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Abstract
Free-swimming larvae o f tropical corals go through a critical llfe-phase when they return from the open ocean to  select a 
suitable settlement substrate. During the planktonic phase o f the ir life cycle, the behaviours o f small coral larvae (<1 mm) 
that influence settlement success are d ifficu lt to observe in situ and are therefore largely unknown. Here, we show that coral 
larvae respond to acoustic cues that may facilitate detection o f habitat from large distances and from upcurrent o f preferred 
settlement locations. Using in situ choice chambers, we found that settling coral larvae were attracted to  reef sounds, 
produced mainly by fish and crustaceans, which we broadcast underwater using loudspeakers. Our discovery that coral 
larvae can detect and respond to  sound is the first description o f an auditory response in the Invertebrate phylum Cnidaria, 
which Includes jellyfish, anemones, and hydroids as well as corals. If, like settlement-stage reef fish and crustaceans, coral 
larvae use reef noise as a cue for orientation, the alleviation o f noise pollution in the marine environment may gain further 
urgency.
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Introduction

M ost nearshore site-attached m arine organism s com plete an 
early larval stage in the open ocean before settling to benthic 
habitats. C hem ical com pounds produced  by  reef organisms 
provide im portan t settlem ent cues for coral larvae [1,2], bu t can 
only be detected w hen larvae com e into close proxim ity with 
organism s producing  these com pounds. Because w aterborne 
com pounds can  only be detected dow ncurrent o f  their source, 
planktonic coral larvae w hich are unable to swim against 
prevailing currents w ould be unable to use these cues to orient 
towards preferred  settlement locations [3]. R ecen t work shows that 
the larvae o f fish an d  decapods can use sound propagating  from 
nearshore m arine  com m unities as an  orientation  cue to guide their 
re tu rn  from  the open ocean tow ards suitable habitats for 
settlem ent an d  grow th [4-7]. T h e  larvae of m arine fishes have 
specialized anatom ical features for detecting sound, but, w ith the 
exception o f some arthropods, these are no t present in 
invertebrates. Some terrestrial invertebrates, however, can  use 
exterior cilia to register and  respond to sound waves [8,9]. Because 
the larvae of corals are densely covered w ith exterior cilia, we 
hypothesized that they m ay be able to sense an d  react to 
underw ater sound fields. Sound propagates m uch further than  
light underw ater bo th  as particle m otion  [10] an d  acoustic 
pressure [11]; the distance depends on  frequency and  source 
power, and  thus can  provide a useful cue for detection of, and  
orientation  towards, suitable settlem ent habitat. T o  test this 
hypothesis, we studied the m ovem ent o f coral larvae in choice

cham bers oriented  towards underw ater speakers playing reef 
sounds, w hich consisted o f fish calls and  grunts and  the continuous 
crackling sound of snapping shrimps [7,12].

Results and Discussion

In  each trial, using six cham bers directed towards underw ater 
speakers playing a com pilation o f day and  night reef sounds 
(Figure 1), free-swim m ing coral larvae m oved predom inantly  
towards the speakers independent o f cham ber orientation 
(Figure 2A, %2 = 30.50, d f= 4 ,  p< 0 .0001). W hen  the cham bers 
were p laced 0.5 m  below the speakers, larvae m oved towards the 
upper surface o f the cham bers (i.e., the surface nearest to the 
speakers) (Figure 2B, F4 25 = 431.8, pCO.OOOl). W hen  the speakers 
were silent, larvae distributed themselves random ly th roughout the 
cham bers independent o f the loudspeakers’ position (x2 = 0.05, 
d f= 4 ,  p  = 0.97). In  sum, coral larvae displayed directional 
m ovem ent bo th  horizontally an d  vertically tow ards underw ater 
speakers broadcasting  reef noise.

