature (Figure 6).

F IGURE  4 Mean auditory thresholds of stenothermal (a) 
and eurythermal (b, c) fishes after acclimation to different 
temperatures. (a) Striped Raphael after acclimation to 22, 30 and 
again 22°C (dashed line) for 3 weeks each (N = 8). Modified after 
Papes and Ladich (2011). (b) Channel catfish after acclimation to 
10, 18 and 26°C (N = 8–9). Modified after Wysocki et al. (2009). (c) 
Wels catfish after acclimation to 15, 25 and again to 15°C (dashed 
line) (N = 8). Modified after Maiditsch and Ladich (2014) [Colour 
figure can be viewed at wileyonlinelibrary.com]
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speaker playing back a particular stimulus frequency at different 
temperatures. Fifteen females preferred the 80 Hz tone at 12°C 
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com]
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6  | SUMMARY AND FUTURE RESE ARCH

Our knowledge on the effects of ambient temperature on sound 
production, hearing sensitivity and on the coupling between both 
processes for optimization of acoustic communication is quite un-
even in fishes.

The effects on calling activity have been described in approx-
imately one dozen families and range from an increase with rising 
temperature up to no changes. Investigating the effect of tempera-
ture on calling activity unambiguously calls for laboratory experi-
ments that keep all other ecological factors including photoperiod 
constant. Such studies are only possible when recording fish sounds 
in the field at the same time of the day at different temperatures. 
Temperature effects may be separated from other factors by mea-
suring calling activity at constant temperatures and varying other 
factors such as light accordingly.

Temporal and spectral sound characteristics are typically affected 
by temperature, particularly when pulse rates (FF) are directly based 
on the contraction rate of sonic muscles. Sonic muscles are directly 
controlled by the discharge rates of sonic/vocal motoneurons and 
pacemaker neurons in the brainstem. Despite temperature-dependent 
physiological processes, considerable variability has been reported in 
PRR and sound duration at the same temperature, for example in the 
oyster toadfish (Edds-Walton et al., 2002). Factors behind this tem-
perature independency in call features are an important topic for 
future research. Other sound characteristics such as dominant fre-
quencies and sound pressure levels need to be measured more often 
to determine whether or why they do not depend on temperature.

Temperature effects on hearing were almost exclusively de-
scribed in otophysines (cyprinids, catfishes). It is necessary to 

investigate hearing in many more taxa, in particular in species lack-
ing accessory hearing structures, to determine whether an increase 
in auditory sensitivity is a common feature in fishes. In addition, 
clarification is required as to whether stenothermal (tropical) spe-
cies differ from eurythermal (temperate zone) species in their ability 
to adapt to different temperature regimes. Such studies should not 
be limited to audiograms but need to include temporal resolution in 
parallel to temporal patterns of sounds.

Acclimating fish for a particular period of time (hours, days) to 
particular temperatures may affect communication. While acclima-
tion time does affect auditory sensitivity (Wysocki et al., 2009), it is 
not known whether it affects sound production. Such a study can be 
carried out only in the laboratory because it is impossible to control 
certain conditions in the field, such as identifying the number of indi-
viduals that are calling.

We know close to nothing about whether the numerous changes 
in sound characteristics are linked (coupled) to temperature-
dependent changes in auditory sensitivities. Based on studies of 
other ectothermic taxa (frogs, insects), the assumption is that such 
a coupling exists to make sound communication more meaningful. 
If sound characteristics are used to assess a conspecifics’ fitness, 
then animals must be able to separate changes in physical proper-
ties of sounds due to temperature from those due to fitness, for 
example size. So far, only one study is available, indicating that such 
a phenomenon exists in fishes (McKibben & Bass, 1998). In order 
to prove that temperature coupling exists, female choice needs to 
be tested at different temperatures in several non-related species.

