












DISCUSSION
Here, we tested the hypothesis that acoustic signals and hearing
abilities in two small goby species are well adapted to maximise
acoustic communication in different habitats. These included
exposed Atlantic coastal areas, characterised by moderate to high

hydrodynamism and elevated noise in the low-frequency domain.
We have shown that the main frequencies of the sounds made by
painted and marbled gobies in a social context match their best
hearing abilities. Importantly, both acoustic signals and hearing
abilities appear well adapted to Atlantic habitats as the sound peak
frequency range and best hearing matched quieter frequencies of
the background noise, including during elevated noise events (e.g.
breaking waves) in all but one location. Consistent with other
studies, we have found a quiet window in the AN in some of the
studied habitats (Crawford et al., 1997; Lugli and Fine, 2003;
Wysocki et al., 2007; Lugli, 2010; Speares et al., 2011).

Acoustic signals
The painted and the marbled gobies made low-frequency pulsed
courtship sounds with main energies (peak frequency range)
between 150 and 300 Hz, and SPLs of about 130 dB re. 1 µPa at ca.
1 cm. The mating sound spectrum of these species is comparable
to those of other goby species, which also present dominant
frequencies below 300 Hz; exceptions are Zoosterisessor
ophiocephalus and Gobiosoma bosci (reviewed in Lugli, 2015).
Interestingly, most other vocal teleosts also inhabit or breed in
shallow water and similarly make low-frequency acoustic signals
(Amorim, 2006; Ladich, 2013; Lugli, 2015), although there is a
great lack of knowledge regarding pelagic (Ladich and Winkler,
2017) and deep-water (Fine et al., 2018) species.

The amplitude of the mating sounds made by our study species
(130 dB at ca. 1 cm) is similar to that of the sand goby,
Pomatoschistus minutus (SPL range of 121–138 dB at <3 cm in ten
fish ranging in SL from 45 to 54 mm; Lindström andLugli, 2000), and
likely louder than tonal sounds made by Padogobius bonelli (91–
101 dB at 5 cm measured in three males ranging in SL from 58 to
79 mm; Lugli and Fine, 2003). Owing to scale effects, gobies
typicallymake quiet sounds when compared to other larger fish. As an
example, the mating sound level of the oyster toadfish, Opsanus tau
(Batrachoididae), is ca. 125 dB at 1 m (Barimo and Fine, 1998),

A B

C D

FE

5 s

0

0.5

1

1.5

2

0

0.5

1

1.5

2

0

0.5

1

1.5

2

Fr
eq

ue
nc

y 
(k

H
z)

Fig. 5. Sonograms of typical elevated
AN events. (A,B) Parede beach and
(C–E) Figueirinha beach, showing
water movement and waves of
increasing intensity. (F) Water
movement, noise from moving sand/
pebbles and waves at Carcavelos. Note
that, as wave action increases, the
silence frequency window is lost during
wave breaking (A–E).
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Fig. 6. Mean (±s.e.m.) hearing thresholds of the painted and the marble
gobies. Six adult males from each species were tested. The average sound
power spectra from courtship drums made by the two species as well as of
typical habitats (Portinho da Arrábida, Figueirinha and Parede beaches) where
specimens were collected are also depicted. Inset depicts hearing thresholds
in particle acceleration units.

7

RESEARCH ARTICLE Journal of Experimental Biology (2018) 221, jeb183681. doi:10.1242/jeb.183681

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y



and the estimated mating sound level for mulloway Argyrosomus
japonicus (Sciaenidae) is ca. 160 dB at 1 m (Parsons et al., 2012).
Because of their low amplitude, goby sounds will attenuate to the
background level even at shorter distances than for most other fishes
(reviewed in Amorim et al., 2015), considering the same propagation
conditions. Acoustic communication active space is additionally
reduced by the water depth in which gobies breed (Lugli, 2015). In
very shallow waters, fish sounds (depending on the main frequency)
often show a steeper transmission loss than predicted theoretically
with either the cylindrical (3 dB per doubled distance) or the spherical
(6 dB per doubled distance) transmission loss models (e.g. Lugli
and Fine, 2003; Alves et al., 2016). For example, the sounds from
P. bonelli attenuate around 15–20 dB from 5 to 20 cm and are likely
not detected further than 20–30 cm from the fish (Lugli and Fine,
2003). This probably explains why male gobies, including the studied
species, only make sounds when females are in close proximity or
inside the nest (Amorim et al., 2013). What is the acoustic
communication distance under prevalent AN conditions in our study
species? A loss from spherical spreading would predict that goby
sound level would be 96 dB at 16 cm (four doubling distances).
Assuming that the smallest detectable amplitude change may be quite
low in fish (for example, the codGadusmorhua is able to discriminate
changes in sound amplitude of 3.7–6.7 dB in the frequency range of
110–250 Hz; Chapman and Johnstone, 1974), a drum of 96 dB at
16 cm could still be detectable even during loud events at Parede, as
the average AN level at 200 Hz at the referred location was 90 dB
during noisy events (Fig. 4A). In a more realistic transmission loss
scenario for the extreme near field (steeper than theoretical models), it
is possible that acoustic communication during loud events is
restricted to shorter distances but would likely be possible when the
female is very close to the male’s nest or inside it. Notably, sound
amplification in the low frequencies by goby natural nests (shells with
sand piled on top of it) could help maximise communication active
space in these shallow water environments (Lugli, 2015).

