
ABSTRACT 

LILLIS, ASHLEE SHANNON. Habitat-Associated Soundscapes and their Potential Role as 
a Settlement Cue for Estuarine Larvae. (Under the direction of Dr. David B. Eggleston). 
 

Following a planktonic dispersal period, the larvae of bottom-dwelling marine 

organisms must locate suitable seafloor habitat in which to settle and metamorphose. 

Settlement is a critical phase in the life history of these benthic animals and recruitment 

patterns are important to marine population dynamics and community structure. For animals 

that are sessile or sedentary as adults, settlement onto substrates that are adequate for survival 

and reproduction represents a challenge to microscopic larvae since patchily distributed 

settlement sites may be difficult to find along a coast or within an estuary. Larval encounter 

with settlement habitats is likely facilitated through the use of habitat-specific physical and 

chemical cues, but the scales over which particular habitat-related environmental cues may 

operate are rarely measured. Recent studies have demonstrated that the underwater 

soundscape, the distinct sounds that emanate from habitats and contain information about 

their biological and physical characteristics, may serve as a broad-scale environmental cue 

for marine larvae to find settlement sites. Benthic habitats likely produce distinct 

soundscapes due to differences in the physical and biological contributors to ambient sound. 

Despite their potential importance to ecological processes, such as larval settlement, the 

soundscapes of most coastal and estuarine habitats have not been characterized, and larval 

responses to sound remain untested for all but a handful of marine invertebrate species. This 

dissertation investigated estuarine soundscapes as a larval settlement cue using subtidal 



oyster reef and off-reef soft bottom habitats in Pamlico Sound, North Carolina, USA as a 

model system and the Eastern oyster (Crassostrea virginica), an economically and 

ecologically important reef-building bivalve, as a study organism.  

The first part of this study investigated whether variation in an estuarine soundscape 

is a reliable indicator of habitat-type by comparing the sounds of oyster reefs and nearby off-

reef soft bottom areas. Acoustic sampling in three locations found distinct acoustic patterns 

in oyster reef habitats compared to surrounding off-reef areas, with reefs producing high 

levels of sound within frequency bands dominated by snapping shrimp sounds and the 

vocalizations of reef-dwelling fish species. Compared to soft bottom habitat, oyster reefs had 

significantly higher sound pressure levels in the 2-23 kHz frequency band and higher 

acoustic diversity index values. The spectral dissimilarities between the two habitats and the 

reef sound propagation patterns were consistent over the summer and fall sampling season, 

and across two sampling years. The strength of the acoustic signal differed between reef 

sites, possibly reflecting differences in physical and biological characteristics that contribute 

to sound production. Manipulative laboratory playback experiments found increased 

settlement in larval oyster cultures exposed to oyster reef sound compared to unstructured 

soft bottom sound or no sound treatments. In field experiments, ambient reef sound produced 

higher levels of oyster settlement in larval cultures than did off-reef sound treatments. The 

results suggest that oyster larvae have the ability to respond to sounds indicative of preferred 

settlement sites, and this is the first evidence that habitat-related differences in estuarine 

sounds influence the settlement of a mollusk.  



To better evaluate how oyster reef sounds may operate as a settlement cue for weakly 

swimming larvae, we used passively drifting acoustic recorders to measure the variation in 

habitat-related underwater sound at spatiotemporal scales relevant to dispersing bivalve 

larvae in the estuary. Sound levels increased by up to 30 dB during passage over oyster reefs 

compared to off-reef soft bottom areas, and sound level fluctuations in the 2000 – 23000 Hz 

frequency range corresponded closely to the presence of oyster reef below drifters, indicating 

that sound characteristics could provide a reliable signal of benthic habitat type to planktonic 

larvae. Using these soundscape measurements and the known descent capabilities of oyster 

larvae, we developed a conceptual model of the space/time scales over which oyster larvae 

can respond to soundscape variation to encounter settlement substrate. Together, the three 

chapters of this dissertation provide evidence that habitat-specific sound characteristics could 

be a useful settlement and habitat selection cue for larval estuarine invertebrates, and support 

the idea that soundscapes could play an important role in larval settlement processes. 
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INTRODUCTION 

     The early life stages of most marine benthic invertebrates disperse in the water column 

before settling into seafloor communities. Underlying the recruitment patterns of planktonic 

larvae to adult populations are physical and behavioral processes that affect delivery and 

settlement into suitable nursery habitat (reviewed by: Kingsford et al. 2002, Levin 2006, 

Zimmer et al. 2009). Because most benthic invertebrates are sedentary or sessile as adults, 

and many have specific habitat requirements that are not widely available, larval settlement 

into appropriate habitat is particularly critical to subsequent survival and reproductive 

success, and in turn influences marine population dynamics and community structure (Gaines 

and Roughgarden 1985, Eckman 1996, Zimmer et al. 2009). Investigations of the physical, 

behavioral and physiological processes that drive larval settlement patterns are central to the 

study of marine ecology, and the overarching goal of this dissertation is to advance our 

understanding of the larval settlement process by examining soundscapes as a potential cue.  

     Studies of larval dispersal long considered larvae to be passive planktonic particles, 

completely subject to physical oceanographic processes, but in recent decades the roles of 

larval behavior in dispersal and settlement outcomes have become increasingly recognized 

(Levin 2006, Metaxas and Saunders 2009). Larval responses to environmental cues, 

including salinity, depth, turbulence and chemical compounds, have provided evidence that 

even relatively weakly swimming larvae can have a substantial influence on their dispersal 

trajectory and ultimate settlement location (Keough & Downes 1982, Kingsford et al. 2002, 

Levin 2006). Orientation, habitat selection and settlement in response to physical and 

chemical stimuli have been demonstrated for larvae of a wide range of taxonomic groups, 
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and a combination of larval sensory mechanisms are likely integrated at multiple spatial 

scales to optimize the probability of encounter and selection of favorable settlement habitat 

(Rittschof et al. 1998, Kingsford et al. 2002, Huijbers et al. 2011). Over large scales, vertical 

migration in response to changing water properties (e.g. salinity, temperature, turbulence) 

may facilitate the transport of larvae to or from particular coastal or estuarine areas (e.g. 

DiBacco et al. 2001, Fuchs et al. 2004), and near-substrate chemical and physical 

characteristics are used by larvae during small-scale habitat selection (Pawlik et al. 1992, 

Turner et al. 1994, Rittschof et al. 1998). It is still unclear, however, how larvae effectively 

locate discrete patches of benthic settlement habitat as they disperse within an estuary or 

coastal area, but recent studies have revealed underwater sound as a possible habitat-scale 

orientation and settlement cue for marine fish and invertebrates (Leis et al. 2003, Simpson et 

al. 2005, Montgomery et al. 2006, Radford et al. 2007, Stanley et al. 2010, 2011). 

     The underwater sonic environment has the potential to provide meaningful habitat-related 

sensory information to all aquatic animals, since acoustic signals are transmitted relatively 

large distances, are independent of currents, and reflect biological and physical 

characteristics of the environment, while other cues (e.g. light, chemicals) are rapidly 

attenuated from the source (Cotter 2008). Sound is well established as an orientation and 

habitat selection cue for marine mammals and fishes, but the soundscape (i.e. the ambient 

acoustic environment in a particular location) has only recently been considered as an 

important sensory signal for marine invertebrate larvae (Radford et al. 2007, Vermeij et al. 

2010, Stanley et al. 2011, Wilkens et al. 2012). Habitat-associated soundscapes remain 

uncharacterized in most coastal and estuarine systems, and the quantification of acoustic 
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patterns at relevant spatiotemporal scales is fundamental to examining sound as a larval 

settlement cue. Therefore, the first objective of this dissertation was to address the question: 

does an estuarine soundscape vary with habitat type? Specifically, in Chapter 1 we compared 

the soundscapes of oyster reef habitat to adjacent off-reef soft bottom habitat in Pamlico 

Sound, North Carolina using several field measurement and analytical approaches. The study 

reported in Chapter 2 investigated the larval settlement response of oyster (Crassostrea 

virginica) to habitat-related sounds to test whether sounds from preferred habitat enhance 

settlement by a larval bivalve. A combination of laboratory and field experiments were used 

to address the hypothesis that larval settlement would increase under exposure to sounds 

from favorable settlement habitat compared to sounds from other habitats. Finally, in Chapter 

3 we measured soundscape variability from the perspective of a drifting larva and developed 

a conceptual model to evaluate the spatiotemporal scales over which the habitat-associated 

soundscape may operate to facilitate larval encounter with settlement substrate.  
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CHAPTER 1 

HABITAT-ASSOCIATED ESTUARINE SOUNDSCAPES: DISTINCT ACOUSTIC 
CHARACTERISTICS OF SUB-TIDAL OYSTER REEFS COMPARED TO 

SURROUNDING SOFT-BOTTOM HABITATS IN  
A NORTH CAROLINA ESTUARY 

 
 
 
ABSTRACT 

Different types of benthic habitats likely produce distinct soundscapes due to differences in 

the physical and biological contributors to ambient sound. Despite their potential importance 

to ecological processes such as larval settlement, the soundscapes of most coastal and 

estuarine habitats have not been characterized. This study investigated whether an estuarine 

soundscape is a reliable indicator of habitat-type by measuring the sounds of oyster reef and 

nearby off-reef soft bottom areas in Pamlico Sound, North Carolina, USA at several spatial 

and temporal scales. Acoustic sampling in three areas across the estuary found distinct 

acoustic patterns in oyster reef habitats compared to surrounding off-reef areas, with reefs 

producing high levels of sound within frequency bands dominated by snapping shrimp 

sounds and the vocalizations of reef-dwelling fish species. Compared to soft bottom habitat, 

oyster reefs had significantly higher sound pressure levels in the 2-23 kHz frequency band 

and higher acoustic diversity index values. Passive sound propagation surveys found that the 

distinct acoustic characteristics of oyster reefs were highly localized, with estimated source 

levels of 109.6-120.0 dB and transmission loss coefficients between 8-11 dB (2-23 kHz 

frequency band). The spectral dissimilarities between the two habitats and the reef sound 

propagation patterns were consistent over the summer and fall sampling season and across 
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two sampling years. The strength of the acoustic signal differed between reef sites, possibly 

reflecting differences in physical and biological characteristics that contribute to sound 

production. This soundscape characterization study suggests that spatial heterogeneity in 

ambient sound could serve as a reliable signal of settlement habitat and potentially convey 

habitat quality information to dispersing organisms. Habitat-related soundscapes may play an 

important role in the ecology of estuarine systems, and comprehensive measurements of 

acoustic variation are key to advancing our understanding of the ecologically relevant spatial 

and temporal scales over which sound may influence ecological processes.  

 

INTRODUCTION 

The ambient acoustic environment, or soundscape, represents a fundamental, yet 

understudied, element of ecosystems (Cotter 2008, Pijanowski et al. 2011). Soundscape 

patterns have the potential to provide meaningful sensory information to animals that reflects 

the changing biological and physical characteristics of the environment (Rogers & Cox 1988, 

Cotter 2008). Soundscapes are ecologically relevant in all environments, and because of the 

efficiency of sound transmission in the oceans, undersea soundscapes are likely to be 

especially important to marine ecological processes (Cotter 2008). Compared to other 

sources of sensory signals in the marine realm, such as light and chemicals, sound is present 

at all depths and operates independently of ocean currents (Kalmijn 1988, Cotter 2008). 

Soundscapes may be instrumental to the structure and function of marine communities, as 

they can play a role in a variety of ecological processes including navigation, reproduction, 

defense, territoriality displays, foraging, and in larval settlement and habitat selection (Cato 
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et al. 2005, Simpson et al. 2005, Montgomery et al. 2006, Slabbekoorn & Bouton 2008, Lillis 

et al. 2013). 

     Underwater soundscapes comprise a variety of abiotic and biotic acoustic sources. Much 

of the ambient sound in the sea is caused by non-biological sources that can exhibit high 

spatial and temporal variation such as meteorological and geological activity. In shallow 

water, the soundscape is particularly affected by surface conditions driven by wind and 

waves, with sound transmission influenced by the structure and bathymetry of the seabed 

(Urick 1984). Sound produced by the presence and activity of fish, mammals and 

invertebrates varies across a range of spatial and temporal scales (Cato 1978, 1980, 1993, 

McCauley & Cato 2000, Radford et al. 2008b). Snapping shrimp (Alpheus and Synalpheus 

spp.), for example, are a dominant source of sound energy in many temperate, sub-tropical 

and tropical coastal habitats throughout the world’s oceans (Johnson et al. 1947, Knowlton & 

Moulton 1963, Urick 1984), producing a loud “pop” via a cavitation bubble that forms from 

rapid claw closure (Versluis et al. 2000). Other common biological components of the 

soundscape include transient sounds produced by marine animals during mate-finding, 

navigation, and foraging activities, as well as sounds used for defense and intraspecific 

communication (e.g. Luczkovich & Sprague 2002, Amorim et al. 2006, Fay et al. 2008, 

Patek et al. 2009). Moreover, sounds may be generated indirectly via animal activity, such as 

the movements of schooling fish (Moulton 1960), closing of shells by bivalves (Di Iorio et al. 

2012), or the scraping of algae from rocks by feeding urchins (Radford et al. 2008a).  

     Given that ecological communities are generally habitat-type specific, and that the 

combination of soniferous species, animal activities (feeding, swimming, etc.) and structure 
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of the habitat creates the ambient sound in a particular location, local soundscapes could be 

reliable indicators of differences in benthic habitat for settling organisms. In addition to 

responses to chemical and hydrodynamic cues, receptivity by dispersing larval stages to a 

changing soundscape could be adaptive during the habitat selection and settlement processes. 

Investigations of the use of acoustic cues in larval orientation and settlement provide 

evidence that certain fish, crustacean and molluscan larvae can detect and respond to the 

acoustic characteristics associated with their settlement habitats (Simpson et al. 2005, 

Montgomery et al. 2006, Radford et al. 2007, Stanley et al. 2012). Recent lab and field 

experiments showed that vessel noise increased settlement rates for a suite of invertebrate 

phyla (Wilkens et al. 2012, J. Stanley pers. comm.), and settlement habitat-related sound has 

been shown to positively influence settlement in oyster larvae (Lillis et al. 2013). However, 

our understanding of habitat-associated sounds and their spatiotemporal dynamics, especially 

as they relate to larval dispersal processes, is very limited (Radford et al. 2010, McWilliam & 

Hawkins 2013).  

     Soundscape ecology is an emerging field, and observations of the ambient acoustic 

environment within many ecologically important marine habitats are nascent. For example, 

studies have been performed to describe the acoustic patterns of temperate coastal habitats in 

New Zealand (Radford et al. 2008b, 2010), to compare sound on different tropical coral reefs 

(Kennedy et al. 2010, Staaterman et al. 2013), and to measure spatial heterogeneity in a 

temperate inshore marine environment (McWilliam & Hawkins 2013). Defining a suite of 

representative acoustic parameters based on what have typically been short-duration 

(minutes), unrepeated recordings, however, remains challenging, and few studies have used 
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data collected simultaneous across sites when making spatial comparisons. Since 

soundscapes are the product of a variety of biological and physical sources that can be highly 

dynamic in space and time, more comprehensive characterizations must be carried out to 

assess inter- and intra-habitat sound patterns at scales relevant to ecological processes.  