Finally, are sound production and hearing in general—and 
temperature coupling in particular—affected by global warming 
in fishes? Munday, Hernaman, Dixson, and Thorrold (2011) and 
Bignami, Enochs, Manzello, Sponaugle, and Cowen (2013) argue 
that elevated CO2 may affect otolith (calcareous structures within 
the inner ear) development in orange clownfish (Amphiprion percula, 
Pomacentridae) and cobia (Rachycentron canadum, Rachycentridae). 
Bignami et al. (2013) conclude that otoliths may increase in size, 
resulting in an increase in hearing range, but potential effects on 
temporal resolution and acoustic communication are not discussed. 
Narins and Meenderink (2014) argue that communication relies on 
the presence of both vocalizations and frequency-matched audi-
tory receptors. They predict that the expected temperature change 
at the end of the century will effectively uncouple the sound pro-
duction and detection systems in frogs if the most sensitive inner 
ear frequency in females does not track the male call frequencies. 
Based on these considerations, I suggest that fish taxa in which 
temperature coupling is an essential element of acoustic commu-
nication, temperature uncoupling may have deleterious effects on 
mating success. This may negatively affect their population bio-
mass, potentially the entire food web and subsequently fisheries.

ACKNOWLEDG EMENTS

I would like to thank Michael L. Fine, Maria Clara Amorim and two 
anonymous reviewers for their constructive comments on earlier 

F IGURE  6 AEPs in response to double-click stimuli at 22 and 
30°C of one striped Raphael. Arrows indicate the onset of each 
click within double-clicks of different click periods. Modified 
from Papes and Ladich (2011) [Colour figure can be viewed at 
wileyonlinelibrary.com]

AEPs at 22°C

5 ms 

3.5 

2.5 

1 

0.3 

AEPs at 30°C
Click period

www.wileyonlinelibrary.com


610  |     LADICH

versions of the manuscript and Michael Stachowitsch for scientific 
English proofreading. Open access funding provided by University 
of Vienna.

ORCID

Friedrich Ladich   http://orcid.org/0000-0001-6836-4191 

R E FE R E N C E S

Amorim, M. C. P. (2005). Diel and seasonal variations of sound produc-
tion in captive grey gurnards Eutrigla gurnardus. Acta Zoologica Sinica, 
51, 1013–1022.

Amorim, M. C. P. (2006). Diversity in sound production in fish. In F. 
Ladich, S. P. Collin, P. Moller, & B. G. Kapoor (Eds.), Communication in 
fishes (pp. 71–105). Enfield, NH: Science Publishers Inc.

Amorim, M. C. P., Vasconcelos, R. O., & Fonseca, P. J. (2015). Fish sounds 
and mate choice. In F. Ladich (Ed.), Sound communication in fishes 
(pp. 1–33). Wien, Austria: Springer-Verlag.

Amorim, M. C. P., Vasconcelos, R. O., Marques, J. F., & Almada, F. (2006). 
Seasonal variation of sound production in the Lusitanian toadfish 
Halobatrachus didactylus. Journal of Fish Biology, 69, 1892–1899. 
https://doi.org/10.1111/j.1095-8649.2006.01247.x

Bass, A., & Baker, R. (1991). Evolution of homologous vocal control 
traits. Brain, Behavior and Evolution, 38, 240–254. https://doi.
org/10.1159/000114391

Bass, A. H., Chagnaud, B. P., & Feng, N. Y. (2015). Comparative neurobiol-
ogy of sound production in fishes. In F. Ladich (Ed.), Sound communi-
cation in fishes (pp. 35–75). Wien, Austria: Springer-Verlag.

Bhandiwad, A. A., Whitchurch, E. A., Colleye, O., Zeddies, D. G., & 
Sisneros, J. A. (2017). Seasonal plasticity of auditory saccular sen-
sitivity in “sneaker” type II male plainfin midshipman fish, Porichthys 
notatus. Journal of Comparative Physiology A, 203, 211–222. https://
doi.org/10.1007/s00359-017-1157-9

Bignami, S., Enochs, I. C., Manzello, D. P., Sponaugle, S., & Cowen, R. K. 
(2013). Ocean acidification alters the otoliths of a pantropical fish 
species with implications for sensory function. PNAS, 110, 7366–
7370. https://doi.org/10.1073/pnas.1301365110

