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Predatory fish sounds can alter crab
foraging behaviour and influence
bivalve abundance
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The risk of predation can have large effects on ecological communities via

changes in prey behaviour, morphology and reproduction. Although prey

can use a variety of sensory signals to detect predation risk, relatively little

is known regarding the effects of predator acoustic cues on prey foraging be-

haviour. Here we show that an ecologically important marine crab species

can detect sound across a range of frequencies, probably in response to par-

ticle acceleration. Further, crabs suppress their resource consumption in the

presence of experimental acoustic stimuli from multiple predatory fish

species, and the sign and strength of this response is similar to that elicited

by water-borne chemical cues. When acoustic and chemical cues were com-

bined, consumption differed from expectations based on independent cue

effects, suggesting redundancies among cue types. These results highlight

that predator acoustic cues may influence prey behaviour across a range of

vertebrate and invertebrate taxa, with the potential for cascading effects

on resource abundance.
1. Introduction
The risk of predation, even from relatively rare predators, can have large effects on

ecological communities via changes in prey behaviour, morphology and reproduc-

tion that cascade to impact the abundance and biomass of basal resources [1–4].

These non-consumptive indirect effects can be large [5,6] and equivalent in

magnitude to consumptive effects [2]. By matriculating through the food web,

non-consumptive predator effects can even influence ecosystem functioning [3,4].

In order for non-consumptive effects to occur, prey must be able to detect

their predators and assess predation risk [7]. In addition to visual or mechanical

cues resulting from direct contact with predators, prey can utilize chemical/

olfactory and acoustic stimuli from predators and damaged conspecifics to

evaluate the risk of predation [8,9]. In marine environments, much of the

research on predator recognition and avoidance has focused on water-borne

chemical cues, demonstrating their importance across a wide range of taxa

[6,10,11]. Because water also provides an excellent medium for the transmission

of sound, acoustic signals could be a reliable cue of nearby predators,

potentially increasing the strength of non-consumptive effects [7].

Despite significant research in marine bioacoustics (particularly on marine

mammals and fishes), few studies have considered the potential for predator

vocalizations to elicit non-consumptive effects on prey and their resources

(but see [12]). Sound production is widespread in marine fishes, and serves a

variety of social communication purposes, including mate attraction, territory

defence, and distress and alarm calls [13,14]. Unlike in marine mammals

such as dolphins, fish vocalizations have not been explicitly linked to their

foraging behaviour, yet they do indicate fish presence and thus could provide

reliable cues of predation risk for prey. However, their utility as cues relies also

on the ability of their prey to detect these sounds.

We examined the potential for fish vocalizations to create non-consumptive

effects in their crab prey, and whether these effects cascade to the crabs’ bivalve
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resources. Relatively little is known about marine invert-

ebrates’ response to sound [15,16], but many invertebrate

species have organs known as statocysts that can detect particle

motion and thus may serve as a sound receptor [17,18]. We first

quantified crab hearing capability using the auditory evoked

potential (AEP) method [15,19]. We then conducted two exper-

iments to examine (1) whether crabs alter their foraging rates in

response to acoustic cues from predators and non-predators,

and (2) whether there are interactive effects of predator acoustic

and water-borne chemical cues. We utilized a well-studied

oyster reef food web consisting of vocalizing fish predators

(hardhead catfish, Ariopsis felis; black drum, Pogonias cromis;

oyster toadfish, Opsanus tau), mud crab (Panopeus spp.) prey,

and bivalve (hard clam, Mercenaria mercenaria) resources.

Previous research in this system has demonstrated strong

non-consumptive predator effects resulting from the physical

presence of fish and invertebrate predators [20,21], as well as

from predator water-borne chemical cues [8,22].
140715
2. Material and methods
(a) Crab hearing measurements
We quantified crab hearing capability using the AEP method, a

minimally invasive method of measuring the neural response

resulting from auditory stimulation [15,19,23–26]. The AEP

method provides a rapid means of testing hearing capability with-

out training of the test organisms. We tested four male and four

female crabs (Panopeus spp.) of 30–50 mm carapace width col-

lected from natural intertidal oyster reefs in the northern Gulf of

Mexico within 48 h of the hearing experiments. This sample size

is standard for AEP studies [15,19,23–26]. Testing for each crab

took approximately 20 min, and all crabs survived the tests. We

also tested one dead crab as a control.