     Oyster reef habitats serve an important role in estuarine environments by acting as 

structured biogenic habitat that provides shelter and feeding opportunities for a myriad of 

resident and transient species (Boudreaux et al. 2006). Based on physical structure, as well as 

abundance and diversity of sound-producing organisms, oyster reefs can differ in their 

acoustic characteristics compared to other unstructured soft-bottom estuarine habitats, and 

thus potentially offer an acoustic signal to reef-seeking organisms (Lillis et al. 2013). The 

objective of this study was to investigate habitat-related spatial patterns in an estuarine 

soundscape by comparing the acoustic dynamics of adjacent oyster reef and off-reef soft 

bottom areas, within the context of habitat-associated sound as a larval settlement cue for 

estuarine organisms. To describe the spatial heterogeneity in acoustic characteristics and to 

determine whether ambient sound reliably reflects differences in benthic settlement habitat, 

comprehensive measurements of habitat-related sound were collected for several estuarine 

sites at multiple times. 

 

MATERIALS AND METHODS 

Two complimentary sampling approaches tested the general hypothesis that oyster reef 

habitats differ in their acoustic characteristics (i.e., sound pressure level and frequency 

composition) compared to unstructured soft bottom habitats. The first approach concurrently 
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measured reef and off-reef acoustic characteristics at multiple times throughout the larval 

settlement season, and the second approach measured the gradient in sound at sites moving 

away from the reefs. 

 

Study Site 

This study was carried out in Pamlico Sound, North Carolina, USA, a vast lagoonal-type 

estuary located in the Southeastern United States (Fig.1). The shallow waters of Pamlico 

Sound are separated from the Atlantic Ocean by a group of barrier islands, and contain a 

variety of productive nursery and adult habitats for numerous finfish and invertebrate species 

(Pietrafesa & Janowitz 1988, Paerl et al. 2001, Eggleston et al. 2010). Wind-driven currents 

and freshwater input dominate circulation in Pamlico Sound (Pietrafesa & Janowitz 1988, 

Xie & Pietrafesa 1999, Luettich et al. 2002), with little evidence of strong vertical shear 

flows (Haase et al. 2012). Average depth is 4 to 5 meters with the deepest basin only 7 to 8 

meters (Pietrafesa & Janowitz 1988). Wind forcing is highly variable in this system, 

changing direction and speed every few hours to days, and with current velocities responding 

rapidly (hours) to winds (Xie & Eggleston 1999, Haase et al. 2012).  

     To aid in the recovery of severely reduced oyster populations in Pamlico Sound, the North 

Carolina Division of Marine Fisheries began in 1996 to create sub-tidal oyster broodstock 

reserves, where oyster harvest and the use of bottom-disturbing fishing gear are prohibited. 

Ten oyster reserves have been constructed throughout Pamlico Sound and range in size from 

0.03-0.19 km2, with inter-reserve distances of 20-105 km. Within reserve boundaries, high-

relief mounds (~2 meters off bottom, ~10-meters in diameter) consisting of ~0.5 m diameter 
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pieces of limestone marl provide larval settlement substrate for the development of oyster 

reefs.  Construction of certain oyster reserves was supplemented by oyster and clam shells. 

These oyster reserves now harbor productive reef communities, including high densities of 

oysters and numerous resident finfish and invertebrates (Rindone & Eggleston 2011, Puckett 

& Eggleston 2012, Pierson & Eggleston 2014). Oyster reefs within reserves are typically the 

only three-dimensional substrate on an otherwise relatively featureless bottom (sand, mud or 

silt). Acoustic characteristics of oyster reefs and adjacent soft-bottom habitats were compared 

within three reserve sites (Fig. 1: West Bay, Clam Shoal and Crab Hole) that spanned the 

length of Pamlico Sound, and encompassed a range of reef characteristics (physical and 

biological) such as reserve size, construction date, exposure, and oyster density. 
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Concurrent reef and off-reef acoustic recordings 

To compare the acoustic characteristics of oyster reef and off-reef soft bottom habitats, the 

ambient soundscape was simultaneously measured at oyster reserve (“reef”) and nearby soft-

sediment (“off-reef”) sites during monthly sampling events in summer and fall of 2010. This 

sampling was conducted at two locations 100 km apart in Pamlico Sound (Fig. 1: West Bay, 

Figure 1. Map of Pamlico Sound, NC showing the oyster reserve sites where acoustic recordings 
were collected. Reserves are West Bay (WB), Clam Shoal (CS) and Crab Hole (CH). Repeated 
concurrent reef/off-reef recording pairs were collected at WB and CH in 2010; recording transect 
surveys were conducted at WB and CS in 2010 and 2011. 
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Crab Hole), each month for July – October during the new moon period (± 3 days from 

astronomical event) to minimize potential lunar effects on monthly comparisons. Reef 

recordings were made within reserve boundaries at stations located ~ 20 m from structured 

oyster bottom. Off-reef stations were located in soft-bottom areas at ranges of 1-2 km from 

the reef and selected to closely match the associated reef depth. Recordings began just prior 

to sunset and lasted between 3-5 hours (dependent on recorder battery life), capturing the 

dusk and early evening soundscape. Dusk-time recording was chosen for several reasons: (1) 

to minimize the contribution of boat sound and other anthropogenic influences, (2) to avoid 

confounding effects of potential diel variation in acoustic patterns (McCauley & Cato 2000, 

Radford et al. 2008b), since the primary aim of the current study was to capture habitat-scale 

spatial variation rather than temporal variation in acoustic characteristics, and (3) because 

dusk is typically a bio- acoustically active period (Radford et al. 2010). Hydrophone 

recording systems consisted of a calibrated omni-directional SQ-26-08 hydrophone (Sensor 

Technology; flat frequency response 0.1-30 kHz, sensitivity -169 dB re 1 V/µPa) anchored 

0.5 m off-bottom, and an M-Audio Microtrack II digital acoustic recorder (48 kHz sampling 

rate, 24 bit) with external battery pack contained in a surface float. The recorders were 

calibrated by recording pure tone sine waves of multiple frequencies produced by a signal 

generator (Simpson Electric Function Generator 420).  

     Prior to any analysis, spectrograms (visual representations of spectra of frequencies over 

the length of a sound recording) were inspected to ensure the absence any substantial 

anthropogenic inputs. For both habitat-types and for each month of sampling, a concurrent 

time window spanning one hour past sunset was identified as being free of discernable 
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anthropogenic sounds and used for subsequent analyses. Acoustic spectra (the sound pressure 

expressed as a function of frequency) were used to compare the frequency composition of the 

hour-long reef/off-reef recording pairs. These hour-long recordings were then analyzed by 

filtering the sound to compute the root-mean square (rms) sound pressure levels in low (0.1-2 

kHz) and high (2-23 kHz) frequency bands. These frequency bands were selected based on 

initial examination of spectrograms and acoustic spectra, which exhibited differences 

between habitat soundscapes that naturally divided into these frequency ranges, and also 

because these two frequency ranges are generally associated with different acoustic sources, 

with sound in the 0.1-2 kHz band dominated by fish vocalizations, wind and wave-derived 

sources (Urick 1984) and the 2-23 kHz band dominated by snapping shrimp and invertebrate-

generated sounds (Au & Banks 1998). 

     Using these hour-long concurrent time series, we also characterized the acoustic diversity 

of habitats by computing an acoustic entropy index (H) and spectral dissimilarity index (Df) 

(Sueur et al. 2008). Measures of acoustic diversity can reveal ecologically meaningful 

information from complex signals, and, in this study, aid in detecting acoustic differences 

between reef and off-reef habitats. These acoustic diversity indices were modeled after the 

Shannon index, a widely used ecological index for species diversity (Lande 1996, Sueur et al. 

2008). The acoustic entropy index (H) is a measure of the acoustic diversity in a recording 

(between 0 and 1) that increases with the number of spectral bands and amplitude 

modulations present, so that higher H values indicate a greater number of acoustic sources 

(Sueur et al. 2008). The spectral dissimilarity index (Df) describes the difference in spectra 
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between a pair of recordings, such that Df increases with increasing spectral dissimilarity 

(Sueur et al. 2008; Gasc et al. 2013). 

     An H-value was calculated for each reef and off-reef recording as the product of both 

temporal and spectral entropies (𝐻!×𝐻!, with H between 0 and 1), using the following 

equations: 

𝐻! =   −    𝐴 𝑡   ×  
!

!!!

log! 𝐴 𝑡   ×    log! 𝑛 !! 

𝐻! =   −    𝑆 𝑓   ×  
!

!!!

log! 𝑆(𝑓)  ×    log! 𝑁 !! 

where A(t) is the probability mass function of the amplitude envelope and S(f) is the 

probability mass function of the acoustic spectrum. For each hour-long recording, Ht was 

calculated within a series of non-overlapping 30-second duration windows (N=120). Hf was 

computed within these same windows, using the mean spectra derived from the Short Time 

Fourier Transform (STFT) of 512 point data segments (as in Sueur et al. 2008), giving a 

frequency resolution of 93.75 Hz. This produced a set of H index values for each of the 8 

concurrent reef/off-reef recording pairs (2 sites x 4 sampling months). The non-parametric 

Kolmogorov–Smirnov (KS-test; Stephens 1974) test was used to test the hypothesis that the 

distribution of H values from each pair of oyster reef and off-reef habitats were drawn from 

the same underlying continuous population. The mean H values from each hour-long 

recording were then ranked and used to test for an overall difference in acoustic entropy for 

reef versus off-reef habitats with a Kruskal-Wallis test (KW-test; Sueur et al. 2008).  
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     The spectral dissimilarity index (Df) was used as an additional measure to quantify the 

spectral differences of each concurrent recording pair as follows: 

𝐷! =   
1
2    |𝑆! 𝑓 −  

!

!!!

𝑆! 𝑓 | 

where S1(f) and S2(f) refer to the spectral probability mass function of the reef and off-reef 

habitats, again calculated using a STFT with NFFT=512. The spectral dissimilarity present 

between the two habitat soundscapes is then represented by a Df value that ranges from 0 to 

1, with a zero-value indicating signals of identical spectral composition.    

 

Oyster reef sound propagation 

To examine how acoustic characteristics changed with distance from oyster reef habitats (i.e. 

how localized are habitat-associated sounds?), passive sound propagation measurements 

were conducted at two Pamlico Sound oyster reserve sites (Fig. 1; West Bay and Clam 

Shoal). Short-term recordings of ambient underwater sound were made at increasing distance 

from the oyster reserves in September 2010, and repeated in June 2011 with an expanded 

distance range. Two hydrophone recording systems (specifications as described above) were 

used for each propagation survey: (i) the first unit was placed within the reserve area (~ 20-

30 m from oyster reef structure) and held stationary for the duration of the survey (as a 

reference for any temporal changes in reef sound during off-reef measurements) and (ii) a 

second unit was used to make 5-10 minute recordings at increasing distances from the 

reserve (2010 transects: 100, 250, 500, 1000 m; 2011 transects: 100, 250, 500, 750, 1000, 

1500, 2000 m). The water depth remained largely constant (3-4 m) over these distances, and 



 

 18 

the bottom type was consistently fine sand/silt. The direction of the recording transect at each 

reserve was determined based on the bathymetry of the surrounding area, to best allow for 

measurements at distances up to 2 km, and also, if possible, to reflect the prevailing current 

direction from which larval delivery would occur during the summer settlement season.  

     Acoustic waveforms and spectrograms were visually inspected to remove transient 

anthropogenic noise such as boat motors, and the simultaneous recordings (from stationary 

on-reef station and a given off-reef station) were truncated to be the same time period, 

leaving between 3-6 minutes of recording to analyze for each distance. To compare the 

soundscape characteristics at increasing distance from the reefs, acoustic spectra were 

generated for each recording. Additionally, the relationship between sound pressure level and 

distance from reef was examined by computing the rms sound pressure level (dB re 1 µPa) at 

increasing distance from reefs within 0.1-2 kHz and 2-23 kHz frequency bands as above. The 

received sound pressure levels (RL) at varying ranges (R) were then used to calculate the 

transmission loss coefficient (TL in dB re 1 µPa), as well as to estimate the effective source 

level (SL in dB re 1 µPa at 1m), from the relationship RL = SL – TLlog10(R). The 

transmission loss coefficient reflects the manner of sound spreading and can be compared 

with theoretical values for cylindrical (TL=10) and spherical (TL=20) spreading (Urick 

1983). 
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RESULTS 

Concurrent reef and off-reef acoustic recordings 

The reef sounds recorded at each site had visibly different spectral characteristics compared 

to the simultaneously recorded off-reef sounds (Fig. 2). In contrast to the off-reef habitat, reef 

acoustic spectra were characterized by more sound contribution above 1.5-2 kHz, the 

frequency range commonly dominated by snapping shrimp sounds (Everest 1948, Ferguson 

& Cleary 2001). This pattern was more pronounced and consistent across months at the West 

Bay site, while at Crab Hole the differences between reef and off-reef were present, yet less 

prominent, particularly during the October sampling event (Fig. 2).  
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Figure 2. Acoustic spectra for hour-long simultaneous reef and off-reef sound recordings collected 
monthly on the new moon at (a) West Bay and (b) Crab Hole. Solid lines represent the median spectra 
for each hour-long sample calculated from a series of non-overlapping 10-second duration windows 
(dashed lines represent ±1σ).  
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     Spectrograms demonstrate differences in spectral and temporal composition for reef and 

off-reef recordings at each site and show that a high level of broadband, short-duration 

snapping shrimp sounds dominated the oyster reef soundscapes (Fig. 3). Although the West 

Bay reef habitat had a higher overall sound level compared to Crab Hole, the pattern of 

elevated sound at higher frequencies on reefs versus off-reefs was apparent for both sites. A 

comparison of the sound pressure levels within the lower and higher frequency bands further 

confirms that the acoustic differences between the habitats were present in the higher 

frequency range (Fig. 4). In all months sampled and at both sites, this frequency range 

contained higher sound levels in reef recordings compared to the off-reef recordings, whereas 

the lower frequency band was not significantly different between the habitat-types (Fig. 4). 

 

Figure 3. Spectrograms for August hour-long recordings collected simultaneously in reef and off-reef 
habitat at (a) West Bay, and (b) Crab Hole. Spectrograms were produced using 0.5-second windows 
with 25% overlap. 
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Figure 4. Comparison of reef and off-reef root-mean-square sound pressure levels (median ±1σ) 
within a lower (0.1-2 kHz) and higher (2-23 kHz) frequency band for simultaneous recordings made 
monthly during summer and fall at (a) West Bay and (b) Crab Hole. Data were band-pass filtered, and 
median and 1σ quantiles were calculated from sequential 10-second, non-overlapping windows over 
the 1-hr duration of each recording (360 windows). 
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     Mean acoustic entropy was significantly higher for oyster reef habitat (H = 0.775 ± 0.038, 

n=8) than for off-reef habitat (H = 0.604 ± 0.023, n=8) (Fig. 5; KW-test: χ2 = 7.46, df=1, p= 

0.006). All simultaneous reef/off-reef recording pairs had significant differences in acoustic 

entropy (Table 1; Kolmogorov-Smirnov tests p<0.0001). Differences in the H-index were 

driven by the spectral entropies (Hf); temporal entropies (Ht) did not differ significantly 

between recording pairs. An acoustic spectral dissimilarity index (Df) was calculated for each 

reef/off-reef recording pair, and values ranging from 0.094 to 0.635 (identical signals would 

produce a null Df value, Seuer et al. 2008) indicate that the two habitat types were dissimilar 

in their soundscape composition, with relatively greater reef/off-reef differences at the West 

Bay site compared to Crab Hole (Table 1). 