Borie, A., Mok, H.-K., Chao, N. L., & Fine, M. L. (2014). Spatiotemporal 
variability and sound characterization in Silver Croaker Plagioscion 
squamosissimus (Sciaenidae) in the Central Amazon. PLoS One, 9(8), 
e99326. https://doi.org/10.1371/journal.pone.0099326

Brantley, R. K., & Bass, A. H. (1994). Alternative male spawning tactics 
and acoustic signals in the plainfin midshipman fish Porichthys nota-
tus Girard (Teleostei, Batrachoididae). Ethology, 96, 213–232. https://
doi.org/10.1111/j.1439-0310.1994.tb01011.x

Brawn, V. M. (1961). Sound production by the cod (Gadus callarias L.). 
Behaviour, 18, 239–255. https://doi.org/10.1163/156853961X00150

Brenowitz, E. A., Rose, G., & Capranica, R. R. (1985). Neural correlates 
of temperature coupling in the vocal communication system of grey 
treefrog (Hyla versicolor). Brain Research, 359, 364–367. https://doi.
org/10.1016/0006-8993(85), 91452-0

Carey, M. B., & Zelick, R. (1993). The effect of sound level, tempera-
ture and dehydration on the brainstem auditory evoked potential 
in anuran amphibian. Hearing Research, 70, 216–228. https://doi.
org/10.1016/0378-5955(93), 90160-3

Colleye, O., Nakamura, M., Frédérich, B., & Parmentier, E. (2012). 
Further insight into the sound-producing mechanism of clown-
fishes: what structure is involved in sound radiation? Journal of 
Experimental Biology, 215, 2192–2202. https://doi.org/10.1242/
jeb.067124

Colson, D. J., Patek, S. N., Brainerd, E. L., & Lewis, S. M. (1998). Sound 
production during feeding in Hippocampus seahorses (Syngnathidae). 

Environmental Biology of Fishes, 51, 221–224. https://doi.
org/10.1023/a:1007434714122

Connaughton, M. A. (2004). Sound generation in the sea robin (Prionotus 
carolinus), a fish with alternate sonic muscle contraction. Journal of 
Experimental Biology, 207, 1643–1654. https://doi.org/10.1242/
jeb.00928

Connaughton, M. A., Fine, M. L., & Taylor, M. H. (2002). Weakfish sonic 
muscle: Influence of size, temperature and season. The Journal of 
Experimental Biology, 205, 2183–2188. http://jeb.biologists.org/con-
tent/205/15/2183.short

Connaughton, M. A., Taylor, M. H., & Fine, M. L. (2000). Effects of fish size 
and temperature on weakfish disturbance calls: Implications for the 
mechanism of sound generation. Journal of Experimental Biology, 203, 
1503–1512. http://jeb.biologists.org/content/203/9/1503.short

Crawford, J. D. (1997). Feature-detecting auditory neurons in the brains 
of a sound-producing fish. Journal of Comparative Physiology A, 180, 
439–450. https://doi.org/10.1007/s003590050061

Crawford, J. D., Cook, A. P., & Heberlein, A. S. (1997). Bioacoustic be-
haviour of African fishes (Mormyridae): Potential cues for species 
and individual recognition in Pollimyrus. Journal of the Acoustical 
Society of America, 102, 1–13. https://doi.org/10.1121/1.419923

Dudok van Heel, W. H. (1956). Pitch discrimination in the minnow 
(Phoxinus laevis) at different temperatures. Experientia, 12, 75–77. 
https://doi.org/10.1007/bf02164689

Edds-Walton, P. L., Mangiamele, L. A., & Rome, L. C. (2002). 
Variations of pulse repetition rate in boatwhistle sounds from 
oyster toadfish Opsanus tau around Waquoit Bay, Massachusetts. 
Bioacoustics, 13, 153–173. https://doi.org/10.1080/09524622.2
002.9753493

Fay, R. R., & Ream, T. J. (1992). The effects of tempera-
ture change and transient hypoxia on auditory nerve fiber  
response in the goldfish (Carassius auratus). Hearing Research, 
58, 9–18. doi.org/10.1016/0378-5955(92)90003-6 https://doi.
org/10.1016/0378-5955(92)90003-6