During the AEP experiments, an individual crab was restrained

on a wooden sling and suspended 10 cm underwater in a cylindri-

cal steel tank (122 cm high, 20.3 cm diameter, 0.95 cm thick walls)

containing seawater at 238C, with the underwater speaker posi-

tioned at the bottom of the tank. Prior to submerging the crab, a

stainless steel recording electrode (Rochester Electro-Medical,

Tampa, FL) was inserted under the carapace near the basal joint

of the antennule and statocyst [27]. A reference electrode was

placed under the carapace in the body cavity. A ground electrode

was placed in the water near the body of the crab. All exposed sur-

faces of the electrodes that were not in direct contact with the crab

were coated with enamel for insulation.

Sound stimuli were presented and AEP waveforms were col-

lected using a Tucker-Davis Technologies physiology apparatus

with SIGGEN and BIOSIG software. Sounds were computer generated

using TDT software and hardware (RP2.1 Real-Time Processor) at a

24 kHz sample rate, and passed through a power amplifier (Halfer

P1000) connected to the underwater speaker (University Sound

UW-30). Tone bursts were 50 ms in total duration and were gated

with a Hanning window (similar to the conditions of past AEP

studies [24–26]). Sounds were presented 17.5 times s21 with alter-

nating phase on each presentation. Responses to each tone burst at

each sound pressure level (SPL) were collected using the BIOSIG

software package using a DB4 biological amplifier with gain

set to 10 000�, and a 3000 Hz low-pass filter. Near threshold,

1000 responses were averaged for each stimulus frequency and

level combination. In order to speed up testing, the program

was advanced to the next test condition if an AEP was obvious

before 1000 averages were reached. The SPLs of each presented fre-

quency were confirmed using a calibrated underwater hydrophone

(HTI 96 min; sensitivity: 2164.4 dB re 1 V mPa21). Sound pressure

gradients were calculated by measuring the sound pressure at
locations 5 cm in each direction (x, y and z) from where the crab

was centred with the same hydrophone using the BIOSIG software,

which creates a time-locked recording. The set-up for calibration

was exactly the same, except the crab was not present. The sound

pressure gradients were then converted to particle velocities for each

frequencyand location in the test tank as afunction of
p

(x2þ y2þ z2).

The SPL at each frequency was initially set to a level that pro-

duced a response and then decreased in 6 dB steps until a

stereotypical AEP was no longer seen. The frequencies tested

were 75, 100, 200, 400, 800 and 1600 Hz. Initial levels were:

75 Hz/160 dB; 100 Hz/158 dB; 200 Hz/146 dB; 400 Hz/151 dB;

800 Hz/144 dB; 1600 Hz/139 dB. The sound was then repeated

at the next lower level to ensure that threshold had been reached.

Threshold was defined as the lowest level at which a response

could be detected in the Fourier transform of the AEP that was

6 dB above background noise at twice the stimulus frequency.
(b) Predator acoustic cue experiment
We examined the effects of predator acoustic cues on crab fora-

ging behaviour by quantifying consumption of crab resources

( juvenile clam, Mercenaria mercenaria) in an outdoor mesocosm

experiment at the Florida State University Coastal and Marine

Laboratory (FSUCML) in August 2012. We utilized publicly

available recorded vocalizations of three fish predators that are

known to consume mud crabs on oyster reefs in our study

area: the black drum (Pogonias cromis; audio file courtesy of

James Locascio and David Mann, University of South Florida

College of Marine Science; electronic supplementary material,

audio file S1), the hardhead catfish (Ariopsis felis; from dosits.

org, copyright University of Rhode Island Office of Marine Pro-

grams, 2002–2007; electronic supplementary material, audio file

S2) and the oyster toadfish (Opsanus tau; from dosits.org, copy-

right University of Rhode Island Office of Marine Programs,

2002–2007; electronic supplementary material, audio file S3).