 

 
 
Figure 5. Comparison of acoustic entropy index (H) for all oyster reef and off-reef habitats recorded 
in 2010 habitat comparison recording study. Red lines indicate the mean values, boxes are bounded 
by the first quartile and third quartile, and whiskers are 1.5 times the interquartile range. 
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Table 1. Acoustic entropy index (H ±S.E.) for recording pairs in reef and off-reef habitat. All 
reef/off-reef recording pairs are significantly different (Kolmogorov–Smirnov tests: p<0.0001). 
Spectral dissimilarity index (Df) mean values (±S.E.) are also shown for each recording pair. 
Site Habitat July August September October 
West Bay Reef 0.867 ± 0.0004 0.855 ± 0.0028 0.875 ± 0.0013 0.874 ± 0.0013 

 Off-reef 0.644 ± 0.0056 0.537 ± 0.0043 0.611 ± 0.0047 0.658 ± 0.0027 

Spectral Dissimilarity 
Index 0.635 ± 0.0053 0.597 ± 0.0046 0.584 ± 0.0068 0.584 ± 0.0066 

Crab Hole Reef 0.629 ± 0.0048 0.621 ± 0.0066 0.721 ± 0.0068 0.761 ± 0.0036 

 Off-reef 0.593 ± 0.0053 0.491 ± 0.0038 0.611 ± 0.0059 0.690 ± 0.0027 

Spectral Dissimilarity 
Index 0.154 ± 0.0044 0.094 ± 0.0032 0.279 ± 0.0070 0.121 ± 0.0050 

 

 

Oyster reef sound propagation 

Acoustic spectra for recordings collected during the propagation surveys generally show 

similar acoustic patterns to the concurrent stationary hydrophone recordings described above. 

Reef and near-reef sites (< 50 m) were characterized by broadband energy when compared to 

the most distant off-reef recordings (1-2 km), for which acoustic energy was relatively 

reduced at frequencies above ~1.5-2 kHz (Fig. 6). All reef and near-reef recordings at both 

sites showed a spectral peak in the 200-300 Hz frequency band, and at West Bay an 

additional peak was detected in the 450-600 Hz range (Fig. 6, Fig. 7a-f). These peaks were 

examined in the recordings and identified, based on aural and spectral analysis, as fish calls 

from the oyster toadfish (Opsanus tau) (Fine 1978, Fine & Thorson 2008).   

     Some notable differences were observed during the two sampling years. During the 

September 2010 recordings, at both sites the sound level in the 0.1-1.5 kHz band remains 



 

 25 

elevated as the hydrophone is moved up to 1 km away from the reefs, whereas the sound 

level above ~1.5 kHz decreases by ~15-20 dB at a range of 250-500 m from the reefs (Fig. 

6a,b). During the June 2011 recordings, at West Bay the sound levels at all measured 

frequencies decreased ~15-20 dB within 250-500 meters from the reefs (Fig. 6c, 7) and 

continued to diminish with distance from the reef. At the Clam Shoal site, following an initial 

broadband decrease with range, sound levels in the 0.3-1 kHz frequency band increased 

again for recordings at the furthest distances (1500 m and 2000 m) (Fig. 6d).  

      During the off-reef surveys at West Bay (2010 and 2011) and Clam Shoal (2011), the 

sound field on the reef was measured using a continuously recording fixed hydrophone. A 

recorder malfunction prevented equivalent data from being collected at Claim Shoal in 2010. 

The available data, however, show that the spectral content and sound levels associated with 

each reef site remained consistent throughout the surveys, each of which took approximately 

one hour to complete. For example, Fig. 7 shows the acoustic spectra from each transect 

recording made at West Bay (2011) plotted against the spectra of a concurrent recording 

made on the reef. The stability of the on-reef soundscape at these time scales indicates that 

the changes in spectral composition and amplitude observed off-reef do not reflect temporal 

variability, but rather a spatial pattern moving away from the reef-habitat, which functions as 

an acoustic source.  
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Figure 6. Power spectra for reef sound propagation surveys at two oyster reef sites in Pamlico 
Sound, NC, showing the spectrum for the reference reef station hydrophone in black and spectra 
for increasing distances from the reef in progressively cooler colors. West Bay and Clam Shoal 
oyster reserves were each sampled in September 2010 (a,b) and June 2011 (c,d). A reef reference 
spectrum is not shown in (b) due to a malfunctioning stationary reef hydrophone during the Clam 
Shoal survey. Power spectral density was calculated as the median of non-overlapping 10-second 
windows for the duration of each recording. 
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Figure 7. Power Spectra for West Bay 2011 recording transect, comparing the spectrum for each 
distance to the concurrent on reef recording. Power spectral density was calculated as the median of 
non-overlapping 10-second duration windows for the entire length of each recording. Start times of 
recordings (in local time, EST) are indicated on each plot. 
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     A comparison of the sound pressure levels as a function of distance from the reef for the 

lower and upper frequency bands highlights the loss of acoustic energy with distance from 

the reefs, and confirms that the 2-23 kHz frequency band was most distinct to the reef habitat 

for both sites in both years (Fig. 8). In particular, for the 2010 transects, there was not a 

substantial decrease in full bandwidth or the 0.1 – 2 kHz sound levels up to 1 km from the 

reefs; yet, sound levels in the 2-23 kHz range did decrease (Fig. 8a, 8b). The 2011 transects 

that were conducted over larger distances found significant decreases in sound levels for full, 

low and high frequency bands in the first kilometer from the reefs (Fig. 8c, 8d), and plots of 

sound level as a function of distance again reveal the reappearance of a lower frequency band 

sound source at 1500 and 2000 meters from the Clam Shoal reserve (cf. Fig. 6d).  

     Because the reefs were the apparent sound source for the higher frequency band, the 

sound levels in this 2-23 kHz frequency range as a function of distance were used to estimate 

transmission loss coefficient (TL) and the effective source level (SL) of the reef signal by 

fitting a least-squares regression of a logarithmic plot of the received level (RL) versus 

distance (R in meters), where the negative slope represents the TL and the y-intercept the 

effective SL (Table 2; Fig. 9). Transmission loss coefficients were between 8-11, which 

brackets the theoretical value of 10 associated with cylindrical spreading (Urick et al. 1983). 

Predicted source levels of the reefs in the 2-23 kHz band are 109.6-120.0 dB re 1 µPa at 1 m 

(Table 2), which fall within the range of sound levels measured in this frequency band on the 

West Bay reef recorded during 2010 (Fig. 4a).   
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Figure 8. Sound pressure level (median rms ±1σ) with distance from reefs for full bandwidth, 0.1-2 
kHz and 2-23 kHz frequency bands, for each recording survey. Data were bandpass filtered, and 
median and 1σ quantiles were calculated from sequential 1-second, non-overlapping windows over 
the duration of each recording Note the change in horizontal scale for different measurement sites and 
years.  
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Table 2. Transmission loss coefficient and source level (2-23 kHz band) estimates 

Recording Survey TL coefficient (dB) SL (dB re 1µPa @ 1 m) 
West Bay 2010 11.0 ± 2.1 120.0 ± 4.7 

Clam Shoal 2010 9.2 ± 1.1 112.5 ± 2.3 

West Bay 2011 9.6 ± 1.6 114.0 ± 4.2 

Clam Shoal 2011 8.0 ± 0.9 109.6 ± 2.4 

 

 

 

Figure 9. Received sound pressure level (RL in dB re 1 µPa) in the 2-23 kHz band versus log10 of the 
range (R in m) from the reef. The slope of the least-square regression line represent the transmission 
loss coefficient and the y-intercept the effective source level.  
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DISCUSSION 

Habitat-related acoustic characteristics      

     Estuarine habitats have been well-studied in an ecological context, but to our knowledge 

this is the first study to consider the ecological significance of habitat-related acoustic 

features in an estuarine environment, and to characterize the acoustic differences between 

sub-tidal oyster reef and off-reef habitats. Comparisons of spectral composition, ambient 

sound levels, and acoustic diversity indices support the hypothesis that there are significant 

differences in the acoustic characteristics of reef and off-reef habitats in Pamlico Sound. 

These differences largely reflect sound production in the frequency bands associated with 

reef-dwelling organisms such as oyster toadfish and snapping shrimp. The acoustic 

contribution of such species to the ambient soundscape declined significantly over relatively 

small distances (< 1 km) from the reef.  Moreover, this habitat-specific sound field was 

maintained throughout the duration of the reef/off-reef sampling (summer and fall), 

suggesting that acoustic patterns could be a stable indicator of changing benthic habitat type 

for dispersing larvae. These data imply that in this shallow, estuarine system it would be 

most adaptive for reef-seeking organisms to respond to soundscape variation in the higher 

frequency range, or in frequencies associated with species that are endemic to reefs.    

     The acoustic entropy index (H) values in particular indicate that reefs have a higher 

diversity of sound sources. This result is not unexpected given that oyster bed communities 

are known to be diverse, productive habitats for a variety of fish and invertebrates that rely 

on the oyster reef structure for feeding and shelter (White & Wilson 1996). Recordings 

collected for this study clearly show that snapping shrimp are a dominant feature of the 
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oyster reef soundscapes in this region and a major contributor to the habitat-related acoustic 

differences we detected (e.g., Fig. 3). In many tropical, subtropical and temperate regions, the 

broad spectrum snaps of Alpheus spp. and Synalpheus spp. are known to acoustically 

dominate structurally complex environments where the snapping shrimp shelter (Knowlton & 

Moulton 1963, Au & Banks 1998, Chitre et al. 2006, 2012, Radford et al. 2010). Because of 

their acoustic significance to coastal soundscapes and spatial clustering in structured habitats, 

snapping shrimp could represent a keystone species in soundscape ecology, and it may be 

possible to use snapping shrimp sound as a monitoring tool for habitat type and quality in 

certain environments (Radford et al. 2010, Chitre et al. 2012, McWilliams & Hawkins 2013). 

Despite their potential ecological significance, remarkably little is known about the drivers of 

snapping shrimp abundance, distribution and acoustic activity– 

this will be an important area of future research in soundscape ecology.  

     Differences in fish assemblages between reef and off-reef habitats represent another 

influence on soundscape composition and diversity. The oyster reef communities in the 

reserve sites in Pamlico Sound have higher abundances of sound-producing fish species 

compared to adjacent soft bottom areas during fish surveys (Pierson & Eggleston 2014). 

Soniferous species such as weakfish (Cynoscion regalis), pigfish (Orthopristis chrysoptera), 

silver perch (Bairdiella chrysoura) and Atlantic croaker (Micropogonias undulates) are 2-4 

times more abundant on oyster reefs compared to off-reef areas. Oyster toadfish (Opsanus 

tau) and croaker spot (Leiostomus xanthurus) make up a large proportion of the fish 

assemblage on reefs, but are absent from surrounding soft-bottom habitats (Pierson & 

Eggleston 2014). These fishes are known to produce sounds with dominant frequencies 
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ranging from 100-1300 Hz, and to exhibit temporal variation in sound production associated 

with reproductive patterns (Sprague et al. 1998, Ramcharitar et al. 2006, Gannon 2007, Fine 

& Thorson 2008, Luczkovich et al. 2008). The influence of the soniferous fish on the habitat-

related soundscape is demonstrated by the toadfish signal in our reef propagation surveys, 

where the distinctive toadfish calls are closely associated with the reef environment. Fish 

sounds clearly are a major component of the estuarine soundscape and the sounds of certain 

fish species may define particular habitats. The highly dynamic nature of fish calls and the 

transience of many soniferous species on reefs, however, suggest that these sounds may not 

be as consistent a source of sound compared to resident snapping shrimp. Both the reef/off-

reef paired recordings and the propagation surveys demonstrate the importance of the higher 

frequency band in distinguishing the oyster reef soundscape, and this is reinforced by the 

Clam Shoal propagation survey, which showed that the lower frequency band was not 

distinct to the reef habitat. Since this frequency band encompasses sounds produced by 

aggregations of the sciaenid fishes common in Pamlico Sound environments (Sprague et al. 

1998, 2000, Luczkovich et al. 2008), the re-emergence of the peak in the recordings at 1500 

and 2000 m was likely due to proximity to other sources of fish sounds such as the numerous 

seagrass beds and shoals in the Clam Shoal area. 

     Though sound levels in the higher frequency band appear to be driven primarily by the 

abundance of snapping shrimp sounds, other acoustic sources unique to oyster reefs likely 

also contribute to the difference in spectral characteristics and acoustic diversity between reef 

and off-reef soundscapes. Certain invertebrates, such as urchins, can be a dominant sound 

source in New Zealand coastal habitats, creating a distinct chorus via their feeding activity 
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(Radford et al. 2008a); and in a Pacific Ocean coral reef system the interaction of hard-

shelled crustaceans with coral substrate can produce a consistently detectable spectral peak 

(Freeman et al. 2013). It is possible that the activity of abundant oyster predators such as mud 

crabs (Panopeidae) and stone crabs (Menippe mercenaria) could similarly represent a 

significant sound source to our estuarine oyster reef soundscape as they crush oyster shells 

and interact with the hard substrate. Sounds associated with activity of these high-density 

oyster reef organisms have yet to be characterized and compared to ambient recordings. An 

additional distinct soundscape component on reefs may be the oysters themselves producing 

sound upon closure of their valves. Another species of bivalve, the great scallop (Pecten 

maximus), can make impulsive wide frequency cracking sounds centered between 2-3 kHz 

when they close their shells (Di Iorio et al. 2012). It is unlikely that oysters would produce 

similarly loud sounds, as their valve movement is more restricted than that of scallops; 

however, any sounds they do make may be unique and potentially important in distinguishing 

the oyster reef soundscape. In addition to these reef-related biotic soundscape components, 

sound production due to waves and current interaction is likely increased over the shallower 

reef habitats, and the hard substrate of the reefs will reflect and scatter more sound energy 

than the soft bottom sediments (Urick, 1984).       

 

Inter-reef acoustic variability 

     In addition to establishing significant acoustic differences between adjacent reef and off-

reef habitats, this study found interesting between-reef differences that highlight the need for 

further investigation to link biological and physical habitat characteristics to soundscape 
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patterns. The Crab Hole site showed a less pronounced “reef signal”, lower acoustic diversity 

and a smaller reef/off-reef acoustic dissimilarity compared to West Bay and Clam Shoal 

sites, a pattern most likely attributable to a lower abundance of snapping shrimp or other 

broadband sound producers. Given that Crab Hole has a much larger reef area with 

substantially more substrate compared to West Bay, and supports healthy populations of 

oysters and finfish (Puckett & Eggleston 2012, Mroch et al. 2012), the lower sound levels 

and apparently lower snapping shrimp abundance is somewhat surprising. One possible 

reason for the acoustic disparity between the West Bay and Crab Hole oyster reserves is the 

difference in the configuration of the reef structure. The Crab Hole reserve consists of 

hundreds of high relief 80 m2 mounds distributed throughout a large area, whereas the 

material placed at West Bay is relatively concentrated and clumped in banks, as well as 

several mounds, in a smaller area. The structure and shape of a reef could influence the 

abundance and activity of snapping shrimp, if it affects the level of inter- and intra-specific 

interaction of snapping shrimp, since snapping shrimp sounds are thought to be produced as 

agonistic and/or defense measures (Johnson et al. 1947, Knowlton & Moulton 1963). Habitat 

configuration and patch distribution is also found to influence fish settlement, with clumped 

habitat leading to higher fish settlement (Morton & Shima 2013); oyster reef configuration 

could similarly influence soniferous fish recruitment and, in turn, the reef soundscape.  

     An additional extension of this work will be to examine differences in oyster reef acoustic 

signatures across larger geographical scales, where species assemblages are known to differ. 

