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Text S1. Acoustic propagation modeling assumptions 

The source level for the sound at the snapping shrimp frequency was determined by 

recording shrimp in an approximate free field (Song et al. 2021), yet shrimps are benthic and 

often live in and amongst structure like coral rubble (Anker et al. 2012), sponges (Tóth & Duffy 

2005, Hultgren 2014), and burrows (Thompson 2004, Mathews 2002) that can reflect and 

absorb the acoustic energy of the snap before it propagates into the open water. The source 

levels for the sounds at the toadfish-generated frequencies were from field recordings of males 

calling from burrows of their construction, but we do not consider the directionality of the calls 

(Barimo & Fine 1998). In situ, toadfish males are likely emitting calls in any direction and these 

calls can be modified by reef structure before reaching the open water. In the model we 

assume the acoustic energy was directed off-reef towards the pelagic habitat. These differences 

highlight the importance of taking into consideration the complexities of animal behavior, as 

well as the source directionality as influenced by the small-scale environmental features on the 

reef. 

It is important to also consider here that we modelled single tones, whereas most reef-

based sounds possess either harmonics or are broadband like a shrimp’s snap.  Thus, larvae will 

detect a range of frequencies, and a future iteration of this acoustic modeling should consider 

the detection spaces created by frequency bands. This may reduce the spatial heterogeneity in 

the sound field for high-frequency sources. It also suggests that our predictions of detection 

spaces and distances are conservative since larvae are simultaneously detecting multiple 
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frequencies. We acknowledge that two or more sounds could interact constructively or 

destructively to create a higher or lower, respectively, amplitude cue. However, for the sources 

studied here, we support the approach of considering the propagation of independent shrimp 

snaps and toadfish calls. Acoustic interference would require sounds to be produced 

simultaneously and at a spatial scale allowing interaction of propagating waves. While shrimp 

snaps are produced at high rates throughout both day and night, these snaps occur as short 

(e.g., 500 μs; Au & Banks 1998), distinctive sounds that are unlikely to perfectly overlap. 

Toadfish calls also occur independently, and despite nightly choruses, males actively avoid call 

overlap with neighbors (Winn 1972, Fish 1972, Thorson & Fine 2002a). Thus, we assumed these 

sounds likely propagate away from their sources independently. Relaxing this assumption to 

consider the interaction of propagating waves from concurrent sources is an important next 

step in modelling realistic sound fields created by chorusing species with overlapping sound 

production, or sources that do by chance overlap in both time and space. 

Text S2. The use of auditory pressure thresholds 

Adults of C. ocellatus have anterior swim bladder projections that bring the bladder 

closer to the otoliths and improve the fish’s ability to sense the pressure component of sound 

(Popper & Fay 2011, Webb et al. 2012). These bladder extensions develop later in ontogeny, yet 

larvae have hearing sensitivity similar to the older life stages with this bladder morphology 

(Webb et al. 2012). The proximity of the swim bladder to the inner ear in larvae, enabled simply 

by their small body size, appears to improve pressure sensitivity (Myrberg & Fuiman 2006, 

Atema et al. 2015, Salas et al. 2019). Pressure detection allows sounds to be detectable at 
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lower amplitudes (Parmentier et al. 2011, Schultz-Mirbach et al. 2012, Tricas & Boyle 2015) and 

increases the range of detectable frequencies (Ramcharitar et al. 2006), compared to if only 

particle motion was sensed, making pressure more likely to be the acoustic stimulus operating 

at distance. This predicted pressure sensitivity in larvae allows us to consider the potential role 

of the pressure fields created by reef-based sounds in larval settlement, despite particle motion 

being the primary acoustic stimulus. Many larvae are likely using both the pressure and particle 

motion components of sound (Popper & Fay 2011), potentially at different spatial scales, to 

maximize their detection of reef-based sounds and to discern the direction of sound sources 

(Schuijf & Hawkins 1983).  

Text S3. Ambient soundscape transect results 

A map of the region where we conducted both the ambient and playback transects can 

be found in Figure 1 in Weinstock & Collin (2021), where the location of “S” represents the 

study reef. Transects were conducted perpendicular to the shoreline. In general, the peaks of 

the toadfish call became less distinctive in the spectra with increasing distance, and fewer 

harmonics remained distinguishable. At the distance of 1 km the second harmonic was the only 

frequency with a distinguishable peak (Fig. S2). The amplitudes of these harmonics decreased 

with distance, with an exception at the 200 m distance where the amplitude at the second 

harmonic was greater than all other recording distances except at the reef, and the amplitude 

at the fundamental frequency was approximately equal to that recorded at 50 m. In the 

recordings made by the stationary hydrophone, the amplitude of the toadfish harmonics 

decreased in time from the beginning to the end of the transect. Thus, Figure S2 represents the 
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outcome of two effects: distance and time. As transect distance increased, there were fewer 

toadfish calls being produced at the reef, even though in general the amplitude of calls remains 

consistent (Salas et al. 2018b). While snapping shrimps produce broadband snaps, the 

frequencies > 2 kHz were generally isolated from sounds produced by other reef soniferous 

species. The amplitude of these shrimp-generated sounds decreased with transect distance for 

the first three transect positions, but then experienced relatively little loss in amplitude over 

the remainder of the transect (Fig. S2). In the stationary hydrophone recordings, the amplitude 

of these sounds showed a similar trend. The frequency band in the reef soundscape between 

approximately 0.5 kHz and 1 kHz overlaps with both the higher-frequency toadfish harmonics 

and the broadband shrimp snaps. These frequencies tend to be driven primarily by a 

composition of other soniferous species (Salas et al. 2018a) not being considered here.  