Toadfish are among the best-studied vocal fish; they produce a

range of sounds related to mate attraction, nest defence and

agonism [13,28,29]. Catfish vocalizations have been documented

in relation to schooling behaviour, reproduction and distress, and

they may also function as a form of echolocation [30,31]. The

‘drum’ call of the black drum has been linked to territoriality

and spawning; these fish also produce a staccato disturbance

call [32]. None of the fish are known to vocalize specifically

when foraging, yet we hypothesized that these sounds may

still provide a reliable cue to crabs of predation risk.

Each experimental mesocosm (n ¼ 20) consisted of a 78.5 l

round plastic tub (diameter ¼ 42 cm; area ¼ 0.55 m2) with two

drains: a 2.5 cm hole drilled 8.0 cm from the top of the tub pre-

vented overflow of seawater, and a barbed reducer (1/4 inch),

8.0 cm from the bottom, allowed a gradual outflow of water as

in [22]. Mesocosms were filled with 18.6 l (an approximate

depth of 6 cm) of sieved sand and approximately 3 l of dead

oyster shell to provide structure and habitat for the crabs. All

mesocosms received flow-through, sand-filtered seawater from

the Gulf of Mexico via the seawater system at FSUCML to simu-

late high tide during the trials. Each mesocosm was fitted with a

plastic mesh cover (1/4 inch openings) lined with window screen

to reduce light and prevent visual stimuli from outside the

mesocosm from influencing crab behaviour.

We ran three independent trials of the mesocosm experiment,

using different crabs in each trial. Within a trial, we conducted

three separate treatment exposures within a 5-day period. Adult

mud crabs (Panopeus spp.) between 20 and 40 mm carapace

width were hand collected from natural reefs in Apalachee Bay,

Florida, within 3 days of the start of each trial, held in tanks with

flow-through seawater, and fed juvenile clams ad libitum. On

the first exposure day of the trial, five crabs were added to each

mesocosm and allowed to acclimate to their surroundings for at

dosits.org
dosits.org
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Figure 1. Evoked potentials for an individual crab in response to 200 Hz sound presentation of tonal bursts at several sound levels. Sound levels are shown in terms
of both particle acceleration and acoustic pressure. (a) Evoked potentials as a function of time from stimulus presentation. Vertical scale bar represents 1.0 mV
amplitude. Inset: experimental crab on wooden sling prior to placement in the tank for the sound presentation. (b) Evoked potentials as a function of frequency
(FFT of traces in (a)). Vertical scale bar represents 0.05 mV amplitude. (Online version in colour.)
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least 30 min. This density is within the range found on natural reefs

in the region [22]. Live juvenile clams less than 10 mm in shell

diameter were affixed with super glue to the inner surface of

dead oyster shells (five clams per shell) the morning of each run

to serve as the resource for the crabs. These shells were then

marked along the shell margin with a 1–2 cm stripe of brightly

coloured enamel to facilitate identification and retrieval at the

end of the experiment. Five of these shells (n ¼ 25 clams per meso-

cosm) were placed in each mesocosm, intermixed with the other

dead oyster shell.

Mesocosms were randomly assigned to one of the acoustic cue

treatments for each trial (n ¼ 4 per treatment per trial): black drum

(predator), hardhead catfish (predator), toadfish (predator),

snapping shrimp (non-predator control; Alpheus heterochaelis;

courtesy of Paul Perkins, NUWC Engineering, Test and Evaluation

Department; from dosits.org, copyright University of Rhode

Island Office of Marine Programs, 2002–2007; electronic sup-

plementary material, audio file S4) and silent recording (control;

electronic supplementary material, audio file S5). Acoustic

treatments were maintained for each treatment exposure in a
given trial (i.e. the same crabs experienced the same acoustic cue