Feher, J. J., Waybright, T. D., & Fine, M. L. (1998). Comparison 
of sarcoplasmic reticulum capabilities in toadfish (Opsanus 
tau) sonic muscle and rat fast twitch muscle. Journal of 
Muscle Research and Cell Motility, 19, 661–674. https://doi.
org/10.1023/a:1005333215172

Fine, M. L. (1978). Seasonal and geographical variation of mating call 
of the oyster toadfish, Opsanus tau L. Oecologia (Berl.), 36, 45–57. 
https://doi.org/10.1007/bf00344570

Fine, M. L., & Ladich, F. (2003). Sound production, spine locking and re-
lated adaptations. In B. G. Kapoor, G. Arratia, M. Chardon, & R. Diogo 
(Eds.), Catfishes, Vol. 1 (pp. 249–290). Enfield, NH: Science Publishers 
Inc.

Fine, M. L., & Parmentier, E. (2015). Mechanisms of fish sound produc-
tion. In F. Ladich (Ed.), Sound communication in fishes (pp. 77–126). 
Wien, Austria: Springer-Verlag.

Fine, M. L., & Waybright, T. D. (2015). Grunt variation in the oyster toad-
fish Opsanus tau: Effect of size and sex. PeerJ, 3, e1330. https://doi.
org/10.7717/peerj.1330

Fonseca, P. J., & Correira, T. (2007). Effects of temperature on tuning 
of the auditory pathway in the cicada Tettigetta josei (Hemiptera, 
Tibicinidae). Journal of Experimental Biology, 210, 1834–1845. https://
doi.org/10.1242/jeb.001495

Gerhardt, H. C. (1978). Temperature coupling in the vocal communica-
tion system of the gray tree frog, Hyla versicolor. Science, 199, 992–
994. https://doi.org/10.1126/science.199.4332.992

Gerhardt, H. C., & Huber, F. (2002). Acoustic communication in insects 
and anurans. Common problems and diverse solutions. Chicago, IL: The 
University of Chicago Press.

Hubl, L., Mohneke, R., & Schneider, H. (1977). Temperature dependence 
of auditory thresholds in two central European anurans, Bombina var-
iegata variegata (L.) and Rana ridibunda ridibunda Pall. (Amphibia) and 

http://orcid.org/0000-0001-6836-4191
http://orcid.org/0000-0001-6836-4191
https://doi.org/10.1111/j.1095-8649.2006.01247.x
https://doi.org/10.1159/000114391
https://doi.org/10.1159/000114391
https://doi.org/10.1007/s00359-017-1157-9
https://doi.org/10.1007/s00359-017-1157-9
https://doi.org/10.1073/pnas.1301365110
https://doi.org/10.1371/journal.pone.0099326
https://doi.org/10.1111/j.1439-0310.1994.tb01011.x
https://doi.org/10.1111/j.1439-0310.1994.tb01011.x
https://doi.org/10.1163/156853961X00150
https://doi.org/10.1016/0006-8993(85),91452-0
https://doi.org/10.1016/0006-8993(85),91452-0
https://doi.org/10.1016/0378-5955(93),90160-3
https://doi.org/10.1016/0378-5955(93),90160-3
https://doi.org/10.1242/jeb.067124
https://doi.org/10.1242/jeb.067124
https://doi.org/10.1023/a:1007434714122
https://doi.org/10.1023/a:1007434714122
https://doi.org/10.1242/jeb.00928
https://doi.org/10.1242/jeb.00928
http://jeb.biologists.org/content/205/15/2183.short
http://jeb.biologists.org/content/205/15/2183.short
http://jeb.biologists.org/content/203/9/1503.short
https://doi.org/10.1007/s003590050061
https://doi.org/10.1121/1.419923
https://doi.org/10.1007/bf02164689
https://doi.org/10.1080/09524622.2002.9753493
https://doi.org/10.1080/09524622.2002.9753493
https://doi.org/10.1016/0378-5955(92)90003-6
https://doi.org/10.1016/0378-5955(92)90003-6
https://doi.org/10.1023/a:1005333215172
https://doi.org/10.1023/a:1005333215172
https://doi.org/10.1007/bf00344570
https://doi.org/10.7717/peerj.1330
https://doi.org/10.7717/peerj.1330
https://doi.org/10.1242/jeb.001495
https://doi.org/10.1242/jeb.001495
https://doi.org/10.1126/science.199.4332.992


     |  611LADICH

its relation to calling. Behavioural Processes, 2, 305–314. https://doi.
org/10.1016/0376-6357(77), 90001-8