Ambient noise
Because AN can mask or impair the ability to detect and extract
accurate information from an acoustic communication signal (Erbe
et al., 2016), we asked whether AN levels in the Atlantic natural
goby habitats, characterised by particularly challenging high
levels of hydrodynamism, allow acoustic communication in these
species.

The studied locations presented variable AN levels. Under
reasonably calm weather conditions, Albufeira Lagoon, and
Portinho da Arrábida and Albarquel beaches, were the quietest of
the studied habitats (Table 1). The habitats with higher exposure to
the Atlantic wave action, Parede and Carcavelos, presented
intermediate noise levels, while, surprisingly, Figueirinha, a beach
with reasonably low exposure, presented the loudest AN levels at all
relevant frequencies for goby species (<1 kHz). Themain sources of
noise in the habitats with intermediate and high AN levels were
likely bubble noise produced by travelling and breaking waves, and
water and sediment movement associated with wave action (Lugli,
2010), as well as the turbulent water movement against big boulders
and beach breaks. The latter probably caused the spectral peak
around 450 Hz observed for Parede, Carcavelos and Figueirinha
(Fig. 3B, recording made near the beach break; Fig. 4A).
Consistently, Wysocki et al. (2007) and Speares et al. (2011)
detected that increasing flow regimes in freshwater habitats elevated
noise levels at low frequencies but left a quiet window at frequencies
from about 150 to 400/450 Hz, i.e. they observed a similar noise
level increase at around 450 Hz. Lugli (2010) found that the noise
burst from a distant breaking wave in a brackish lagoon also showed
an elevation of noise levels around 450 Hz. The AN levels in
Figueirinha were surprisingly high considering that it is fairly
protected from prevailing winds and ocean action. However, this
beach is exposed to incoming currents from the Sado estuary, which
likely caused an increase in AN levels. In addition, the recordings in
Figueirinha were made at high tide, which must have increased AN
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levels. Coers et al. (2008) showed that, in a rock-pool environment
of the Atlantic island of Faial (Azores), the AN increases up to
40 dB during high tide and up to 16 dB in the range of 50–300 Hz.
It is clear that aquatic soundscapes vary considerably not only

between but also within habitats. Also, within the same microhabitat,
noise can fluctuate considerably with time: seasonally (Amoser and
Ladich, 2010) and with lunar or tidal rhythms (Coers et al., 2008;
Radford et al., 2015), but also in a very short time frame, as
highlighted by our 2 s samples taken from 3 min recordings (Figs 4
and 5). In general, our 2 s elevated noise spectra were very similar to
the average power spectra, indicating that average spectra are
dominated by loud events in most locations (as observed by Lugli,
2010), which is expected because power spectra are represented in a
log-scale. This highlights the need to characterise both short-term
quiet and loud noise events when studying the adaptation to a
particular habitat, as the quiet events may be predominant but still not
depicted in the overall AN spectrum. In addition, although snapshots
can be quite informative, to acquire a more complete picture of the
temporal variability of these Atlantic soundscapes, continuous
recordings over long periods of time should be made.
Noise levels in the studied Atlantic habitats (generally >110 dB

re. 1 µPa) were higher than in freshwater habitats (mostly <100 dB;
e.g. Wysocki et al., 2007), but, even in areas of freshwater habitats
with fast water movement, such as in rapids and riffles, noise levels
significantly increase by as much as 40–60 dB in the lower
frequency range (e.g. Lugli and Fine, 2003; Wysocki et al., 2007;
Speares et al., 2011). Lugli (2010) studied the AN of typical goby
habitats in the Mediterranean Sea and brackish lagoons. As in our
study, the soundscape in Mediterranean beaches presented higher
AN levels than in the brackish lagoon. Interestingly, this author
observed a quiet window in sandy and rockyMediterranean beaches
in the low frequencies (below 250–300 Hz) with a low-noise peak
around 100 Hz, coincident with the peak frequency of sounds made
by local gobies. Comparing these results with our data, we also
observed a quiet window in the exposed Atlantic beaches (Parede
and Carcavelos), with quieter frequencies centred around 200 Hz,
also coincident with the main frequencies of the painted and the
marbled goby mating sounds. Apart from tide, one major difference
between Mediterranean and Atlantic beaches is likely wave size and
period. However, we observed that, even during wave breaking,
there was a quiet window, which only disappeared when waves
became larger (Fig. 5), suggesting that gobies arewell adapted to the
prevailing ambient conditions of both the Mediterranean and the
Atlantic. Considering that auditory thresholds will shift up when
fish are exposed to AN (compared with quiet lab conditions), it is
possible that hearing is masked by short noisy events, which may
include not only large but also medium waves.