in each of the 3 exposure days per trial). Playback treatments con-

sisted of a single 5 min playback of a looped-mode recording

created by a brief (5–10 s) clip of the appropriate sound with

3–4 s of silence between sounds. Cues were broadcast from a por-

table MP3 player that was connected to a 120 V amplifier (OSC

GX3) and then to a 30 W underwater speaker (Electro-Voice

UW-30). The speaker was placed along one side of the mesocosm,

facing the interior of the tank. We tested each of our predator cues

in a replicate mesocosm set up at USF, because calibration equip-

ment was not available at the time of the experiment. The

hydrophone was placed 20 cm away from the underwater speaker,

mimicking the crabs’ position during the mesocosm experiments

(maximum distance was 35 cm). SPLs (RMS between 100 and

1000 Hz) were toadfish ¼ 144 dB re 1 mPa; drum ¼ 138 dB re

1 mPa; catfish ¼ 137 dB re 1 mPa; snapping shrimp ¼ 133 dB

re 1 mPa; silent ¼ 112 dB re 1 mPa). Cues were played sequentially

across mesocosms; clams were added immediately prior to the

acoustic cue playback in each mesocosm to prevent crab foraging

prior to applying the treatment.
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Within 4.0 h of the cue treatments, we retrieved the marked

oyster shells and counted the number of live clams remain-

ing to quantify clam consumption. Direct observations of crab

behaviour were not possible because of low water clarity.

(c) Predator acoustic cue versus water-borne cue
experiment

To test the strength of predator acoustic effects relative to a differ-

ent predator cue on crab foraging behaviour, we conducted a

factorial manipulation of catfish acoustic cues (present, absent)

and catfish water-borne cues (present, absent) in the mesocosms

described above. Treatments were randomly assigned to meso-

cosms (n ¼ 5 per treatment per trial). We utilized a coupled,

flow-through predator cue system similar to previous experimental

manipulations testing non-consumptive predator effects (see e.g.

[6,22,33,34]). We ran two independent trials using different crabs,

with a single treatment exposure in each. Adult mud crabs (Pano-
peus spp.) between 20 and 40 mm carapace width were hand

collected from natural reefs in Apalachee Bay within 3 days of

the start of each trial, held in tanks with flow-through seawater

and fed juvenile clams ad libitum. Five crabs were added to

each mesocosm at least 30 min prior to the start of each trial,

and all mesocosms received flow-through, sand-filtered seawater

from the Gulf of Mexico via the seawater system at FSUCML.

Five marked oyster shells with live juvenile clams affixed with

super glue (five clams per shell) were added to each mesocosm

just prior to the cue treatments to prevent crabs from consuming

resources before the application of each treatment. After the

marked oyster shells were added, the inflow tubing for mesocosms

assigned to the water-borne cue treatment was switched from the

regular FSUCML seawater system line to a line with seawater

that first circulated through a single 100-gallon flow-through tank

(area¼ 1.04 m2) that housed two predators (hardhead catfish,

Ariopsis felis) for the duration of the trial (see [22] for additional

details on mesocosm set-up; catfish were housed in strict accord-

ance with the recommendations in the Guide for the Care and

Use of Laboratory Animals of the National Institutes of Health

and the protocol was approved by the Animal Care and Use Com-

mittee at the Florida State University, Permit no. 1106). Mesocosms

not receiving water-borne predator cues continued to receive sea-

water directly from the FSUCML seawater system at an

equivalent flow rate for the duration of the trial. Immediately after

the water-borne cue treatment was established, the acoustic cue

treatment was applied. Each mesocosm received a single 5 min

playback loop of the predator (hardhead catfish) recording or a

silent recording. After 2 h, we ended the water-borne cue treatments,

collected the marked oyster shells and quantified the number of

clams consumed in each mesocosm as above.

(d) Statistical analysis
We used a generalized linear mixed-effects model selection

approach using R software (v. 2.15.0, lme4, lattice, multcomp

and glmmADMB packages) to examine the proportion of clams

consumed across treatments. In all analyses, experimental trial

and mesocosm were included as random effects. For the first

experiment, predator cue was treated as a fixed factor, and

exposure day was nested within mesocosm. We also ran a separ-

ate analysis using only the data from the first exposure day of

each trial. For the second experiment, catfish acoustic cues

(present/absent) and water-borne chemical cues (present/

absent) were designated as fixed factors. One mesocosm was

excluded from each trial in the second experiment because of

failure in the delivery of water from the predator tank.