Kastberger, G. (1981). Economy of sound production in piranhas 
(Serrasalminae, Characidae): I. Functional properties of sonic mus-
cles. Zoologische Jahrbücher (Physiologie), 85, 113–125.

Knight, L., & Ladich, F. (2014). Distress sounds of thorny catfishes 
emitted underwater and in air: Characteristics and potential signif-
icance. Journal of Experimental Biology, 217, 4068–4078. https://doi.
org/10.1242/jeb.110957

Ladich, F. (1988). Sound production by the gudgeon, Gobio gobio L.; a 
common European freshwater fish (Cyprinidae, Teleostei). Journal of 
Fish Biology, 32, 707–715. https://doi.org/10.1111/j.1095-8649.1988.
tb05411.x

Ladich, F. (1989). Sound production by the river bullhead Cottus gobio L. 
(Cottidae, Teleostei). Journal of Fish Biology, 35, 531–538. https://doi.
org/10.1111/j.1095-8649.1989.tb03004.x

Ladich, F. (2014). Fish bioacoustics. Current Opinion in Neurobiology, 28, 
121–127. https://doi.org/10.1016/j.conb.2014.06.013

Ladich, F., & Bass, A. H. (2005). Sonic motor pathways in piranhas with a 
reassessment of phylogenetic patterns of sonic mechanisms among 
teleosts. Brain, Behavior and Evolution, 66, 167–176. https://doi.
org/10.1159/000087157

Ladich, F., & Bass, A. H. (2011). Vocal Behavior of Fishes: Anatomy and 
Physiology. In A. P. Farrell (Ed.), Encyclopedia of fish physiology: From 
genome to environment, Vol. 1 (pp. 321–329). San Diego, CA: Academic 
Press. https://doi.org/10.1016/B978-0-12-374553-8.00018-6

Ladich, F., & Fay, R. R. (2013). Auditory evoked potential audiometry in 
fish. Reviews in Fish Biology and Fisheries, 23, 317–364. https://doi.
org/10.1007/s11160-012-9297-z

Ladich, F., & Fine, M. L. (1992). Localization of pectoral fin moto-
neurons (sonic and hovering) in the croaking gourami Trichopsis 
vittatus. Brain, Behavior and Evolution, 39, 1–7. https://doi.
org/10.1159/000114099

Ladich, F., & Fine, M. L. (2006). Sound-generating mechanisms in fishes: 
A unique diversity in vertebrates. In F. Ladich, S. P. Collin, P. Moller, & 
B. G. Kapoor (Eds.), Communication in fishes (pp. 3–43). Enfield, NH: 
Science Publishers.

Ladich, F., & Myrberg, A. A. (2006). Agonistic behaviour and acoustic com-
munication. In F. Ladich, S. P. Collin, P. Moller, & B. G. Kapoor (Eds.), 
Communication in fishes (pp. 122–148). Enfield, NH: Science Publishers.

Ladich, F., & Schleinzer, G. (2015). Effect of temperature on acoustic 
communication: Sound production in the croaking gourami (labyrinth 
fishes). Comparative Biochemistry and Physiology, Part A, 182, 8–13. 
https://doi.org/10.1016/j.cbpa.2014.11.013

Ladich, F., & Schulz-Mirbach, T. (2016). Diversity in fish auditory sys-
tems: One of the riddles of sensory biology. Frontiers in Ecology and 
Evolution, 4, 28. https://doi.org/10.3389/fevo.2016.00028

Ladich, F., & Winkler, H. (2017). Acoustic communication in terrestrial 
and aquatic vertebrates. Journal of Experimental Biology, 220, 2306–
2317. https://doi.org/10.1242/jeb.132944