T h e  possibility th a t the directional m ovem ent o f larvae was 
caused by m oonlight, tides, o r chem ical cues with onshore-offshore 
gradients was elim inated by  the radial a rrangem ent o f the speakers 
and  cham bers (Figure 1). Regardless o f the orientation  o f the 
cham ber relative to the shore, larvae in each o f the six cham bers 
consistently m oved towards the speakers. M ovem ent towards the 
source o f the reef sounds indicates th a t coral larvae are  capable o f 
detecting an d  responding to acoustic cues in a  directional m anner. 
E ach cham ber was levelled underw ater to elim inate directional
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Figure 1. Overview of the experim ental setup. The position of coral larvae was observed in six Plexiglas tub es th a t w ere arranged around three 
central underw ater loudspeakers to  control for the  effect of o ther factors th a t m ight influence the  m ovem ent o f larvae (e.g., currents, underw ater 
light fields). Coral larvae are no t draw n to  scale. 
doi:10.1371/journal.pone.0010660.g001
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Figure 2. M ovem ent of coral larvae towards reef sounds. (A) The proportion of coral larvae a t various distances from speakers playing reef 
sounds are given as averages o f Day 1 and 2 of the  experim ent (+1SEM). (B) Proportion o f larvae a t each distance class th a t w ere observed against the  
upper surface o f the  cham bers (i.e., the  surface nearest th e  speakers) w hen reef sounds w ere played from above (blue) and sounds were played from 
aside (light blue). Data are show n as averages from Day 3 of the  experim ent (+1SEM). 
doi:10.1371/journal.pone.0010660.g002
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m ovem ent due to depth. T h e  upw ard vertical m ovem ent o f larvae 
towards the source w hen speakers w ere positioned higher th an  the 
cham bers is particularly  interesting as it reveals that in our 
experim ental setup planulae showed a  preference for sound that 
overrides the tendency for com petent coral larvae to swim down 
towards the reef substrate [13]. In  a  field situation except for 
sounds from  m obile soniferous fishes, m ost reef sounds will 
p ropagate upw ards from  the benthos with some intrinsic 
directionality [4] thus providing a  cue for coral larvae in the 
overlying w ater colum n to m ove dow nw ards to the reef.

This study reports the first know n behavioural response to a 
w ater-bourne acoustic cue in a  m arine larva of the invertebrate 
phylum  C nidaria , w hich in addition to jellyfish, anem ones and  
hydroids, includes the corals responsible for the form ation o f the 
largest biological structures on  earth: coral reefs. O th e r m ajor 
sensory modalities w hich enable detection o f light (photorecep
tion), substrates (m echanoreception) and  chemicals (chem orecep- 
tion) have all previously been  dem onstra ted  in coral larvae (e.g. 
[5,13,14]). T he extent to w hich an  acoustic response facilitates 
orientation  and  m ovem ent o f coral larvae towards suitable 
settlem ent habitats is unknow n, an d  will depend on the exact 
m echanism  by w hich coral larvae detect and  respond to sound. In 
fishes, there is a  clear difference in the range of detection betw een 
generalists w hich detect only the particle m otion com ponent o f 
acoustic cues (in p a rt by  external neurom asts in the lateral line 
similar to the cilia o f coral planulae), an d  specialists w hich can also 
detect acoustic pressure (through anatom ical linkages betw een the 
gas-filled sw im bladder an d  the otoliths) [4], W e anticipate that 
coral larvae respond to particle m otion, w hich depending on their 
sensitivity will lim it the likely distances o f detection to 10 s to 100 s 
m etres [15]. T he fact that coral larvae respond to sound has 
im portan t implications for understanding dispersal an d  recruit
m ent success, and  w arns against treating  larvae as passive particles 
in connectivity m odels that predict dispersal based on ocean 
currents alone (for a  recent discussion of this issue, see: [16]). 
Because biological sounds produced  by  reef organism s propagate 
m etres to kilom etres away from  reefs [11], their role as a  beacon 
for pelagic life stages o f  m arine  invertebrates deserves critical 
attention, especially because settlem ent hab ita t is patchy  and  often 
ra re  in large open bodies o f water. If  reef sounds provide an 
orientation  cue for free-sw im m ing coral larvae, as they do for 
settlement-stage coral reef fish larvae and  crustaceans [4-7], the 
alleviation o f noise pollution in m arine environm ents m ay gain 
further urgency an d  represent yet ano ther factor th reaten ing  coral 
reefs a round  the world.

Materials and M ethods

Ethics s ta te m en t
All anim al m anipulations were approved by  the D epartm ent o f 

E nvironm ent & N ature  (MINA) o f the governm ent o f the 
N etherlands Antilles.

Experimental design
W e reared  swim m ing larvae o f the dom inant C aribbean  reef 

building coral Montastraea faveolata during  the 2008 mass spawning 
in C uraçao, N etherlands Antilles. Larvae were raised from  gam ete 
bundles collected a t Playa Kalki (12°22'43"N ; 69°09'00"W ) on 20 
Septem ber 2008 and  m aintained in 0.45 pm -filtered seawater in 
2 L polystyrene containers. T o  accurately tim e the field experi
m ents to the onset o f larval settlem ent (i.e., w hen larvae first 
a ttached  to the bottom  and  started calcification), a  subset o f larvae 
were reared  in  polystyrene Petri dishes (16 replicate Petri dishes, 
40 larvae pe r replicate, see [13] for fu rther details). T h e  choice

cham ber trials were started on the day these larvae reached 
com petency to settle (29 Septem ber 2008) and  continued for three 
days. O ver this tim e period, settlem ent rate  in the laboratory  
cultures continued to increase and  survivorship rem ained 
unchanged.