In particular, measurements of oyster reef soundscapes in regions where snapping shrimp are 

not known to occur (e.g. North of Chesapeake Bay on the East coast of the United States 
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(Williams 1984)), could give insight into the importance of different soniferous organisms to 

ecological processes and help to evaluate when and where oyster reefs convey reliable 

acoustic signatures. Soundscape ecology is an emerging field of study, and a key component 

of future research will be collection of acoustic, biological and physical data of reefs to 

investigate how specific reef characteristics relate to soundscape characteristics across 

ecologically relevant scales. If reef acoustic variation can be linked to specific reef 

characteristics (e.g. biodiversity, oyster density, fish abundance) that are indicative of reef 

health or productivity, this could provide a context for applying passive acoustic monitoring 

to oyster reef restoration projects to measure reef health. 

 

Soundscape measurement and analysis  

     Due to the complex nature of sound fields, and because underwater acoustic recordings 

can be collected and interpreted using a variety of methods, careful application of techniques 

for sound measurement and analysis is critical to advancing the emerging discipline of 

marine soundscape ecology (McWilliams & Hawkins 2013). In this study, the combination 

of longer-duration concurrent recordings in the reef and off-reef habitats with the replicated 

shorter-term reef sound propagation surveys allowed us to both directly detect differences in 

the acoustic characteristics between habitats, and to more closely examine the distances over 

which sound relates to benthic habitat type. The concurrent recording design, with relatively 

long recordings repeated at monthly intervals, increases our confidence that the samples are 

representative of the habitats, and reduces the concern of transient sounds or temporal 

instability affecting our interpretation of the soundscape. Previous marine soundscape studies 
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have been somewhat limited in this sense because spatial comparisons were not based on 

concurrent or longer-term recordings, making it difficult to resolve habitat-type or site 

differences from temporal dynamics. Our comparatively extensive acoustic dataset 

demonstrates a considerable amount of temporal and inter-reef variation that warrants longer-

term recording and additional spatial coverage to better understand these soundscapes and 

evaluate their ecological relevance. Clearly, accurately describing the acoustics of a habitat-

type or comparing sites based on single 2-5 minute recordings is even more challenging, and 

we suggest that comprehensive approaches, including multiple hydrophones and temporal 

replication, should be used to the extent possible to better understand the acoustic ecology of 

coastal and estuarine habitats. Care must be taken to collect sufficient data to make 

appropriate inferences about the differences in acoustic characteristics over time and space. 

     Techniques for soundscape analysis and interpretation, such as acoustic diversity indices, 

are recent developments that hold promise for revealing ecologically meaningful information 

from complex acoustic signals. However, because the relationship of these metrics to 

biodiversity has only been tested in terrestrial habitats (Sueur et al. 2008), more work is 

needed to confirm whether they can be a proxy for biodiversity in marine environments. 

Moreover, while these indices provide a useful tool for simplifying soundscape comparisons, 

they should be used in conjunction with traditional acoustic analyses (e.g. inspection of 

acoustic power spectra, comparison of sound pressure levels) to identify specific differences 

in soundscape composition. This is particularly important in environments dominated by 

snapping shrimp sounds because acoustic diversity indices have been found to correlate with 

the number of snaps, and snaps potentially mask other sound sources (McWilliams & 
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Hawkins 2013). Combining multiple measurement and analysis techniques is key to fully 

evaluating the ecological significance of soundscape variation. Moreover, studies of spatial 

acoustic heterogeneity must carefully consider the scales over which measurements are 

made, particularly when comparing locations or assessing the relevance of a changing 

acoustic environment to an ecological process such as settlement. 

 

Summary  

     Localized sub-tidal oyster reef habitats in Pamlico Sound differ acoustically from adjacent 

soft bottom habitats, primarily characterized by higher levels of acoustic energy in frequency 

ranges associated with invertebrate-generated sounds (2–23 kHz). A correspondence of 

ambient sound characteristics to particular habitat types has important implications for larval 

ecology, and more generally for the ecology and evolution of marine communities. Acoustic 

heterogeneity between and within habitats is a source of environmental heterogeneity that 

could influence habitat selection, dispersal and movement of many organisms, and be an 

indicator of the “health” of a landscape (Pijanowski et al. 2011, Bormpoudakis et al. 2013). 

As has been proposed for terrestrial systems, habitat-related sound signatures in aquatic 

environments could offer a spatial structure for organisms to locate resources (Pijanowski et 

al. 2011, Farina et al. 2011). The results presented here give evidence that an estuarine 

soundscape provides a reliable localized indicator of benthic habitat type and potentially of 

more specific habitat characteristics.  Together with results of studies showing that fish and 

invertebrates respond to habitat-related underwater sound (Montgomery et al. 2006, Radford 

et al. 2007, Stanley et al. 2012, Lillis et al. 2013), this suggests that the soundscape 
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heterogeneity could influence orientation, settlement and habitat selection for a variety of 

reef-seeking organisms. Given that sound may play a role in recruitment processes, 

potentially affecting the replenishment of populations and marine community structure, it is 

essential that the variation in acoustic stimuli is appropriately characterized. Soundscape 

characterizations such as this, that establish the range of ambient sound characteristics 

present in an environment, are fundamental to provide the context for experimental studies of 

the influence of sound on marine ecological processes such as mate-finding, feeding, 

predator-prey interactions, habitat selection and larval settlement. Furthermore, 

characterizations of habitat-related acoustic patterns at scales relevant to ecological processes 

are necessary to evaluate the potential adverse effects of anthropogenic noise or soundscape 

degradation on marine ecosystems.  
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CHAPTER 2 

OYSTER LARVAE SETTLE IN RESPONSE TO HABITAT-ASSOCIATED 
UNDERWATER SOUNDS 

 
 

ABSTRACT 

Following a planktonic dispersal period of days to months, the larvae of benthic marine 

organisms must locate suitable seafloor habitat in which to settle and metamorphose. For 

animals that are sessile or sedentary as adults, settlement onto substrates that are adequate for 

survival and reproduction is particularly critical, yet represents a challenge since patchily 

distributed settlement sites may be difficult to find along a coast or within an estuary. Recent 

studies have demonstrated that the underwater soundscape, the distinct sounds that emanate 

from habitats and contain information about their biological and physical characteristics, may 

serve as broad-scale environmental cue for marine larvae to find satisfactory settlement sites. 

Here, we contrast the acoustic characteristics of oyster reef and off-reef soft bottoms, and 

investigate the effect of habitat-associated estuarine sound on the settlement patterns of an 

economically and ecologically important reef-building bivalve, the Eastern oyster 

(Crassostrea virginica). Subtidal oyster reefs in coastal North Carolina, USA show distinct 

acoustic signatures compared to adjacent off-reef soft bottom habitats, characterized by 

consistently higher levels of sound in the 1.5-20 kHz range. Manipulative laboratory 

playback experiments found increased settlement in larval oyster cultures exposed to oyster 

reef sound compared to unstructured soft bottom sound or no sound treatments. In field 

experiments, ambient reef sound produced higher levels of oyster settlement in larval 
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cultures than did off-reef sound treatments.  The results suggest that oyster larvae have the 

ability to respond to sounds indicative of optimal settlement sites, and this is the first 

evidence that habitat-related differences in estuarine sounds influence the settlement of a 

mollusk. Habitat-specific sound characteristics may represent an important settlement and 

habitat selection cue for estuarine invertebrates and could play a role in driving settlement 

and recruitment patterns in marine communities.  

 

INTRODUCTION 

Most bottom-dwelling marine organisms have a biphasic life cycle, consisting of a dispersing 

larval phase that develops in the plankton prior to settlement into seafloor habitat and a 

sessile or sedentary adult phase. Successful recruitment of marine larvae, beginning with 

larval settlement into quality habitat, is fundamental to replenishing populations and 

structuring benthic communities [1]. Central to understanding marine population and 

community dynamics is knowledge of the physical, behavioral and physiological processes 

that influence variation in the arrival and settlement of planktonic larvae into suitable nursery 

habitats [1–5]. Larval responses to environmental cues, including salinity, depth, turbulence 

and chemical compounds, can have a substantial influence on their dispersal trajectory and 

subsequent settlement location [3,4,6]. Orientation, habitat selection and settlement in 

response to physical and chemical stimuli have been demonstrated for larvae of a variety of 

taxonomic groups, and larvae likely integrate a suite of sensory cues at multiple spatial scales 

to successfully locate preferred settlement substrates [3,7,8]. Studies of larval invertebrate 

settlement cues have focused largely on chemical compounds [9,10] and habitat 



 

 47 

characteristics, such as surface texture or near-bottom hydrodynamics [11–13], but these 

stimuli are only detectable by larvae that are in close proximity of the seafloor [7,12]. While 

a combination of habitat characteristics, such as local flow patterns, chemical exudates, light 

intensity and substrate topography are used by benthic invertebrate larvae in small-scale 

habitat selection, it is still unclear how larvae effectively locate discrete patches of bottom 

settlement habitat as they disperse over kilometers, especially for species that are relatively 

weak swimmers compared to surrounding currents.  

Underwater sounds produced by physical and biological processes are increasingly 

recognized as a potentially effective signal for larvae of benthic organisms to locate patchily 

distributed—yet acoustically distinctive—settlement habitat, such as coral reefs and other 

subtidal habitats [14–17]. For example, biological sounds produced by conspecifics, prey-

species, or habitat-forming species dominate the underwater soundscape of certain benthic 

habitats [14,15,18] and could reliably indicate proximity to appropriate settlement sites. 

Compared to other sensory stimuli, such as light and chemical compounds, sound is unique 

in having relatively long-range transmission, a presence at all depths, and propagation that is 

independent of currents [19,20]. Field experiments of replayed reef sounds have 

demonstrated sound-enhanced settlement rates in fish and crustacean larvae from coral reefs 

and rocky habitats, and provide convincing evidence that these animals use acoustic cues in 

orientation and settlement [17,21–23]. Coral reef fish were attracted to specific frequencies 

of reef noise signals [24] and exposure to the sounds of settlement habitats, but not to the 

sounds of other habitats. Specific sound frequencies also affected larval behavior, settlement, 

and metamorphosis of crab larvae in lab experiments [16,25]. Many taxa of invertebrates 
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possess mechanosensory structures capable of serving as sound receptors [26–30], and there is 

growing evidence of a role for underwater sound in the behavior and settlement of larval 

echinoderms, cnidarians and mollusks [30–32]. Larvae of a coral species were shown to 

move toward reef sounds in playback experiments [33], and vessel noise was found to induce 

larval settlement in the New Zealand green-lipped mussel [32].  

The majority of habitat-associated soundscape characterization has occurred in a single 

region in New Zealand [15,34], and ambient sound as a settlement cue has been studied 

primarily for a handful of rocky reef and coral reef species in the Southern hemisphere. 

Compared to the knowledge of tropical coral reef soundscape characteristics and their 

influence on larval stages of reef species [21,23,24], the habitat-related soundscape of most 

estuarine and coastal systems and the role of these sounds in larval processes is unknown. 

Estuaries and coasts in sub-tropical and temperate regions represent vast areas of critical 

nursery and adult habitat for a multitude of commercially and ecologically important species. 

Though little studied, the estuarine soundscape is likely to have considerable sonic variation 

related to the discrete habitats and associated communities present, such as seagrass, salt-

marsh, oyster reef, and unstructured soft (sand or mud) bottoms.  

Here, we use the oyster reef soundscape as a novel study system to examine the possibility 

that habitat-related sound characteristics influence larval settlement processes. Oyster reef 

soundscapes are of particular interest as a larval cue because reefs are patchily-distributed 

and productive habitats that harbor many sound-producing organisms (e.g. sciaenid fish, 

snapping shrimp) [35,36], and provide structure for a multitude of obligate reef-dwellers with 

dispersing larvae [36,37]. Inhabitants of an oyster reef create sound during their activities 
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(e.g. feeding, reproduction, courtship, movement, defense), and the relatively high density of 

soniferous organisms, along with the physical structure of the reef itself, will produce a 

higher level of sound with distinct characteristics compared to less densely populated and 

differently structured environments, such as soft sediment bottoms. In addition to species that 

purposefully produce sound, animal activity, such as crushing of shelled prey or burrow 

excavation, is likely to contribute substantially to the unique soundscape in a densely 

populated reef habitat.  

 While larvae of certain bivalves can respond to acoustic stimuli [31,32], habitat-

associated underwater sound as a settlement cue has not previously been investigated for a 

bivalve or estuarine species. Moreover, the potential for an estuarine soundscape, particularly 

oyster reef sound, to act as a larval settlement signal has not been considered. The overall 

aim of this study was to compare the acoustic characteristics of two common estuarine 

habitat-types (oyster reef and off-reef soft bottoms) and to investigate the role of soundscape 

cues in the settlement of a reef-forming larval bivalve, Crassostrea virginica, to determine if 

habitat-related sound affects settlement.  

 

METHODS  

To determine whether the estuarine habitats of interest differed in their acoustic spectral 

characteristics, and therefore represented a potential settlement cue, field recordings of 

ambient sound on oyster reef and nearby soft-bottom habitats were conducted several times 

during the peak oyster settlement months. Using laboratory and field experimental 

approaches, we then examined the settlement response of oyster larvae to natural ambient 
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sound associated with suitable (oyster reef) and unsuitable settlement habitat (unstructured 

soft-bottom) to test the hypothesis that oyster larval settlement would be higher in the 

presence of sound associated with their preferred settlement habitat compared to sounds of 

other habitats. In laboratory experiments, we quantified oyster larval settlement in cultures 

exposed to two estuarine soundscapes (oyster reef vs. unstructured soft bottom), as well as a 

no sound control. Because acoustic stimuli matching field conditions are particularly difficult to 

produce in small laboratory tanks [38,39], we conducted a field experiment to test if oyster larval 

settlement was higher in larval “houses” anchored above oyster reefs compared to above 

unstructured soft bottom. Permission to conduct field work in Pamlico Sound waters and the 

West Bay oyster reserve was granted by the North Carolina Division of Marine Fisheries permit 

numbers 708396 and 1012889. 

 

Estuarine soundscape measurements 

During 2010, oyster reefs and nearby soft-bottoms (~2 km from oyster reefs) at two sites in 

Pamlico Sound, North Carolina (Fig. 1) were acoustically sampled simultaneously over dusk and 

nighttime periods during new moon (± 3 days) periods in July, August and September to quantify 

differences in habitat-related sound. West Bay and Crab Hole are two oyster reserves within 

Pamlico Sound that form part of a network of no-take reserves throughout the estuary established 

by the North Carolina Division of Marine Fisheries in 1996. These two reserve sites are separated 

by 100 km and were selected because they represent a range of variability in oyster reef size and 

structure in our system – West Bay reef is relatively small (8093 m2) and sheltered compared to 

the larger (55 400 m2) and more exposed Crab Hole reef. Continuous recordings of ambient 
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habitat sound were collected using underwater recording systems consisting of a SQ26-08 

Sensor Technology omnidirectional hydrophone, with an effective sensitivity of -169 ± 1 dB re 

1V/µPa over the 0.1-28 kHz frequency range. The hydrophone was positioned 1 meter from the 

seafloor and connected to an M-Audio Microtrack II digital recorder (sample rate: 48 kHz) in a 

waterproof housing at the surface. For reef recordings, hydrophones were stationed within the 

reserve boundary but on unstructured bottom approximately 25 meters from reef structure 

     Digital recording samples were analyzed in MATLAB using purpose-written code. 

Spectrograms were first inspected for anomalous transient or anthropogenic noise and 

acoustic power spectra for concurrent recordings were produced to make comparisons of the 

acoustic characteristics of the two habitat types. 
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Figure 1. Map of Pamlico Sound, NC. Oyster reserves at which sound recordings were made are 
marked (CH = Crab Hole; WB = West Bay). Field-based settlement experiment was conducted in 
West Bay. 
 