Lugli, M., Torricelli, P., Pavan, G., & Miller, P. J. (1996). Breeding sounds of 
male Padogobius nigricans with suggestions for further evolutionary 
study of vocal behaviour in gobioid fishes. Journal of Fish Biology, 49, 
648–657. https://doi.org/10.1111/j.1095-8649.1996.tb00061.x

Maiditsch, I. P., & Ladich, F. (2014). Effects of temperature on auditory sen-
sitivity in eurythermal fishes: Common Carp Cyprinus carpio (Family 
Cyprinidae) versus Wels Catfish Silurus glanis (Family Siluridae). PLoS 
One, 9, e108583. https://doi.org/10.1371/journal.pone.0108583

Mann, D. A., Wilson, C. D., Song, J., & Popper, A. N. (2009). Hearing sen-
sitivity of the walleye pollock. Transactions of the American Fisheries 
Society, 138, 1000–1008. https://doi.org/10.1577/t08-052.1

Maruska, K. P., & Mensinger, A. F. (2009). Acoustic characteristics 
and variation in grunt vocalization in the oyster toadfish Opsanus 
tau. Environmental Biology of Fishes, 84, 325–337. https://doi.
org/10.1007/s10641-009-9446-y

Maruska, K. P., & Sisneros, J. A. (2015). Sex steroid-dependent modu-
lation of acoustic communication systems in fishes. In F. Ladich 
(Ed.), Sound communication in fishes (pp. 207–233). Wien, Austria: 
Springer-Verlag.

Maruska, K. P., Ung, U. S., & Fernald, R. D. (2012). The African cichlid fish 
Astatotilapia burtoni uses acoustic communication for reproduction: 
Sound production, hearing, and behavioral significance. PLoS One, 
7(5), e37612. https://doi.org/10.1371/journal.pone.0037612

McKibben, J. R., & Bass, A. H. (1998). Behavioral assessment of acoustic 
parameters relevant to signal recognition and preference in a vocal 
fish. Journal of the Acoustical Society of America, 104, 3520–3533. 
https://doi.org/10.1121/1.423938

Monczak, A., Berry, A., Kehrer, C., & Montie, E. W. (2017). Long-term 
acoustic monitoring of fish calling provides baseline estimates of re-
productive timelines in the May River estuary, southeastern USA. 
Marine Ecology Progress Series, 581, 1–19. https://doi.org/10.3354/
meps12322

Montie, E. W., Hoover, M., Kehrer, C., Yost, J., Brenkert, K., O’Donnell, T. 
& Denson, M. R. (2017). Acoustic monitoring indicates a correlation 
between calling and spawning in captive spotted seatrout (Cynoscion 
nebulosus). PeerJ, 5, e2944. https://doi.org/10.7717/peerj.2944

Montie, E. W., Kehrer, C., Yost, J., Brenkert, K., O’Donnell, T. & Denson, 
M. R. (2016). Long-term monitoring of captive red drum Sciaenops 
ocellatus reveals that calling incidence and structure correlate with 
egg deposition. Journal of Fish Biology, 88, 1776–1795. https://doi.
org/10.1111/jfb.12938

Montie, E. W., Vega, S., & Powell, M. (2015). Seasonal and spatial pat-
terns of fish sound production in the May River, South Carolina. 
Transactions of the American Fisheries Society, 144, 705–716. https://
doi.org/10.1080/00028487.2015.1037014

Munday, P. L., Hernaman, V., Dixson, D. L., & Thorrold, S. R. (2011). Effect 
of ocean acidification on otolith development in larvae of a tropical 
marine fish. Biogeosciences, 8, 1631–1641. https://doi.org/10.5194/
bg-8-1631-2011

Myrberg, A. A., Ha, S. J., & Shamblott, H. S. (1993). The sounds of bi-
color damselfish (Pomacentrus partitus): Predictors of body size and 
a spectral basis for individual recognition and assessment. Journal 
of the Acoustical Society of America, 94, 3067–3070. https://doi.
org/10.1121/1.407267