For each analysis, we fitted the data to a series of nested

models using a binomial error distribution to determine which

best explained the observed results (electronic supplementary
material, appendix S6). These models included a null model

with an intercept of 1 and only the random effects, and models

that included random effects with single, additive and interactive

effects between fixed factors. We then performed model selection

using Akaike’s information criterion corrected for small sample

sizes (AICc [35]). The identification of the best candidate model

was based on Akaike weight (wi), which was calculated as the

model likelihood normalized by the sum of all model likeli-

hoods. Weights close to 1 indicate greater support for the

model in the data [36]. Models were considered to have substan-

tial support if their DAICc score was less than 2.0. We then

conducted mean comparisons using a Tukey test in the mult-

comp package. In the second experiment, we also used a

multiplicative risk model on the proportion of clams surviving

to calculate expected consumption in the combined cue treat-

ment [37]. We then compared expected and observed values

using Student’s t-test.
3. Results
AEPs (indicating neural responses) were obtained for all live

crabs tested, and showed a frequency doubling effect, where

the AEP signal was twice the frequency of the stimulus fre-

quency (figure 1). The acoustic pressure thresholds were all

very high (.133 dB re 1 mPa; figure 2a), and no clear pattern

of sensitivity was apparent. When the data were plotted as a

function of acoustic particle acceleration, best sensitivity was

at 75 Hz with decreasing sensitivity up to 1600 Hz (figure 2b).



Table 1. Results of model selection analyses for the mesocosm experiments. Italic indicates best model; parentheses denote random effects and solid denotes
nested effects. DAICc is the difference between the AICc of a particular model compared with the lowest AICc observed. Models with DAICc scores of less than
2.0 have significant explanatory power. The Akaike weight is calculated as the model likelihood normalized by the sum of all model likelihoods; values close to
1.0 indicate greater confidence in the selection of a model.

model df DAICc weight

predator acoustic cue experiment

all data

proportion clams consumed � 1 þ (trial) þ (tank/exposure day) 4 62.8 ,0.001

proportion clams consumed � acoustic treatment þ (trial) þ (tank/exposure day) 8 0 1.0

first exposure day per trial only

proportion clams consumed � 1 þ (trial) þ (tank) 3 46.7 ,0.001

proportion clams consumed � acoustic treatment þ (trial) þ (tank) 7 0 1.0

predator acoustic cue versus chemical cue experiment

proportion clams consumed � 1 þ (trial) þ (tank) 3 1.9 0.153

proportion clams consumed � acoustic cue þ (trial) þ (tank) 4 0 0.403

proportion clams consumed � chemical cue þ (trial) þ (tank) 4 3.3 0.076

proportion clams consumed � acoustic cue þ chemical cue þ (trial) þ (tank) 5 1.5 0.190

proportion clams consumed � acoustic cue � chemical cue þ (trial) þ (tank) 6 1.6 0.178
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In our first mesocosm experiment, acoustic cue treatment

explained a large percentage of the variation in crab foraging

behaviour (wi ¼ 1.0, table 1). Acoustic cues differentially

affected consumption of bivalve prey (figure 3a): foraging

rates were lowest when crabs were exposed to the black

drum (predator) cue, intermediate in response to the catfish

(predator) cue, and equivalently high in the toadfish (preda-

tor) and snapping shrimp (non-predator control) treatments.

The results were consistent when we restricted our analysis to

the first day of exposure in each trial (table 1).

In our second experiment, catfish acoustic cues best

explained crab foraging behaviour (figure 3b; wi ¼ 0.40,

table 1), along with additive (DAICc ¼ 1.5, wi ¼ 0.19, table 1)

and interactive (DAICc ¼ 1.6, wi ¼ 0.18, table 1) effects of cat-

fish chemical cues. Consumption of clams was lower in the

presence of predator cues (acoustic only, chemical only or

combined acoustic and chemical) than in the absence of cues,

yet only the acoustic cue treatment was significantly different

than the control treatment in post hoc tests. In addition, the com-

bined effects of these two different cue types differed from

expectations based on the single cue treatments: the observed

consumption rate in the multiple cue treatment was greater

than the expected consumption rate based on the multiplica-

tive risk model (figure 3b; t-test, p ¼ 0.01), even if one

combined cue replicate was excluded because of unusually

high consumption (t-test, p ¼ 0.05).
4. Discussion
Crab neural responses indicated that they could detect a range

of frequencies that coincide with the low-frequency vocaliza-

tions of many sonic marine fishes [14]. In addition, crabs

reduced their foraging activity in the presence of experimental

acoustic stimuli from two predatory fish species. The doubling

effect that we observed in the auditory AEPs has been seen pre-

viously in squid and fish [15,19], and is indicative of a statocyst

system with directionally sensitive sensory cells. Crabs’ lack of
sensitivity to sound pressure is consistent with the fact that

they do not contain air bubbles and suggests that they are

most likely to detect fish sounds when the fish is nearby.