 

Source and maintenance of oyster pediveligers  

Prior to each laboratory- or field-based settlement trial, eyed Crassostrea virginica 

pediveligers (i.e., competent to settle) were dry-shipped on ice overnight from the Horn Point 

Laboratory (HPL) oyster hatchery (University of Maryland) where broodstock was obtained 
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from Chesapeake Bay oyster populations. Following arrival to the laboratory in North 

Carolina, USA (Raleigh for lab experiments and Morehead City for field experiments), 

larvae were warmed in dishes of 10 µm filtered seawater at a salinity matching HPL’s rearing 

conditions (10-15 psu), and held at room temperature (23-25°C) for the duration of the 

experiments. Twice in 2011, larvae were available from a local NC hatchery (Bear Creek 

Shellfish Hatchery), and were obtained for use in a laboratory trial and a field trial, following 

the same protocol as other trials. 

 

Larval settlement experiments (Laboratory) 

Sound treatments 

The field soundscape sampling effort described above generated a library of 4-to-5-hour-long 

recordings of reef and off-reef sounds from which experimental playback treatments were 

selected. Sound treatments used in laboratory larval settlement experiments consisted of 

replaying the habitat sounds recorded in situ at oyster reef and adjacent off-reef soft bottom 

habitats at West Bay and Crab Hole sites. Prior to use in experiments, waveforms and 

spectrograms of the candidate recordings were visually inspected using Audacity™ software 

to ensure the absence of anthropogenic or anomalous noise.  

     In the four trials comprising the first laboratory settlement experiment in September 2010, 

a 15-minute recording of dusk-time oyster reef sound was played continuously as the sound 

treatment. The 15-minute reef sound-clip was selected from a September recording of the 

West Bay oyster reserve on a new moon, contained no anthropogenic noise, and was typical 

of reef sounds recorded within Pamlico Sound reef habitats. For the second set of laboratory 
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experiments in July and August 2011, in which both reef and off-reef sound treatments were 

applied, pairs of simultaneously recorded audio clips were used in each trial. The recordings 

used in the five trials of experiment 2a were 15-minute samples from recordings made at the 

West Bay oyster reef and off-reef sites at dusk in July 2010. To avoid concerns of 

pseudoreplication associated with the use of a single recording in experimental playback 

experiments [40], several candidate recordings were selected from multiple oyster reserves 

for use in experiment 2b. Three 15-minute July recordings, two from the West Bay reserve 

and one from the Crab Hole reserve, were each used in three of the 9 trials. Recordings from 

these times were selected for treatments to match the timing of each lab experiment and also 

because oyster settlement typically occurs between mid-June to late-September in the 

Southeastern United States, with peaks often occurring in early July and September [35]. 

     Prior to the start of experimental trials, in-tank recordings using a calibrated omni-

directional hydrophone (Sensor Technology SQ26-08) and digital recorder (M-Audio 

Microtrack II) were used to adjust the speaker levels in sound treatments to reflect typical 

oyster reef or off-reef sound pressure levels, and to the degree possible, match the acoustic 

spectrum of the original recordings. For these calibrations, the hydrophone was placed just 

below the water surface where the experimental jars used in trials were located. Hydrophone 

recording in the no sound (control) tanks also confirmed the absence of substantial noise 

from these treatments. Additional measurements of particle motion were made after the 

experiments were concluded to ensure that the total acceleration during the playbacks 

approximated far-field conditions. Particle acceleration measurements were made following 

the methods of Glade [41] and others [19,42,43], using the pressure gradient measured 
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between two closely space Brüel and Kjaer (B&K) 8103 miniature hydrophones (sensitivity 

of ± 1 dB re 1V/µPa over the 0.1Hz to 20 kHz frequency range). The hydrophones were 

mounted with a 2.0 cm vertical separation near the top of the tank and recorded digitally with 

a single B&K LAN-XI Notar system. At high frequencies, as the acoustic wavelength 

becomes small compared to the hydrophone separation, this method of measuring sound 

intensity becomes increasingly biased [41]. We therefore limited the frequency 

bandwidth of our acceleration measurements to the range of 0.1-6 kHz.    

 

Experiment 1 

Initial trials to test the effect of underwater sound on oyster larval settlement occurred in 

September 2010. Oyster settlement (the proportion of oyster larvae settled at the end of a 

trial) was measured for groups of larvae randomly assigned to tanks with or without playback 

of continuous oyster reef sound. During this preliminary experiment, a series of four trials 

were conducted, each lasting between 2-5 days as part of method refinement to determine the 

most appropriate trial length to ensure measurable settlement rates. Trials were conducted in 

complete darkness to remove any effect of light on settlement behavior, as experimental light 

conditions have been implicated in producing contradictory results in studies of oyster 

settlement response to physical factors [35]. Dark conditions were also intended to encourage 

settlement and reduce trial length, since higher settlement rates have been found in dark or 

low light conditions for Crassostrea virginica [44,45].  

   At the beginning of each trial, groups of 100 actively swimming pediveliger larvae were 

randomly assigned to a 20-L glass experimental tank where they were housed 0.2 m off-
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bottom in a 100 mL plastic container (1.5 mm clear polystyrene, Sterilin® 185BP) filled with 

10 µm filtered seawater (Fig. 2a). Each tank also contained a submerged speaker (Altec 

Lansing BXR1220) held in a watertight plastic bag. Tanks were randomly designated as reef 

sound or no sound (control) treatments, and each trial consisted of 3-5 replicate tanks 

depending on the amount of available larvae and audio equipment. Sound treatments 

continuously played a recording of ambient oyster reef sound from a laptop media player for 

the duration of a trial. At the end of each trial, larval containers were removed from 

experimental tanks and examined under a dissecting microscope to count the number of 

settled (attached to sides or base of the container) and unsettled (swimming or crawling) 

oyster larvae. A pipette was used to gently agitate larvae to confirm whether they were 

attached to the container surface. The response variable was proportional larval settlement in 

each replicate. An ANOVA was used to test for a sound treatment effect, with trial as a fixed 

factor and a trial by treatment interaction term. For all analyses, assumptions of normality 

and homoscedasticity were verified by inspection of plotted residuals versus fitted values and 

a Levene’s test of equal variances, respectively. 
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Figure 2. Larval settlement experiment (Laboratory) setup.  
a) Side view schematic diagram of a replicate experimental tank (0.25 m x 0.5 m) used in lab-based 
settlement experiment 1, showing the placement of a submerged speaker and container housing oyster 
larvae within a water bath, and b) Cylindrical treatment tank (20-L, 0.3 m water depth) used in lab 
experiment 2 containing an underwater speaker and five larval culture jars containing groups of 
actively swimming larvae. Larger view of larval culture jars with and without substrate is shown. No 
additional substrate was provided in experiment 1 and 2a; oyster shell discs were placed in the bottom 
of containers in experiment 2b. 
 

Experiment 2 

A second set of experiments was conducted in 2011 to expand upon the scope of the 

preliminary experiment by including an additional off-reef sound treatment, increasing 

replication, and improving the quality of laboratory sound playbacks through the use of 

cylindrical tanks and underwater speakers. Three experimental arenas were constructed, each 

consisting of a 20-L cylindrical water bath with an underwater speaker (Clark Synthesis 

Aquasonic AQ339 Underwater Loudspeakers, frequency range: 20 Hz – 17 kHz) placed on 

the bottom 0.2 m below larval culture containers (Fig. 2b). Speakers were connected to a 

laptop with an audio player. Soundproofing foam was used around and beneath each tank to 

reduce sound transfer. Using this setup, the effect of distinct habitat sounds (reef vs. off-reef 
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sound) was compared in a set of laboratory larval settlement experiments conducted with 

three treatment levels (no sound, reef sound and off-reef sound) using a randomized block 

design with trial as the blocking factor. A total of 14 trials were conducted, 5 trials using 

larval containers with no added substrate (Experiment 2a) and 9 trials wherein larvae were 

provided a 3-cm diameter oyster shell disc as settlement substrate (Experiment 2b). All trials 

were conducted under complete darkness for 48-hour periods.  

     For each trial, 15 groups of 100 actively swimming pediveliger larvae were placed in 80-

mL containers and randomly assigned to an experimental tank (5 larval cultures per tank). 

The experimental tanks were randomly designated as reef sound, off-reef sound or no sound 

treatments prior to each trial, and for sound treatments a recording played continuously for 

the duration of the trial. As in experiment 1, oyster settlement at the conclusion of a trial was 

measured in each container under a dissecting microscope as the proportion of individuals 

attached to the substrate or container surfaces, and the mean proportional settlement for each 

replicate was calculated. For each of the two experiments, randomized block ANOVAs were 

used to test for a difference in the response variable (mean settlement) amongst sound 

treatments, blocked by trial. Significant differences in mean settlement among the sound 

treatments were identified with a Tukey’s Honestly Significant Differences test.   

 

Larval settlement experiments (Field) 

To further overcome limitations related to the reproduction of sound using speakers in small 

tank experiments [14, 38], a field-based settlement experiment was conducted on oyster reef 

and adjacent off-reef habitats that served as ambient sound sources for cultures of hatchery-
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reared oyster larvae. Four trials were completed in June and September of 2011 and July and 

August of 2012. An oyster reserve in West Bay, Pamlico Sound, North Carolina served as the 

“reef sound” site and the “off-reef sound” site was a soft sediment bottom located ~800-1000 

m from the reserve (Fig. 3a). Off-reef sites were also selected to match the reef site depth of 

approximately 3 meters.  
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Figure 3. Larval settlement experiment (Field) setup.  
a) Map of field experiment site in West Bay. Circles denote locations of “off-reef” replicates, and 
squares are “reef” replicates. The extent of the West Bay oyster reserve is indicated by the box 
bordering the reef replicates. Inset shows experiment location in West Bay, b) Schematic of the larval 
housing placed at each replicate in off-reef sites and c) in the reef site. Larval cultures were 
suspended at 1 m above the seabed at each location, with the two habitats providing the ambient 
sound treatments.  
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 In each of four trials, four replicate “larval housings” were placed at each site. Larval 

housings consisted of sample jars identical to those used in laboratory trials and each jar 

contained an oyster shell disc as settlement substrate. The number of larval cultures used in 

each replicate larval housing varied among trials (1-4 jars per replicate) based on availability 

of larvae and logistical constraints. As in laboratory settlement experiments, groups of 100 

larvae were placed in the tightly sealed jars prior to deployment at the habitat sites, thereby 

exposing larvae to habitat sounds while excluding other potential habitat-associated cues 

such as differences in water chemistry. Larval housings were suspended 1 meter above the 

seabed (Fig. 3b, 3c). At the reef site, larval housings were deployed within the reserve 

boundaries, but on sand bottom adjacent to oyster reef structure to minimize potential 

differences in light or visual cues between the reef and off-reef habitats. Each experimental 

trial lasted 48-72 hours, determined by field site deployment and retrieval logistics during a 

given trial period. After a trial, larval housings were retrieved via scuba divers, and 

settlement discs preserved in 95% ethanol and transported to the laboratory to measure 

settlement as the proportion of larvae in a culture. The response variable, mean proportional 

settlement, was calculated for each replicate. An ANOVA model was used to test for 

differences in mean proportional settlement between the habitat treatments, with trial as a 

fixed factor and a trial by treatment interaction term.  

     The different soundscapes of oyster reef and off-reef sites at West Bay were well-

characterized prior to this field experiment, providing support for the assumption that the 

sites could provide distinct sound treatments for the experimental units (see soundscape 

measurement results below). Recording equipment to monitor the site acoustics during field 
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experiment trials was unavailable until the final trial in August 2012, for which a long-term 

acoustic recorder (DSG-Ocean, Loggerhead Instruments) was deployed at each site on a 

recording schedule of 1 minute every 15 minutes at a sampling rate of 50 kHz. Each DSG 

consisted of an individually calibrated HTI-96-MIN hydrophone (Hi-Tech Inc), with the 

frequency-amplitude response of the system being flat (+/- 0.2 dB) over the range of ~100-

25,000 Hz.      

 

RESULTS 

Estuarine Soundscape Measurements 

The spectral composition of oyster reef sound was consistently different compared to nearby 

soft bottom habitats for the July, August and September sampling periods at the two field 

sites (Fig. 4). The difference between habitat types was more distinct at the West Bay site 

than the Crab Hole site (Fig. 4a), but both sites showed consistently higher levels of acoustic 

energy in the 1.5-20 kHz range at reefs compared to the simultaneous recordings made at off-

reef locations. The acoustic spectra suggest that acoustic characteristics of the estuarine 

soundscape can vary over relatively small spatial scales (kilometers) related to habitat 

structure. The oyster reef recordings consisted primarily of the high energy broadband 

“snaps” produced by snapping shrimp (Alpheus heterochaelis) [46], as well as sounds in the 

150-1500 Hz frequency range associated with the calls of common sciaenid species living 

within reefs such as oyster toadfish, weakfish, croaker and spotted seatrout [47,48]. Off-reef 

recordings were characterized by the relatively lower frequency (100-800 Hz) sounds 

associated with abiotic sources such as wind and waves, as well as 100-1500 Hz sounds 
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associated with the vocalizations of drumming fish aggregations [47], and a low level of 

sound in the higher frequency range typically derived from invertebrate sources [24,46].  

 

 

Figure 4. Oyster reef and off-reef acoustic spectra for two Pamlico Sound sites.  
Power spectral density for sounds recorded on and off-reefs taken monthly July-September at (a) 
West Bay and (b) Crab Hole. Because the field recordings differed in total length, each multi-hour 
recording was shortened to a one-hour sample that began at sunset. This produced six pairs of 
recordings collected simultaneously in each habitat type. The displayed data represent the median 
spectra for each hour-long sample calculated from a series of non-overlapping 10-sec duration 
windows.  
 
 

Larval settlement experiments (Laboratory)  

Sound treatments 

The conventional computer speakers placed in waterproof bags and used in laboratory 

experiment 1 to replay oyster reef sounds produced a sound spectrum that generally matched 

the sound pattern of the original field recordings; however, there was a somewhat limited 

ability to reproduce all frequencies consistently (Fig. 5). In particular, there was a reduction 

in sound level in the 300-500 Hz and 2-5 kHz range. Nevertheless, the reef sound treatment 
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did capture components of the higher frequency range of the original recordings that were 

associated with high frequency pulses of snapping shrimp sound, which provided a distinct 

sound treatment for the oyster larval cultures in laboratory tanks. The mean sound level 

produced in treatment tanks was 121.8 dB re 1 µPa, which was reasonably consistent with 

the mean sound level of the original field recordings (123.8 dB re 1 µPa), and was within the 

typical ambient sound level range for oyster reefs sampled in Pamlico Sound. 

 

 

Figure 5. Spectral composition of sound in experiment 1 tanks (reef sound and no sound 
(control) treatments). The black line represents the spectrum of the original in situ recording from 
West Bay oyster reserve that was replayed in reef sound tanks. Power spectral density estimated via 
Welch's method (Hamming window, 1-sec averages with 50% overlap). 
 
 

          The reef and off-reef sounds used as treatments in experiment 2 were distinct in their 

spectral composition (Fig. 6a), with reef recordings composed of higher levels of sound at 
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higher frequencies (> 2 kHz) compared to off-reef recordings, which showed peak levels 

between 100-500 Hz and a sharp decrease in sound at frequencies above 1 kHz. The power 

spectra of the sound treatments broadcast by underwater speakers in experimental tanks were 

similar to the in situ recordings in their general pattern (Fig. 6b, 6c). The replayed off-reef 

sound (Fig. 6b) matched the original recording with more consistency than the reef sound 

replay (Fig. 6c) for which certain higher frequencies were more difficult to reproduce. 