Narins, P. M., & Meenderink, S. W. F. (2014). Climate change and frog 
calls: Long-term correlations along a tropical altitudinal gradient. 
Proceedings of the Royal Society B - Biological Sciences, 281, 20140401. 
https://doi.org/10.1098/rspb.2014.0401

Nelson, J. S., Grande, T. C., & Wilson, M. V. H. (2016). Fishes of the 
world, 5th ed. Hoboken, NJ: John Wiley & Sins Inc.. https://doi.
org/10.1002/9781119174844

Oldfield, B. P. (1988). The effect of temperature on the tuning and phys-
iology of insect auditory receptors. Hearing Research, 35, 151–158. 
https://doi.org/10.1016/0378-5955(88), 90114-1

Oliveira, T. P. R., Ladich, F., Abed-Navandi, D., Souto, A. S., & Rosa, I. L. 
(2014). Sounds produced by the longsnout seahorse: A study of their 
structure and functions. Journal of Zoology, 294, 114–121. https://
doi.org/10.1111/jzo.12160

Papes, S., & Ladich, F. (2011). Effects of temperature on sound produc-
tion and auditory abilities in the Striped Raphael Catfish Platydoras 
armatulus (Family Doradidae). PLoS One, 6, e26479. https://doi.
org/10.1371/journal.pone.0026479

Parmentier, E., Fabri, G., Kaatz, I., Decloux, N., Planes, S., & 
Vandewalle, P. (2010). Functional study of the pectoral spine 
stridulation mechanism in different mochokid catfishes. Journal 
of Experimental Biology, 213, 1107–1114. https://doi.org/10.1242/
jeb.039461

Ricci, S. W., Bohnenstiehl, D. R., Eggleston, D. B., Kellogg, M. L., & 
Lyon, R. P. (2017). Oyster toadfish (Opsanus tau) boatwhistle call 
detection and patterns within a large-scale oyster restoration 

https://doi.org/10.1016/0376-6357(77),90001-8
https://doi.org/10.1016/0376-6357(77),90001-8
https://doi.org/10.1242/jeb.110957
https://doi.org/10.1242/jeb.110957
https://doi.org/10.1111/j.1095-8649.1988.tb05411.x
https://doi.org/10.1111/j.1095-8649.1988.tb05411.x
https://doi.org/10.1111/j.1095-8649.1989.tb03004.x
https://doi.org/10.1111/j.1095-8649.1989.tb03004.x
https://doi.org/10.1016/j.conb.2014.06.013
https://doi.org/10.1159/000087157
https://doi.org/10.1159/000087157
https://doi.org/10.1016/B978-0-12-374553-8.00018-6
https://doi.org/10.1007/s11160-012-9297-z
https://doi.org/10.1007/s11160-012-9297-z
https://doi.org/10.1159/000114099
https://doi.org/10.1159/000114099
https://doi.org/10.1016/j.cbpa.2014.11.013
https://doi.org/10.3389/fevo.2016.00028
https://doi.org/10.1242/jeb.132944
https://doi.org/10.1111/j.1095-8649.1996.tb00061.x
https://doi.org/10.1371/journal.pone.0108583
https://doi.org/10.1577/t08-052.1
https://doi.org/10.1007/s10641-009-9446-y
https://doi.org/10.1007/s10641-009-9446-y
https://doi.org/10.1371/journal.pone.0037612
https://doi.org/10.1121/1.423938
https://doi.org/10.3354/meps12322
https://doi.org/10.3354/meps12322
https://doi.org/10.7717/peerj.2944
https://doi.org/10.1111/jfb.12938
https://doi.org/10.1111/jfb.12938
https://doi.org/10.1080/00028487.2015.1037014
https://doi.org/10.1080/00028487.2015.1037014
https://doi.org/10.5194/bg-8-1631-2011
https://doi.org/10.5194/bg-8-1631-2011
https://doi.org/10.1121/1.407267
https://doi.org/10.1121/1.407267
https://doi.org/10.1098/rspb.2014.0401
https://doi.org/10.1002/9781119174844
https://doi.org/10.1002/9781119174844
https://doi.org/10.1016/0378-5955(88),90114-1
https://doi.org/10.1111/jzo.12160
https://doi.org/10.1111/jzo.12160
https://doi.org/10.1371/journal.pone.0026479
https://doi.org/10.1371/journal.pone.0026479
https://doi.org/10.1242/jeb.039461
https://doi.org/10.1242/jeb.039461