We believe the recorded fish and shrimp sounds at the transect sites were from animals 

on the study reef because the silty/muddy substrate type over which the transect was largely 

conducted was not preferential habitat for those taxa. Calling toadfish males require hard 

substrate for nest building, and the general decline in call amplitude with distance supports the 

assumption they were based at the study reef. The direction of the transect did bring us within 

recording range of a second nearby reef, so our data may include toadfish calls produced at 

both the second reef and the study site. However, no transect position was closer than 800 m 

distance from this second reef, supporting the minimum model prediction of an 800 m 

detection distance by C. ocellatus. Snapping shrimps, on the other hand, can occur across a 

range of habitat types, and the possible presence of shrimps off-shore from the reef may 
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contribute to the pattern of sustained amplitudes of the shrimp-generated frequencies at the 

farther transect distances (Fig. S2). 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S1. Sound speed profile used in the parabolic equation model. The sound speed profile 
averaged across the 9 sites of the playback transect is shown, as calculated from measurements 
of temperature and salinity collected at each site during the transect.  
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Figure S2. Estimated detection spaces for the toadfish-generated frequencies by larvae of C. 
ocellatus. The modelled transmission loss (TL) was subtracted from the mean source level. The 
color bar is scaled to indicate where the TL does not exceed the allowable TL for each larval 
species. The allowable TL is the maximum level that can be subtracted from the source level 
and still have the received level be greater than the hearing threshold for C. ocellatus. Here, the 
orientation is a top-down perspective of the predicted detection space of the 116 Hz (A-C) and 
233 Hz (D-F) components of a call produced by a toadfish at 20 m depth on the reef. The fields 
were calculated for a larval depth of 5 m (A, D), 10 m (B, E), and 20 m (C, F). The triangle in the 
upper right corner represents the shoreline and the toadfish source was in the middle of the 
brightly colored circle indicating the region of highest amplitude close to the fish. These 
frequencies were predicted to be audible at any seascape position where the color is not white.  
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Fig. S3. Measured sound levels of the ambient soundscape with increasing distance from the 
study reef. Power spectra are shown for recordings made at the study reef and at each site in 
the ambient transect. The recording depth was 8 m. The low-frequency peaks are the 
harmonics of the toadfish calls.  
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Table S1. Hearing thresholds of early life stage reef and reef-associated 
fishes 

  
              

    Hearing thresholdb     

Species 
Standard length 

(mm) 100 Hz 200 Hz 1000 Hz 

Stage as 
defined by 
reference 
authors Reference 

Chaetodon ocellatusa 21–31 74 (116 Hz) 71 (233 Hz) 88 

Did not 
distinguish 

between larvae 
and juveniles Webb et al. (2012) 

Abudefduf saxatilisa 11–28 102 (116 Hz) 104 (233 Hz) 122 Newly settled 
Egner & Mann 

(2005) 

Pomacentrus partitus 12–14     118 Juveniles Kenyon (1996) 

Pomacentrus nagasakiensis 12–15 110 112 120* Pre-settlement  Wright et al. (2005) 

Plectropomus leopardus 17–22 117 112 113* 
Settlement 

stage Wright et al. (2008) 

Lutjanus carponotatus 23–27 107 110 115* 
Settlement 

stage Wright et al. (2010) 

Pomacentrus amboinensis 12–13 116 111 117* 
Settlement 

stage Wright et al. (2010) 

Caranx ignobilis 9–13 95 108   

Did not 
distinguish 

between larvae 
and juveniles Wright et al. (2011) 

Epinephelus coioides 9–13 120 122   

Did not 
distinguish 

between larvae 
and juveniles Wright et al. (2011) 

Epinephelus fuscoguttatus 14–18 115 115   

Did not 
distinguish 

between larvae 
and juveniles Wright et al. (2011) 

Eleutheronema tetradactylum 14–18 118 121   

Did not 
distinguish 

between larvae 
and juveniles Wright et al. (2011) 

Macquaria novemaculeata 9–13 114 115   

Did not 
distinguish 

between larvae 
and juveniles Wright et al. (2011) 

              
              

aUsed 116 and 233 Hz by interpolating between 100 and 200 Hz and 200 and 300 Hz, respectively, because these species were used in the 
modeling of species-specific detection spaces. 

bThresholds shown were reduced by 10 log10 (Δf), with the critical bandwidth Δf assumed to be 10% of the center frequency (Yost 2000, Egner 
& Mann 2005).  

*Interpolated for 1000 Hz on the available audiogram.         
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