Overall, the experimental tank sound treatments differed substantially in terms of frequency 

composition, with reef sound treatments exposing larvae to the relatively higher sound levels 

at the higher frequencies measured at our field sites.  
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Figure 6. Spectral composition of one set of original and replayed sounds used in lab 
experiment 2. a) Reef and off-reef sounds recorded simultaneously in West Bay, NC in July 2010. b) 
Comparison of in situ off-reef sound, replayed off-reef sound in experimental tank and no sound tank 
spectra. c) Comparison of in situ reef sound, replayed reef sound in experimental tank and no sound 
tank spectra. Power spectral density estimated via Welch's method (Hamming window, 1-sec 
averages with 50% overlap).
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     For the on reef treatments, broadband rms sound pressure levels ranged between 114.4 

and 128.0 dB re 1 µPa and the measured rms acceleration in the 0.1-6 kHz band varied 

between -45.0 and -37.8 dB re 1 m/s2. For the soft bottom treatments, broadband rms sound 

pressure levels ranged between 109.2 and 120.3 dB re 1 µPa and measured rms acceleration 

in the 0.1-6 kHz band varied between -50.33 and -37.0 dB re 1 m/s2. These replayed sound 

levels closely matched (within 1-4 dB) the broadband rms sound pressure levels of the field 

sound recordings. 

 

Experiment 1 

Oyster larval settlement was significantly higher in response to the reef sound treatment 

compared to no sound (Control) treatment in the 2010 laboratory experiment (Fig. 7; 

ANOVA: F1,20=28.75, p<.0001). There was no significant interaction between trial and 

treatment (F3,20=2.75, p>.05).  
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Experiment 2 

In the second laboratory experiment, oyster larval settlement was significantly higher when 

exposed to the reef sound treatment (with and without preferred substrate) compared to both 

the off-reef sound treatment and no sound treatment (Fig.8; Randomized block ANOVA: 

Expt. 2a: F2,8 = 20.12, p<.001, Expt. 2b: F2,16 = 15.59, p<.001). Mean oyster larval settlement 

for the off-reef sound treatment did not significantly differ from the no sound treatment 

(Tukey’s HSD test, p >.05).  

 

Figure 7. Mean oyster settlement in reef sound and no sound treatments for laboratory 
experiment 1 trials. Settlement was measured as proportion of larvae settled in a culture at the 
termination of a trial. Error bars represent 1 S.E. N=28. 
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Figure 8. Mean oyster settlement in reef sound, off-reef sound and no sound treatments for 
experiment 2 trials with a) no added substrate (N=15), and b) with oyster shell substrate (N=27). 
Letters denote statistically significant differences between treatments based on Tukey’s HSD test. 
Error bars represent 1 S.E. 
 
 

Larval settlement experiment (Field) 

Sound treatments 

The sound levels and frequency composition in the field varied between oyster reef and off-

reef sites during the August 2012 field experiment (Fig. 9). The mean rms sound level at the 

reef site (120.06 ± 1.24 dB re 1µPa) was higher than the more variable off-reef site sound 

level (114.62 ± 3.55 dB re 1µPa). Consistent with the habitat-related acoustic measurements 

described above, the spectral composition of sound at the reef site provided a substantial 

contribution of higher frequency (1.5-20 kHz) sounds relative to the off-reef site, which was 

dominated by lower frequency (0.1-1.5 kHz) sounds (Fig. 9). Based on spectral analysis, the 

elevated sound levels between 100-1000 Hz at the off-reef location were most likely 
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influenced by sciaenid fish species known to be acoustically dominant in NC estuaries 

[47,48], while the reef location spectrum consisted of the higher frequency (1.5-20 kHz) 

invertebrate-generated components. 

 

 

Figure 9. Acoustic analysis of ambient underwater sound at field experiment sites. a) Spectral 
composition of sound recorded at the reef and off-reef field sites during the field larval settlement 
experiments in August 2012.  Power spectral density estimated via Welch's method (Hamming 
window, 1-sec averages with 50% overlap). b) Comparison of broadband root-mean square sound 
levels (in dB re 1µPa) measured at the reef and off-reef site for the duration of the August 2012 field 
settlement experiment. The root-mean-square sound level was calculated in a series of non-
overlapping 10-sec duration windows. 
 
 

Oyster larval settlement 

In agreement with the laboratory results, oyster larval settlement in larval housings 

suspended in oyster reef habitats during the field-based experiment was significantly higher 

compared to larval settlement in off-reef sites (Fig. 10; ANOVA: F1,24 = 15.13, p<.001). This 
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overall treatment effect was apparently driven by the June 2011 and July 2012 trials; 

however, because the statistical model did not find a significant trial by treatment interaction 

(F3,24 = 2.20, p>.05), data were pooled across trials for the overall treatment effect test. 

 

Figure 10. Mean oyster settlement for field-based settlement experimental trials. Settlement was 
measured as proportion of larvae settled in a culture at the termination of a trial. Error bars represent 1 
S.E. N=32. 
 

 

DISCUSSION  

The results of this study provide the first evidence, to our knowledge, that ambient 

underwater sound associated with adult habitat could be a cue for settlement-stage larvae of 
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an estuarine bivalve mollusk. This has important implications because it is the first study to 

demonstrate that differences in acoustical characteristics between estuarine habitats have an 

effect on the larvae of a key ecosystem engineer. Because oyster larval settlement was 

enhanced in the presence of oyster reef sounds, but not off-reef soft-bottom sounds, it 

suggests that oyster larval responses are tuned to their preferred settlement environment and 

that the specific quality and quantity of habitat-related sound is important. The threshold 

sound levels and component frequencies of oyster reef sound to which oyster larvae respond 

remain unclear at this initial stage of investigation. An essential extension of this work will 

be to measure settlement in response to various sound intensity levels relevant to field 

soundscape measurements and component frequency bands, as has been done to determine 

the relevant acoustic stimuli for certain fish and crustacean larvae [24,49].  

     A number of physical and chemical cues associated with adult habitat, such as rugosity, 

surface composition, conspecific-produced chemical substances, and bacterial surface films 

can induce settlement and metamorphosis in larvae of Crassostrea virginica [35]. These cues 

likely act on a small scale (centimeters) to affect habitat selection and induce attachment to 

the substrate. In contrast, acoustic signals could be useful at a relatively broader spatial scale 

(meters to kilometers) to facilitate initial orientation to and subsequent encounter with 

preferred substrate. Given the large distances that larvae can travel from adult spawning 

habitat to eventual adult oyster settlement habitat (10s km; [50]), there is clear adaptive value 

in the use of a reliable signal of appropriate settlement habitat to descend upon, rather than 

aimless searching of vast swathes of unstructured bottom habitat.  
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    There are several possible mechanistic explanations for the enhanced settlement of oysters 

in the presence of habitat sounds. While strong swimming larvae such as fish and crustaceans 

may have the ability to, under certain current flow conditions, navigate by directing their 

horizontal movement in response to environmental stimuli such as sound [14,23], weak 

swimmers such as bivalve veligers are more likely to exhibit “partial navigation” by vertical 

movement that facilitates transport to settlement habitat [3]. Because habitat-related sounds 

should reliably indicate close proximity to suitable settlement substrate, elicitation of sinking 

or downward swimming behavior by these cues could increase the efficiency and success of 

settlement. Delayed settlement and metamorphosis until encounter of specific settlement cues 

also represents a mechanism of larval habitat selection that is characteristic of most groups of 

benthic invertebrates [51]. The increased settlement observed in cultures exposed to oyster 

reef sounds in this study could represent an alteration of development trajectory or 

stimulation of physiological changes that promote response to other settlement inducers, as 

was recently implicated in a study of the response of sea urchin larvae to turbulent shear [52]. 

Additionally, while sound should be most valuable as a broad-scale cue that facilitates 

encounter with settlement habitat, habitat sound characteristics could serve an additional 

habitat selection function if larvae use this information to settle under certain acoustic 

conditions that reflect high quality habitat. For example, a more productive and higher 

density oyster reef may be more soniferous than a degraded reef in which settling would be 

less advantageous.  

     There are numerous ways that habitat sounds could improve settlement outcomes by 

providing both early signals to aid larvae in substrate contact, and as an indicator of habitat 
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quality. The elevated sound levels and frequencies of the oyster reef soundscape could trigger 

both behavioral and physiological changes that expedite the settlement process, thereby 

increasing the measured settlement in our experimental cultures exposed to reef sound. Given 

that our experiments were conducted in small containers and with sufficient time for all 

larvae to be able to encounter settlement substrate without the aid of a cue, it is not surprising 

that the effect of the sound treatments was modest. Nevertheless, the relatively small effect 

size does not diminish the possibility that habitat sound plays a significant role in oyster 

settlement. These findings demonstrate that exposure to sounds of adult habitat influences 

oyster settlement, and that the underlying mechanism of this sound-mediated response, as 

well as the ecological relevance, warrants further study. Future laboratory experiments will 

extend the current work by examining larval behavioral responses (e.g. swimming activity, 

sinking rate) to habitat sounds, and by investigating the threshold sound levels and 

frequencies that elicit settlement responses. The effect of artificial rearing conditions on 

larval responses is an important consideration in the interpretation of experiments using 

hatchery animals, particularly in light of evidence that reef fish larvae are influenced by 

previous acoustic experiences [53]. Unfortunately, obtaining sufficient numbers of wild-

caught oyster larvae for use in laboratory experiments is unfeasible. To address this and other 

concerns associated with artificial lab environments, future field replay experiments will aim 

to elucidate the ecological significance of sound on natural settlement rates for wild larvae.  

     The experiments presented here expand our understanding of underwater sound as an 

influence on ecological processes in marine environments, and highlight the need for a better 

understanding of a variety of topics related to sound-mediated larval behavior and settlement. 
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The specific sensory mechanism for the larval response to acoustic stimuli remains unknown 

for this species and the other invertebrates that have shown behavioral or physiological 

responses to sound [25, 30-33,49]. Thus, the study of larval mechanoreceptors represents a 

key area for future investigation in this field. It is also important to note that for most marine 

environments, the relevant spatio-temporal scales of acoustic variation have yet to be 

explored from the perspective of larval dispersal and settlement, and information specific to 

the soundscape of estuaries, key settlement and nursery habitats for a multitude of species, is 

extremely limited. In the context of marine conservation, the emerging evidence of the 

importance of soundscapes in recruitment processes for a variety of species suggests that 

protection or restoration of habitats that harbor relatively high densities of sound-producing 

animals (e.g., snapping shrimp, drumming fish, etc.) also may enhance larval replenishment 

of sound-receptive benthic species. The potential that larval responses to acoustic cues may 

be a widespread phenomenon both taxonomically and geographically suggests a need to 

better understand not only the relevant spatio-temporal soundscape patterns and larval 

responses, but also how alterations to the natural soundscape (e.g. noise pollution) affect 

settlement and recruitment of key species such as oysters.   
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CHAPTER 3 
 
SOUNDSCAPE VARIATION FROM A LARVAL PERSPECTIVE: THE CASE FOR 

HABITAT-ASSOCIATED SOUND AS A SETTLEMENT CUE FOR WEAKLY 
SWIMMING LARVAE 

 
 

ABSTRACT 

Settlement is a critical phase in the life history of most benthic marine organisms that has 

important implications for their survival and reproductive success, and ultimately for 

population and community dynamics. Larval encounter with settlement habitats is likely 

facilitated through the use of habitat-specific physical and chemical cues, but the scales over 

which particular habitat-related environmental cues may operate are rarely measured. In 

Pamlico Sound, North Carolina, USA we used passively drifting acoustic recorders to 

measure the variation in habitat-related underwater sound, a potential broad-scale settlement 

cue, at spatiotemporal scales relevant to dispersing bivalve larvae in the estuary. Sound levels 

increased by up to 30 dB during passage over oyster reefs compared to off-reef soft bottom 

areas, and sound level fluctuations in the 2000 – 23000 Hz frequency range closely 

corresponded to the presence of oyster reef patches below drifters, indicating that sound 

characteristics could reliably provide a signal of benthic habitat type to planktonic larvae. 

Using these soundscape measurements and the known descent capabilities of oyster larvae, 

we demonstrate with a conceptual model that response to habitat-related sound cues is a 

feasible mechanism for enhanced larval encounter with settlement substrate. The drifter 

measurements provide ecologically relevant ranges of soundscape characteristics for the 
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future investigations of larval behavioral and settlement responses needed to assess the 

importance of sound in the settlement process. 

 

INTRODUCTION 

The majority of marine invertebrate species that reside on the seafloor as adults begin their 

lives as dispersing planktonic larvae (Mileikovsky 1971). Spatiotemporal patterns of larval 

delivery and subsequent recruitment to benthic habitats can influence population and 

community-level ecological processes and patterns (Gaines & Roughgarden 1985, Kinlan & 

Gaines 2003, Allen & Marshall 2010). Understanding the bio-physical interactions that drive 

the dispersal and settlement of larvae is a significant focus in marine ecology. Given that 

many benthic animals attach permanently to the substrate at settlement, and often have 

narrow habitat requirements, their survival probability and reproductive success depend 

heavily on settlement in favorable locations. A central question in larval ecology is, how do 

the larvae of benthic species locate often patchily distributed settlement habitats (e.g. coastal 

areas, isolated reefs) following pelagic dispersal periods of days to months?  

     Planktonic larvae acquire information from their environment using multiple sensory 

modes, and while their movement over broad geographical scales is largely bound by 

physical oceanographic processes, their ultimate settlement site can be the outcome of 

behavioral and physiological responses to a suite of biotic and abiotic signals (Sponaugle et 

al. 2002, Kingsford et al. 2002, Levin 2006, McManus & Woodson 2012). Despite generally 

weak swimming capabilities (Chia et al. 1984, Butman 1987), the larvae of many marine 

invertebrates are not entirely passive propagules and may exert considerable control over 
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their dispersal trajectory and subsequent settlement location via vertical positioning in 

response to environmental cues (Mileikovsky 1973, Kingsford et al. 2002, Levin 2006). 

There are several mechanisms by which larval responses to their environment are proposed 

to influence settlement patterns at various spatial scales: (1) larvae “partially navigate” by 

directing their vertical positioning in the water column in response to hydrodynamic, light or 

salinity cues, exploiting tidal currents or circulation patterns to control retention or export 

(e.g. Epifanio 1988, DiBacco 2001, Morgan et al. 2012), (2) larvae respond to habitat-related 

environmental cues in the water column by sinking or diving, thus facilitating encounter with 

settlement substrate (e.g. Fuchs et al. 2004, 2010), (3) larval competency and metamorphosis 

is induced by certain environmental cues or delayed in their absence (e.g. Coon et al. 1990, 

Fitzgerald et al. 1998, Stanley et al. 2010, Gaylord et al. 2013), and (4) following encounter 

with a potential settlement location, larvae accept (i.e. metamorphose) or reject (i.e. re-enter 

plankton) the substrate based on fine-scale habitat properties (e.g. Hadfield 1986, Butman 

1987, Eckman 1996).  