612  |     LADICH

site. PLoS One, 12, e0182757. https://doi.org/10.1371/journal.
pone.0182757

Rice, A. N., Morano, J. L., Hodge, K. B., & Muirhead, C. A. (2016). Spatial 
and temporal patterns of toadfish and black drum chorusing activity 
in the South Atlantic Bight. Environmental Biology of Fishes, 99, 705–
716. https://doi.org/10.1007/s10641-016-0511-z

Schneider, H. (1964). Physiologische und morphologische Untersuchungen 
zur Bioakustik der Tigerfische (Pisces, Theraponidae). Zeitschrift für 
vergleichende Physiologie, 47, 493–558. https://doi.org/10.1007/
BF00335182

Sisneros, J. A. (2009). Seasonal plasticity of auditory saccular sensitiv-
ity in the vocal plainfin midshipman fish, Porichthys notatus. Journal 
of Neurophysiology, 102, 1121–1131. https://doi.org/10.1152/
jn.00236.2009

Torricelli, P., Lugli, M., & Pavan, G. (1990). Analysis of sounds produced 
by male Padogobius martensi (Pisces: Gobiidae) and factors affecting 
their structural properties. Bioacoustics, 2(4), 261–276. https://doi.or
g/10.1080/09524622.1990.9753141

Vicente, J. R., Fonseca, P. J., & Amorim, M. C. P. (2015). Effects of tem-
perature on sound production in the painted goby Pomatoschistus 
pictus. Journal of Experimental Marine Biology and Ecology, 473, 1–6. 
https://doi.org/10.1016/j.jembe.2015.08.003

Weber, E. H. (1819). Vergleichende Anatomie der Gehörwerkzeuge. 
Deutsches Archiv für die Physiologie, 5, 323–332.

Weber, E. H. (1820). De aure et auditu hominis et animalium. Part I. De aure 
animalium aquatilium. Lipsiae, Germany: Apud Gerhardum Fleischerum.

Wysocki, L. E., & Ladich, F. (2002). Can fishes resolve temporal charac-
teristics of sounds? New insights using auditory brainstem response. 
Hearing Research, 169, 36–46. https://doi.org/10.1016/S0378-
5955(02), 00336-2

Wysocki, L. E., Montey, K., & Popper, A. N. (2009). The influence of ambi-
ent temperature and thermal acclimation on hearing in a eurythermal 
and a stenothermal otophysan fish. Journal of Experimental Biology, 
212, 3091–3099. https://doi.org/10.1242/jeb.033274

Zweifel, R. G. (1968). Effects of temperature, body size, and hybridization 
on mating calls of toads, Bufo a. americanus and Bufo woodhousii fowl-
eri. Copeia, 1968, 269–285. http://www.jstor.org/stable/1441753

How to cite this article: Ladich F. Acoustic communication in 
fishes: Temperature plays a role. Fish Fish. 2018;19:598–612. 
https://doi.org/10.1111/faf.12277

https://doi.org/10.1371/journal.pone.0182757
https://doi.org/10.1371/journal.pone.0182757
https://doi.org/10.1007/s10641-016-0511-z
https://doi.org/10.1007/BF00335182
https://doi.org/10.1007/BF00335182
https://doi.org/10.1152/jn.00236.2009
https://doi.org/10.1152/jn.00236.2009
https://doi.org/10.1080/09524622.1990.9753141
https://doi.org/10.1080/09524622.1990.9753141
https://doi.org/10.1016/j.jembe.2015.08.003
https://doi.org/10.1016/S0378-5955(02),00336-2
https://doi.org/10.1016/S0378-5955(02),00336-2
https://doi.org/10.1242/jeb.033274
http://www.jstor.org/stable/1441753
https://doi.org/10.1111/faf.12277