For the choice cham ber trials, three subm ersible speakers 
(details below) were arranged  in a  triangular pa tte rn , an d  two 
transparen t PLEXIGLAS®  cham bers ( 1 m  length, 10 cm  Ö) were 
placed in  front o f  each speaker with the near end o f the cham ber 
at a  distance o f 1 m  (Figure 1). W e in troduced ~ 5 0 0  larvae to 
each cham ber an d  secured bo th  ends w ith 50 pm  nylon mesh. 
T h e  distribution o f larvae w ithin the cham bers was observed in situ 
on  three consecutive nights using flashlights betw een 04 0 0 - 
0500 h.

Sound experiments
T o determ ine w hether coral larvae exhibited a  response to 

general reef noise (rather th an  to a  specific source o f reef noise), we 
broadcast a  com pilation o f recordings o f coral reef sounds, which 
incorporated  variation  in reef noise due to time-of-day, season, 
habitat, an d  depth. R eef sounds were recorded using an 
om nidirectional hydrophone (H iTech H T I-9 6 -M IN  w ith inbuilt 
pream plifier, H igh T ech  Inc., G ulfport MS) and  an  Edirol R - l  24- 
Bit recorder (44.1 kH z sam pling rate, R oland  Systems G roup, 
Bellingham  WA). R ecorded sounds were played back using 
Electrovoice U W -30 underw ater speakers (output level 153 dB 
re 1 pPa a t 1 m, frequency response 0.1 to 10 kH z, Lubell Labs 
Inc., C olum bus O H ), an d  were broadcast from  the 3 speakers in 
synchrony. T he broadcast sound consisted o f 15 different 3-m inute 
recordings to avoid potential pseudoreplication in troduced by 
using a  single recording in playback experim ents [17], creating a 
45-m inute-loop w hich was p layed continuously th roughout the
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Figure 3. The experim ental underwater sound field. Analysis of 
RMS pow er g radients on all th ree  axes of the  experim ental se t-up  (see 
Figure 1) during playback show ed a 4.4 dB grad ien t within the  
cham ber. Recordings w ere taken a t th ree  locations along the  apparatus. 
The gradient in th e  m easurem ents is near to  a cylindrical m odel of 
geom etric spreading (RL = SL — 10 log (R/Rref)), as expected  for shallow 
w ater environm ents, excep t th a t instead of a geom etric  m odel 
param eter of 10, the  m easured value was 11.1 (SEM = 1.4). 
doi:10.1371/journal.pone.0010660.g003
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night. T h e  recordings consisted of pops and  grunts m ade by fishes, 
background crackling sounds p roduced  by snapping shrim p and  
occasional sounds o f anim als feeding, m oving, and  calling. These 
sounds were recorded a t a  variety o f different locations (Piscadera, 
Spaanse W ater), habitats (reef p lateau  a t 5 m, reef slope a t 15 m), 
dates (August 2006, M arch  2007) and  lu n ar phases (over a  20 day 
period  in M arch  2007), an d  times o f day and  night (between 0715 
and  2200 h). T o  determ ine w hether there was a  m easurable 
gradient in sound in the cham ber, we took recordings during 
playback a t three locations along the axis o f each cham ber, and  
used Avisoft-SASLab Pro (Avisoft Bioacoustics, Berlin, Germ any) 
to calculate the m ean R M S (Root M ean  Square) b ro adband  
intensity a t each location. W e used recordings o f a  pure  tone 
1000 H z sine wave produced  by a signal generator (T T i T G 230, 
T hurlby  T h an d a r Instrum ents, H untingdon  UK) and  the 
m anufacturer’s calibration o f the hydrophone to calibrate the 
recordings to dB re 1 pP a  (Figure 3). Acoustic pressure was 
148.9 dB re 1 pP a  a t the n ear end com pared to 144.5 dB re 1 pPa 
a t the far end  o f the cham ber, dem onstrating  a clear g radient in
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pressure level th rough  the cham ber, and  implying th a t geom etric 
spreading from  the speakers was approxim ately cylindrical in 
nature: R L  = SL -  11.1 log (R /R ref). U sing p = p c v  (where p  = 
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near end to 9 .3 5 x 1 0  m s  a t the far end.
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