     Settlement and post-settlement success is likely enhanced by a combination of these 

mechanisms and the hierarchical integration of multiple cues (Kingsford et al. 2002). The 

relative importance of various environmental cues in driving settlement patterns, and 

consequently organism distributions, is subject to the sensory adaptations, swimming 

capabilities, and habitat requirements of an individual or species, as well as the scales over 

which cues can operate. Substrate-associated chemical and hydrodynamic inducers of larval 

settlement and metamorphosis at small scales (millimeters to meters) have typically been 

emphasized in larval behavior studies of benthic invertebrates and are clearly important 
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signals to larvae once viable habitat has been reached (Bourget 1988, Pawlik 1992, Rittschof 

et al. 1998). However, for the larvae of organisms with narrow habitat requirements, 

particularly those that must locate discrete patches of structurally complex habitats that are 

not widespread (e.g. reefs, hydrothermal vents), a major challenge is to first encounter 

settlement substrate over larger scales (meters to kilometers). Habitat properties that are 

distinct, conservative and detectable at habitat-scales are the most likely candidates as cues to 

facilitate orientation to and encounter with settlement substrate. Environmental gradients that 

have been proposed as potentially useful habitat cues include chemical stimuli emanating 

from habitats (i.e. odor plumes), changes in turbulence due to flow over benthic structure, 

and variation in ambient sound (Kingsford et al. 2002, Levin 2006).  

     There is growing evidence that underwater sound meets the criteria to serve as a reliable 

and information-rich sensory cue to the dispersing larvae of many fish and invertebrate taxa 

(Rogers & Cox 1988, Simpson et al. 2005, Montgomery et al. 2006, Radford et al. 2007, 

2010, Lillis et al. 2013). Variation in acoustic sources present in an environment (the 

“soundscape”), determined by the spatial mosaic of physical and biological characteristics, 

provides a sensory context for organisms to locate spatially and temporally heterogeneous 

resources (Pijanowski et al. 2011, Farina et al. 2011). As a potential cue for larval settlers, 

sound is distinct compared to dissolved chemical cues in that its fluctuations and propagation 

are not influenced by rapid changes in hydrodynamics. In contrast to turbulence, which could 

indicate changes in the rugosity of benthic habitat below larvae in the water column (Fuchs et 

al. 2004, 2013), habitat-related sounds do not rely on tidal currents or water flow to operate. 

Moreover, acoustic spectral characteristics can convey detailed information that uniquely 
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reflects the biological and physical features (e.g. species composition, presence of predator 

and/or prey species, biodiversity, substrate type) of the benthic habitat over which planktonic 

larvae are being transported.  

      Although sound has rarely been considered as a sensory signal for larval invertebrates, 

mechanosensory systems found in a range of marine invertebrate taxa could act as sound 

receptors, and auditory responses have been described in several crustacean and molluscan 

species (Budelmann 1989, Lovell 2005, Zhadan 2005, Mooney et al. 2010). The two primary 

candidates for marine invertebrate auditory function are (i) epidermal cells with cilia 

sensitive to deformation or deflection by acoustic vibrational stimuli and local water 

movements, and (ii) internal statocyst receptor systems (Budelmann 1989, 1992). Statocysts 

are probable sound detecting organs because they can, based on their structure, serve as 

linear accelerometers that detect fluid particle motion (Rogers & Cox 1988). Particle 

accelerations produced by a sound wave can be detected when a stimulus displaces the 

relatively heavy mass (statolith) that deflects the mechanosensory hairs that line the internal 

surface of the statocyst (Budelmann 1992). Statocyst hearing mechanisms have been 

demonstrated for crustacean and mollusk species by measuring neurological responses to 

acoustic and acceleration stimuli (Lovell et al. 2005, Mooney et al. 2010). Larval invertebrate 

auditory reception is essentially unstudied, but documented behavioral and settlement 

responses provide convincing evidence that larval stage animals can detect acoustic stimuli 

(Branscomb & Rittschof 1984, Radford et al. 2007, Stanley et al. 2011), and the presence of 

statocyst structures in the larval stages of many marine invertebrates suggests that they have 
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this sensory capability (Budelmann 1992). Many bivalve species develop statocyst structures 

in the pediveliger (pre-settlement) stage (Cragg & Nott 1977; Gosling 2003).  

      Current knowledge of the use of acoustic cues by larval forms is limited. There is clearly 

a selective advantage for larvae that can respond to the unique acoustic properties of their 

settlement habitat and enhance the likelihood of successful encounter and selection of 

favorable attachment sites. Our recent soundscape measurements of oyster reef and off-reef 

habitats in Pamlico Sound, North Carolina (Chapter 1) have established that these estuarine 

habitats are consistently acoustically distinct, with oyster reefs forming “hotspots” of 

acoustic diversity of localized elevated levels of sound primarily in the 1.5-23 kHz range. 

These results suggest that acoustic cues could be a reliable indicator of oyster reef habitat and 

that the ability for larvae of reef-seeking organisms to respond to the soundscape would be 

highly adaptive. Complimentary laboratory and field experiments found increased settlement 

of Eastern oyster (Crassostrea virginica) larval cultures in response to oyster reef sounds 

compared to off-reef soft bottom sounds, indicating that the bivalve larvae can distinguish 

and respond to the soundscape characteristics of their settlement habitat (Lillis et al. 2013). 

Though the spatiotemporal scales over which a potential acoustic cue may operate is still 

unknown, and specific behavioral responses (e.g. diving, sinking) for oyster larvae to sound 

characteristics untested, the initial findings provide a compelling case for oyster reef sound as 

a broad-scale cue that could function to enhance habitat encounter and settlement success for 

the larvae of reef-dwellers. Therefore, the specific objectives of this study were to (1) 

measure variation in soundscape characteristics from the perspective of planktonic larvae 
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dispersing in an estuary, and (2) develop a conceptual model of the spatiotemporal scales 

over which drifting bivalve larvae might respond to habitat-specific soundscapes.  

 

MATERIALS AND METHODS 

     To capture habitat-related variation in acoustic characteristics that drifting organisms may 

encounter in an estuary, drifting acoustic recorder surveys were conducted over subtidal 

oyster reefs and unstructured soft bottom in Pamlico Sound, North Carolina, U.S.A. (Fig.1). 

Pamlico Sound is a shallow (mean depth = 4.5 m), wind-driven estuary with stable salinities 

and high primary productivity, and provides habitat for diverse fish and invertebrate 

populations (Paerl et al. 2001; Eggleston et al. 2010). We worked within a network of ten 

subtidal oyster reserves that were established by the North Carolina Division of Marine 

Fisheries (NCDMF) from 1996-2013 to aid in the recovery of severely reduced oyster 

populations. Limestone boulders and oyster shell were used to construct the reefs, providing 

suitable settlement substrate for oyster larval settlement and subsequent development of 

diverse fish and invertebrate assemblages (Puckett 2013, Pierson & Eggleston 2014). The 

oyster reserves, located throughout Pamlico Sound, range in size between 0.03-0.19 km2 and 

each contain between 1300 - 37 000 tons of substrate material. Oyster reefs within this 

network can vary substantially in their physical characteristics (e.g. salinity, exposure, depth, 

dissolved oxygen), oyster demographic rates (Mroch et al. 2012, Puckett & Eggleston 2012) 

and fish assemblages (Pierson & Eggleston 2014).  
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Figure 1. Map of Pamlico Sound, North Carolina, USA showing the locations of oyster reserves 
acoustically sampled by drifting hydrophone (DB=Deep Bay, WBL=West Bluff, CS=Clam Shoal, 
OCR=Ocracoke, WB=West Bay). 
      

 

     Drifting acoustic recorders were deployed in August 2011 and 2012 at multiple reserve 

sites (Fig.1) to continuously measure small-scale changes in sound as oyster reef habitats 

were crossed. A total of five reserve sites were chosen that covered the entire southern half of 

Pamlico Sound and represented a range in physical and biological reef characteristics (e.g. 

size, configuration, salinity, exposure, oyster density), with the intent of capturing variation 
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in the soundscapes that drifting oyster larvae might experience. Drifting hydrophone 

deployments were conducted during August because (1) oyster larvae are dispersing in the 

estuary during this time (Ortega & Sutherland 1992, Mroch et al. 2012), and (2) it is an 

acoustically active period with differences detected between habitat-types (Chapter 1).  

     Drifting acoustic recording units consisted of a free-floating barrel containing an M-Audio 

Microtrack II recorder (48 kHz sampling rate, 24 bit), battery pack and handheld GPS unit, 

and a calibrated omni-directional hydrophone (Sensor Technology SQ-26-08, flat frequency 

response 0.03-30 kHz, sensitivity -169 dB re 1 V/µPa; or High Tech Inc HTI-96-MIN, flat 

frequency response 0.02-30 kHz, sensitivity -164 dB re 1 V/µPa) weighted and suspended at 

approximately 0.5 m from the water surface. This hydrophone placement depth was selected 

both to avoid hydrophone contact with reef structure during transit above high relief portions 

of reserves and minimize surface and water flow noise around the moving hydrophone. West 

Bay, Clam Shoal and West Bluff reserves were sampled in 2011, and West Bay, Clam Shoal, 

Deep Bay and Ocracoke reserves were sampled in 2012 (Fig. 1). For each drifter trial, two 

drifters were deployed ~ 100 m apart and ~ 500 meters upstream from a reserve boundary 

(Fig. 2). The drifters were released at locations projected to produce a drift path that crossed 

through the oyster reserve. Following drifter deployment, the boat was moved a sufficient 

distance to not interfere with the recordings, yet to maintain visual contact, and the motor 

was shut off. Drifters were collected once they had travelled approximately 500 m off the 

downstream edge of a reserve. Drift trials were repeated at a given site throughout a sampling 

day as many times as logistics and drift speed would allow. All drifts were conducted during 

daytime between 0900 hrs and 1800 hrs on days without heavy rain or high winds. Drifts 
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were not carried out during dawn or dusk periods when temporal shifts in acoustic activity 

were most likely to occur (Radford et al. 2008). 

 

 

 

 
Figure 2. (a) Schematic of drifting hydrophone method (not to scale) and (b) example drifter track across an 
oyster reserve, showing the boundaries of the reserve site and the configuration of reef structure (limestone 
boulders or shell) within the reserve.  
  

 

     Acoustic data were visually inspected and recordings truncated to remove noise from the 

research vessel motor. To examine the general acoustic dynamics during each drift, 

spectrograms of the full bandwidth recording were generated and the sound pressure levels in 

A 

B 
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two frequency ranges of interest (100-2000 Hz and 2000-23000 Hz) were computed for the 

duration of drifts. These frequency ranges were established based on previous oyster reef 

sound characterization that showed these bands to be the most distinct between the subtidal 

habitats (Chapter 1). GPS data were used to plot the courses of each drift and to determine 

the time points when the drifters were within the reserve boundaries and above reef structure 

based on NCDMF maps of original oyster reef configurations. This allowed for evaluation of 

the correspondence of acoustic characteristics with drifter positions in relation to benthic 

habitat type. Reef extent data were only available for the times of original reef creation, but 

provided an estimate of the reef shape and positioning within each reserve. 

 

RESULTS 

Habitat-related soundscape variability      

     At each location, multiple drifts were conducted throughout a given sampling day, 

producing several recordings for trajectories across different parts of each reef site containing 

oyster reefs and unstructured bottom.  Weather, sea state, and current conditions varied 

between sampling days, and therefore between sampling of sites; however, no drifts were 

conducted during heavy rain or a sea state higher than 3 on the Beaufort scale. Drift speed 

ranged from 0.12-0.30 m/s with an average speed of 0.23 m/s. This is slightly higher than 

current speeds previously observed for Pamlico Sound waters where mean daily current 

speeds range from 0.1-0.2 m/s (Haase et al. 2009). 

     All drifts showed elevated levels of sound and a broader range of frequencies while 

crossing oyster reefs than during their transit over unstructured bottom (Fig. 3, 4). 
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Spectrograms of representative drifts demonstrate higher acoustic power levels concentrated 

in the 1-5 kHz frequency range and more impulsive broadband sounds from snapping shrimp 

within reserve boundaries (Fig. 3). The strength of the reef signal varied between sites 

sampled, but was clearly distinguishable for drifts at West Bay, Deep Bay, Ocracoke and 

Clam Shoal (Fig.3a, c-e). While less pronounced in West Bluff drifts, there was still a 

detectable increase in broadband snaps and sound in the higher frequency range (2000-23000 

Hz) within the West Bluff reserve boundaries (Fig. 3b, 4b).  

     By partitioning the data into lower and upper frequency bands (Fig. 4), the association of 

the frequencies above 2 kHz with the reef environment is clearly visible. Within reserve 

boundaries, the 2000-23000 Hz frequency band increased in intensity to levels 20-30 dB re 1 

µPa higher than outside of reserves. Increases of 15-25 dB re 1 µPa in the lower frequency 

band (100-2000 Hz) were measured within several reserves (Deep Bay, Ocracoke, Clam 

Shoal; Fig.4c-e), but were less closely associated with reef structure. For instance, at the 

Ocracoke site, the sound levels in the lower frequency bandwidth remained elevated upon 

exiting the reserve (Fig.4d). The narrow peak in the upper frequency sound levels as the 

drifter exits the reserve (t=1h) at Ocracoke is most likely due to a 3-4 kHz noise produced by 

the reserve boundary marker buoy chain (Fig. 4d). 
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Figure 3. Spectrograms of a representative drift crossing the reef for each sampled reserve site. Hashed white 
lines represent time at which the drifter entered and exited reserve boundaries. Spectrograms were produced 
using 0.5-second windows with 25% overlap. 
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Figure 4. Sound pressure levels (rms dB re 1µPa) in the 100-2000 Hz and 2000-23000 Hz frequency bands for 
the duration of a drift crossing an oyster reef at each sampled reserve site. Hashed lines show time at which a 
drifter entered and exited reserve boundaries. 
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     Closer examination of drifter recordings in relation to reserve configurations demonstrates 

the unique acoustic signal produced within the oyster reserves is highly localized to the reef 

features; soundscape variation within reserve boundaries is related to the benthic habitat 

structure immediately below the drifter. For example, the Clam Shoal reserve can be divided 

into two regions that differ in reef patch density: (i) high density (~30 000 tons of limestone 

boulders) versus low density (~1500 tons) (Fig. 5a). The soundscape measured by a drift 

across the reserve was clearly affected by this reef configuration, with increased broadband 

sound levels within the high reef-density area, and reduced broadband sound levels in the 

low reef-density area (Fig.5b). Sound levels increase steeply by 30 dB re 1 µPa over the 400 

m approach to the reserve edge containing a high concentration of reef material, then are 

maintained at a high level within that area, followed by a ~15 dB re 1 µPa decrease during 

transit through the part of the reserve with little reef material (Fig. 5c).  

     The dependence of soundscape pattern on drift path, and therefore the variation in sound 

to which a planktonic larva may be exposed, is further illustrated by comparing multiple 

drifts at a single site. For example, two drifts conducted at the Deep Bay reserve demonstrate 

a strong reef acoustic signature highly localized to the reef structure below the drifters (Fig. 