Hearing abilities
The AEP technique showed that both goby species had very similar
auditory abilities, with best hearing sensitivity from 100 to 300 Hz
both in terms of sound pressure and particle motion, thus matching
the peak frequency of conspecific sounds and the quiet AN window
found in the exposed Atlantic beaches. Note that, although
behavioural audiograms are considered the most valid method to
establish a specie’s hearing ability, AEP hearing thresholds provide
useful information when comparing hearing curves between species
(Ladich and Fay, 2013). Hearing sensitivity in the studied species is
comparable to that of other fish species living in near-shore marine
habitats, including other gobies (see figure 5 in Lugli, 2010). For
example, Gobius cruentatus and Gobius melanostomus have best
hearing sensitivities at frequencies below 300 Hz, also matching the

main conspecific sound frequencies (Rollo and Higgs, 2008;
Codarin et al., 2009; Zeyl et al., 2013). Nevertheless, regardless of
being vocal or mute, fish inhabiting noisy environments typically
lack hearing specialisations, have low hearing sensitivities and are
thus less affected by noise, suggesting that hearing sensitivities may
have been shaped mainly by AN regimes (Ladich, 2013).

Besides assessing a species’ ability to detect pure tones, it is useful
to investigate auditory sensitivity to conspecific sounds because
stimulation of the auditory system is probably different with complex
natural stimuli (Vasconcelos et al., 2007, 2011b;Maruska and Tricas,
2009; Belanger et al., 2010; Zeyl et al., 2013). Here, we showed that
the auditory system of the painted goby is able to resolve the temporal
structure of conspecific mating and agonistic drums. Encoding drum
temporal structure is key in goby communication as it provides
information on the sender’s motivation (aggressive versus courtship),
quality and species identity (Amorim and Neves, 2008; Amorim
et al., 2013; Pedroso et al., 2013). This result is supported by similar
work carried out in other hearing generalists, fish that lack accessory
hearing structures that allow pressure detection. For example,
Vasconcelos and colleagues showed that the Lusitanian toadfish,
Halobatrachus didactylus, is able to perform fine temporal resolution
of complex conspecific sounds (Vasconcelos et al., 2011b).

In addition, to investigate whether comfortable communication is
possible (sensu Dooling et al., 2015), it is also important to consider
whether, besides signal detection, the signal information
content is perceived (Alves et al., 2016). To allow comfortable
communication and therefore a good representation of the sound
structure in the auditory system, the received sound levels should be
well above the species’ hearing thresholds. Because AEP hearing
thresholds are typically higher than behavioural hearing thresholds
(Ladich and Fay, 2013; Maruska and Sisneros, 2016), it is reasonable
to assume that, in the case of our study species, this is likely possible
when the receiver is within <3 body lengths from the emitter during
quiet moments (see spreading loss calculations above).

Concluding remarks
Here, we investigated whether the acoustic communication system
from two small marine gobies fromAtlantic populations are adapted
to prevailing environmental conditions. We have found that hearing
abilities are tuned to main frequencies of acoustic signals and both
species seemwell adapted to detect acoustic information under local
AN. These findings are consistent with the acoustic adaptive
hypothesis, within the sensory drive framework, which predicts that
communication systems adapt to environmental characteristics
(Endler, 1992; Boughman, 2002).

Research that simultaneously correlates acoustic signalling and
hearing abilities with AN is generally lacking, especially in fish (but
see Lugli et al., 2003). However, a few studies lend support to the
acoustic adaptation hypothesis and have shown that gobies as well
as other shallow-water vocal teleosts, including batrachoidids,
cottids, cyprinids, percids and mormyrids, seem to take advantage
of a quiet window in the background noise to communicate, both in
freshwater and marine environments (Crawford et al., 1997; Speares
et al., 2011; Lugli, 2015; but see Coers et al., 2008). These works
provide strong evidence that habitat noise may exert important
selective pressure acting on the low frequencies used in acoustic
communication in shallow-water fish species. Additionally,
environmental characteristics (such as water depth) may have
exerted additional pressures to signalling behaviour as sounds are
typically emitted in close proximity of the receiver.

Other studies have highlighted that, in marine habitats, fish
auditory abilities are often tuned to the main frequency of acoustic
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signals as shown in gobies and other fishes (reviewed in Ladich,
2013; Lugli, 2015; Maruska and Sisneros, 2016). Moreover, in
noisy environments with variable masking conditions, such as in
shallow marine waters and in some freshwater microhabitats, fish
hearing thresholds are typically above the prevailing AN levels,
probably to avoid or minimise masking of acoustic signal
recognition (Lugli, 2015). It thus seems that, in such habitats,
there is support that acoustic environmental pressures have shaped
the acoustic communication systems of fishes.
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