Variable crab responses to individual predator species

may reflect differences in risk that each of these predators

poses to crabs. Although we do not have information on

the relative risk posed by each predator, stomach contents

indicate that all predator species tested in our experiment

consume mud crabs (toad fish [20]; black drum [38]; catfish

[39]). The reliability of the vocalizations as a cue of predation

risk may also vary by predator species due to the nature of

the call itself. For instance, the well-studied toadfish ‘boat-

whistle’ call used in our playback experiment is generated

by males to attract females to their nest site [13]. Because

the male toadfish then guards the eggs and embryos at the

nest site until they are free-swimming, this call is probably

not associated with high predation risk for mud crabs. In

addition, toadfish are resident on reefs, whereas catfish and

black drum move on and off the reef with the tides

(D. Kimbro 2010, unpublished data). Thus, catfish and black

drum vocalizations may be a strong indicator of a sudden

increase in predation risk for mud crabs. Furthermore, black

drum calls have relatively high source levels (165 dB re 1 mPa

[32]), which will increase their detectable range in compari-

son with fish producing lower sound levels (e.g. toadfish:

123–126 dB re 1 mPa [32]; catfish: 97 dB re 1 mPa [31]).

Although it is difficult to compare acoustic and chemical

cue manipulations directly (i.e. are five minutes of acoustic

cues equivalent to five minutes of chemical cues?), it is

clear that catfish acoustic cues elicit non-consumptive effects

of approximately the same magnitude and direction as their

water-borne chemical cues. Water-borne chemical cues from

predators are highly influenced by hydrodynamic conditions

such as velocity and turbulence, particularly in structured

habitats such as oyster reefs [8,11,40]. Acoustic cues may be

less readily attenuated at these small spatial scales, and

thus may provide a more reliable cue of predator presence

and proximity (but see [41]). Further, our acoustic cue
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treatment consisted of a single 5 min playback whereas the

chemical cues were continuous for the duration of the exper-

iment, demonstrating that even short-duration acoustic cues

can have lingering ecological effects. The difference between

observed and expected consumption with combined acoustic

and chemical cues suggests that there may also be redundancies

among cue types.

Acoustically distinctive habitat cues (marine ‘sound-

scapes’) are increasingly recognized as an important sensory

cue for fish, as well as for invertebrate larvae [42–44]. Biologi-

cal sources that characterize distinct habitats, particularly at

dawn and dusk (when many marine organisms forage),

include soniferous animals such as snapping shrimp, fish

and sea urchins [45]. However, anthropogenic noise (e.g.

boats) can dominate soundscapes at other times of day, with

subsequent effects on animal behaviour and physiology [46].

Although few studies have examined the effects of anthropo-

genic noise on invertebrates [46], recent work demonstrated

that another crab species (Carcinus maenas) exhibits disrupted

feeding, decreased ability to find refuge habitat and increased

oxygen consumption when exposed to playbacks of ship noise
[47,48]. In addition to illustrating the potential for predator

acoustic cues to be masked or disrupted by human activities,

this work reinforces the importance of acoustic cues of a var-

iety of sources for marine invertebrate foraging behaviour

and physiology.

Many marine invertebrates have statocysts that sense

movement and vibrations [17,18], and acoustic cues have

been documented as a form of conspecific communication in

several crustacean species, such as fiddler crabs and lobsters

[16]. Conspecific acoustic cues are similarly important in

terrestrial insects such as crickets for mating and social inter-

actions [49]. Given the ability of invertebrates to detect and

respond to sound, and the prevalence of soniferous predators

on land and in the sea, we expect that non-consumptive effects

of predator acoustic cues on invertebrates may be more

common than currently appreciated.
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