6). By combining band-pass filtered SPL data with GPS data to identify the times the drifters 

were in different parts of the reserve, we can detect substantial changes over relatively small 

space-time scales and relate them to benthic habitat structure. Because of the arrangement of 

reef structure at this site, and the path that Drift 2 traveled, the close association of sound to 

the reef is underscored by a rapid ~5 dB re 1 µPa drop in sound level over the 30-40 m gap in 

the reef material (i.e. when drifter is briefly over unstructured bottom) (Fig. 6).  
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Figure 5. Map of a sample drifter track for the Clam Shoal reserve (top panel), indicating portions of the reserve 
area that contained high and low densities of reef material. Spectrogram (middle panel) and sound levels 
bandpass-filtered into lower and upper frequency bands over the duration of the drift (lower panel). The hashed 
line denotes when the drifter was within reserve boundaries, and shading indicates the times the drifter was 
transiting the two areas.      
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     The Deep Bay drifts also demonstrate non-biological and habitat-unrelated contributions 

to soundscape variability. In Drift 1, peaks in the upper frequency band at t=0:05 and t=0:54 

are consistent with light rainfall (Nystuen 1996) from a short rain shower. A moderate rain 

shower was also detected at t=0:10-0:15 in Drift 2 (Fig. 6). A broadband signal at t=1:08 was 

produced by the distant passage of a fishing vessel. These data highlight how meteorological 

and human input can contribute to the variable soundscape which larvae experience, and 

provide insight into the potential for masking or interference with biological soundscape 

components. For instance, larval detection of habitat-related soundscape cues may be 

hindered during periods of rainfall or heavy boating activity.  
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Figure 6. Drifting hydrophone deployments at Deep Bay reserve. Map depicts reserve boundaries, reef 
configuration and the paths of two drifts. Spectrograms and plots of SPL in lower and upper frequency bands 
are shown for the duration of each drift. Hashed lines and red shaded areas correspond periods in which the 
drifters were within reserve boundaries and positioned above reef structure, respectively. 
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Conceptual Model of Soundscape Variation as a Settlement Cue 
 
     The data from this study on the “larval perspective” of the estuarine soundscape, 

combined with related work showing enhanced oyster larval settlement in response to the 

sounds of oyster reefs (Lillis et al. 2013), allow for the development of a conceptual model to 

address the question: Is it realistic for weakly swimming larvae, such as those of C. virginica, 

to sense and respond to the unique sound characteristics of oyster reefs under realistic flows 

and sinking velocities in a manner that would facilitate their encounter with preferred 

settlement substrate? The aim of this exercise is two-fold: to assess the feasibility of sound as 

a habitat-scale settlement cue, and to provide a framework for future hypothesis testing.   

 

Figure 7. Schematic depicting how habitat-related sound could operate to facilitate larval encounter with 
settlement substrate in an estuarine system. Oyster larvae (which prefer to settle on other oysters) are depicted 
in gray, clam larvae (which prefer to settle on muddy-sand bottoms) are white.          
    

     We use Eastern oyster and hard clam (Merceneria merceneria) as model organisms to 

make contrasting predictions for the responses of a reef-dwelling (oyster) and a non-reef-

dwelling (clam) bivalve species to habitat-related sounds. In this model, we first assume that 

late-stage larvae are located in the water column and transported by currents across 
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heterogeneous substratum in the estuarine environment (Fig.7: Stage 1). As larvae approach 

an oyster reef, the acoustic stimuli associated with the habitat (elevated sound levels and 

frequencies) are encountered (Fig.7: Stage 2). In this scenario, we hypothesize that clam 

larvae will have no response (i.e., continue drifting) to reef sound characteristics (Fig.7: 

Stage 2a). In contrast, the changing soundscape of oyster reefs is expected to elicit an 

adaptive behavioral response of downward vertical sinking or swimming by oyster larvae 

(Fig.7: Stage 2b). Oyster pediveligers can, on average, sink at rates between 0.3-0.5 m/min in 

still water (Hidu & Haskin 1978), and recent work has found that oyster larvae can rapidly 

dive at speeds up to ~10 m/min in turbulence (Fuchs et al. 2013). If we use the most 

conservative sinking speed (0.3 m/min) to estimate the total time for larvae to reach the 

seafloor within oyster reserves where depths range from 2.5-6.3 meters, we predict that 

larvae can descend to the bottom from the surface within 8-21 minutes after initiating sinking 

behavior in response to oyster reef sound. Following substrate encounter, possibly facilitated 

by turbulence and/or reinforced by detection of appropriate chemical cues near the substrate 

(Tamburri et al. 1992, Finelli & Wethey 2003, Fuchs et al. 2013), oyster larvae select their 

final attachment site based on cues such as texture, hydrodynamics, chemical exudates, 

biofilms, and, potentially, acoustic characteristics (Fig.7: Stage 3). We expect clam larvae to 

sink or swim to the benthos to settle in the absence of reef sound in soft sediment bottoms 

(Fig.7: Stage 4), utilizing local chemical and physical factors to select microhabitats in which 

to metamorphose (Keck et al. 1974).  

     The exposure time of planktonic larvae to a reef sound cue, and thus the ability to 

encounter substrate via a behavioral response, will vary depending upon the drifting speed, 
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reef shape and size, as well as specific dispersal path. We can apply the drifter survey results 

from this study to estimate “acoustic cue windows” and evaluate the feasibility of sound as a 

settlement cue in this system. For example, although behavioral response thresholds for 

oyster larvae are currently unknown, oyster settlement responses were detected for oyster 

reef sounds between 118-124 dB re 1µPa (Lillis et al. 2013), levels reached or exceeded for 

drifters above the reef structure at all sites except West Bluff. Drifter surveys indicate that the 

time period when larvae were directly above reef structure and exposed to these peak reef 

sound levels ranged from 5-20 minutes. If we assume that larvae can detect the reef-

associated sound level increase at lower than peak levels, and begin descent in response to 

changes in the soundscape upstream of the reef edge, this could expand the acoustic cue 

window range to approximately 10-45 minutes for our drifts. Given that late-stage larvae are 

unlikely to be at the near surface (Dekshenieks et al. 1996, Carriker 2001, Baker & Mann 

2003), and larvae are capable of actively propelling themselves downward much faster than 

0.3 m/min (Finelli & Wethey 2003, Fuchs et al. 2013), it is conceivable that the time window 

in which larvae could take advantage of an acoustic cue could be much less than the 8-21 

minute estimate above, and in most cases well within the acoustic window measured by the 

drifters. Note also that the drifters are imperfect larval dispersal mimics, influenced by 

surface wind and waves, and likely underestimate the time scales over which larvae may be 

exposed to habitat sounds. Therefore, under many realistic field scenarios of current speed 

and reef configurations, oyster larvae should have adequate time to respond to reef-

associated sound characteristics by moving toward the bottom. Larval response to reef-
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associated sound is a reasonable mechanism by which larvae can enhance their encounter 

with preferred settlement habitat.  

 

DISCUSSION 

     This study is among the first to characterize the ecologically relevant spatiotemporal 

scales over which habitat-associated acoustic characteristics can vary during the transport of 

a planktonic larva. The soundscape measurements collected by drifting acoustic recorders 

confirm that acoustic characteristics closely vary with benthic habitat-type and support the 

hypothesis that reef sounds provide a distinct habitat indicator at scales relevant to larval 

transport over heterogeneous seafloor structure. Soundscape changes were observed for each 

drift in association with transit over reef habitat, where sound levels increased by up to 30 dB 

re 1 µPa, primarily in the upper frequency band (2000-23 000 Hz), consistent with prior reef 

versus off-reef habitat characterization (Chapter 1). Variation in the strength of the reef 

sound signal among sites was detected (e.g. West Bluff reserve showed a relatively small 

increase in sound levels over reef compared to other sites), as was variation in overall reef 

signal composition. For instance, the reef-associated acoustic signature at certain sites (e.g. 

Deep Bay, Clam Shoal) included elevated sound levels in the lower frequency band (100-

2000 Hz) in addition to upper frequencies. These drifts were only carried out over single days 

at each location and do not necessarily define the acoustics of a site or the differences 

between sites, but rather demonstrate the amount of heterogeneity possible, as well as 

reinforce the need for further investigation to identify the drivers of inter-reef variability (see 

Chapter 1). Irrespective of inter-site variation in the sounds produced by oyster reefs, the 
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conceptual model developed in this study suggests that passively dispersing oyster larvae 

could enhance their chances of encountering preferred settlement substrate by responding to 

the changing soundscape under realistic current speeds, reef patch sizes, water depths, and 

larval descent speeds. Behavioral responses to oyster reef sound have not yet been 

determined, and quantifying the bivalve larval responses (e.g. sinking/diving) to different 

sound levels and frequencies is a key next step to test and refine our conceptual model. The 

drifter-collected acoustic data provide the ecologically relevant levels of variation for future 

larval experiments.  

     Drifting hydrophone recordings also revealed interesting variation in anthrophonic (e.g. 

buoy noise, boating activity) and geophonic (e.g. rainstorms) inputs to the larval soundscape 

experience that should be considered in future investigations of larval response to acoustic 

stimuli. The high amplitude transient sound sources (e.g. boat motors, storms) could be 

relevant to biological activities such as larval settlement because if they spectrally overlap 

with habitat-related sounds they may interfere with the detection of soundscape cues by 

marine organisms (Slabbekoorn & Bouton 2008, Clark et al. 2009). Sounds produced by 

anthropogenic structures (e.g. buoys, windmills, vessels) that share acoustic characteristics 

with settlement cues could attract larval settlers (e.g. Wilkens et al. 2012), and have 

implications for biofouling management or artificial reef establishment. Ongoing long-term 

monitoring of our reef and off-reef study sites will provide more information about the 

impact of weather events and anthropogenic sources, as well as temporal variability at 

multiple scales, on habitat-related soundscape patterns. As our understanding of the role of 

sound in ecological processes such as larval settlement grows, comprehensive measurements 
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of the ambient soundscape could be particularly valuable in addressing questions of 

anthropogenic noise impacts on marine ecosystems (Cotter 2008, Slabbekoorn & Bouton 

2008, Slabbekoorn et al. 2010). 

     Compared to conventional fixed hydrophone recordings, drifter-collected acoustic data 

give new insight into the potential larval experience within a dynamic acoustic environment. 

Most aquatic animals, however, including non-arthropod larvae, are likely sensitive to fluid 

particle motions of sound waves as opposed to differential pressure (Budelmann 1992). With 

this in mind, it is important to note that our hydrophone-based measurements may somewhat 

under-estimate the true change in acoustic stimuli (particularly at low frequencies) as larvae 

near the reef. Although pressure changes are proportional to the acoustic particle velocities at 

far-field ranges, in the acoustic ‘near-field’ particle motions may be influenced by 

hydrodynamic flow and at ranges less than ~1/4 wavelength from the (dipole) source this 

local component cannot be considered negligible (Kalmijn 1988). Efforts to directly measure 

particle motions in the field are advancing (MacGillivray & Racca 2005, Wahlberg et al. 

2008, Radford et al. 2012) and future development of technology and approaches to quantify 

particle motions will advance our ability to make increasingly ecologically relevant 

soundscape recordings. 

     Larval invertebrates can respond rapidly to cues by changing their behavioral mode 

(Hadfield & Koehl 2004, Koehl & Hadfield 2010) and molluscan veliger larvae can regulate 

their vertical movements in response to environmental variables through fine-scale ciliary 

coordination, contraction of velar lobes, and rapid withdrawal of the velum and foot 

(Murakami & Takahashi 1975, Mackie et al. 1976, Arkett et al. 1987). Late-stage oyster 
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larvae exhibit active downward propulsion greatly exceeding the capabilities of the larvae of 

other mollusks (Finelli & Wethey 2003, Fuchs et al. 2013), and possess statocysts that have 

been implicated in the detection and response to turbulence-driven accelerations (Fuchs et al. 

2013). These larval characteristics, combined with the relatively patchy distribution of their 

preferred settlement habitat, suggest that oysters may be particularly suited to use soundscape 

cues as part of their settlement process in subtidal reef patches. In addition to the need for 

tests of oyster behavioral responses to acoustic stimuli, the present study highlights the need 

for investigation of other basic aspects of larval settlement ecology. For example, even for 

relatively well-studied species such as the Eastern oyster, our knowledge of key elements of 

their dispersal and settlement behavior that may affect their use of soundscape cues is limited 

(e.g. vertical distributions, diel or tidal timing of settlement). An investigation of the depth 

distribution of late-stage C. virginica larvae at a single location in the Chesapeake Bay found 

larvae concentrated in the lower half of the well-mixed water column, and suggested that this 

distribution was the result of active behavior that increases their ability to encounter near-

bottom cues (Baker & Mann 2003). Additional studies of larval vertical distributions, as well 

as investigations of settlement timing, are needed in different locations and stratification 

regimes to better understand how various environmental cues influence the larval settlement 

process.  

     This study establishes the scope of soundscape variation and identifies a possible role of 

sound as part of the overall cuescape for weakly swimming estuarine larvae. A compelling 

area for future investigation will be to resolve the relative importance and sequence of 

multiple settlement cues over various spatiotemporal scales and under different 
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environmental conditions. Because investigation into sound as a settlement cue for larval 

invertebrates is at an initial stage, adequately characterizing the putative stimulus from a 

larva’s point of view is central to generating testable hypotheses and determining suitable 

experimental treatments for future work. Our characterization of soundscape variation and 

the development of a conceptual framework build capacity for the investigation of sound as a 

larval settlement cue. Although we illustrate the concept of sound as a settlement cue using 

bivalve larvae, it could be applied to larvae of other reef- and non-reef-dwelling organisms. 

Detailed examination of the sound levels and frequencies that elicit larval responses, and 

incorporation of empirical behavioral data into modeling efforts, is fundamental to improving 

the biophysical models used to predict larval recruitment patterns and connectivity.  
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CONCLUSIONS 

     The importance of underwater sound to a range of ecological processes, including the 

critical life history event of larval settlement, is only beginning to be discovered 

(Slabbekoorn and Bouton 2008). Improved understanding of the relationship between habitat 

sound fields and subsequent larval recruitment is central to bio-physical studies of larval 

connectivity and recruitment in marine systems, potential adverse effects of noise pollution 

in the ocean, as well as additional, yet untested benefits of marine reserves. This dissertation 

presents the first measurements of soundscape variation for an estuarine system, and is the 

first study of settlement responses by a larval bivalve to habitat-related sounds. The 

soundscape characterization of oyster reef and soft bottoms (Chapter 1), combined with 

experimental results showing a settlement response by oysters to habitat-associated sounds 

(Chapter 2), and the description of the spatiotemporal scales of habitat-related acoustic 

variation from a larval perspective (Chapter 3), serve to establish the habitat-associated 

soundscape as a potentially valuable signal for estuarine larvae to locate quality settlement 

habitat. It is clear that acoustic characteristics can be a robust indicator of benthic habitat 

type, and that behavioral responses to changing soundscape patterns would be adaptive for 

larvae of reef-dwelling species. The drifter measurements provide ecologically relevant 

ranges of soundscape characteristics for future investigations of larval behavioral and 

settlement responses needed to assess the importance of sound in the settlement process. 

     Understanding sonic influences on larval processes requires a diverse set of techniques 

and a creative approach. The integration of a geophysical study of the underwater sound field 

with experimental investigations of invertebrate life history processes to explore connections 
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between estuarine soundscapes and larval biology provides a template for characterizing 

spatiotemporal variation in an estuarine soundscape and the relevant scales to larval biology, 

and builds capacity for exploring soundscapes in the ocean. Passive acoustic technologies 

that record sound production by marine communities represent an important and emerging 

tool in biological oceanography. Active acoustic methods and destructive sampling 

techniques have traditionally dominated benthic fisheries studies; however, there is rapidly 

growing interest in the use of non-invasive techniques, such as passive acoustics, within the 

marine ecology, fisheries, and conservation research communities (Luczkovich & Sprague 

2002; Cotter 2008; Slabbekoorn et al. 2010; Laiolo 2010; Kennedy et al. 2010). 

     Habitat-related soundscapes may play an important role in the ecology of estuarine 

systems, and comprehensive measurements of acoustic variation are key to advancing our 

understanding of the ecologically relevant spatial and temporal scales over which sound may 

influence ecological processes. This dissertation advances the application of passive 

acoustics to marine ecological research on the function of soundscapes, and also increases 

our understanding of how environmental variables may influence the early life history of an 

important marine invertebrate species. 
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