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ABSTRACT 

 

REBECCA VICK VAN HOECK: Marine ecosystems through the lens of soundscape ecology: 

How biological processes, landscape structure, and anthropogenic activity affect spatiotemporal 

soundscape patterns 

(Under the direction of F. Joel Fodrie) 

 

Marine soundscapes, or the collection of all sounds across a landscape, consist of 

dynamic patterns resulting from natural and anthropogenic sound-producing processes. 

Soundscape ecology is focused on understanding how these processes interact with 

environmental variables and landscape structure to create dynamic soundscape patterns across 

space and time. As the field develops, there has been rising interest in using soundscapes as a 

tool to assess biodiversity and inform conservation and management decisions. However, 

understanding spatiotemporal soundscape patterns and their associations with ecological and 

environmental covariates is needed for passive acoustic monitoring to be informative. 

 My dissertation addresses this need through two focal questions: (1) how do soundscapes 

vary across marine landscapes and is this variation explained by ecological metrics; and (2) how 

can soundscapes, or passive acoustic monitoring, be used to inform conservation and 

management priorities? To understand soundscape variation, I first compared the soundscapes of 

natural and artificial offshore reefs, finding that their temporal patterns were similar but spectral 

content differed. Following these results, I evaluated soundscape spatial variation across a range 

of estuarine habitat mosaics to explore whether soundscape differences between habitat types 

were associated with environmental metrics. I observed four distinct soundscape types that were 

associated with patch- and landscape-scale habitat metrics. Variation in all soundscape metrics 
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summarized was explained by landscape-scale habitat metrics, while patch-scale metrics also 

explained sound levels, and abiotic metrics explained species-specific call rates.  

  To evaluate how passive acoustic monitoring can be applied to conservation and 

management questions, I assessed whether soundscape monitoring was a useful complement to 

traditional video monitoring for tracking community development following deployment of an 

artificial reef. Comparing the soundscape of a newly deployed artificial reef to that of a nearby 

established reef revealed the colonization of multiple cryptic species that were not available from 

video monitoring. Lastly, I used multiple passive acoustic monitoring technologies to assess the 

spawning-associated grunt dynamics of Atlantic cod in a region with imminent offshore wind 

energy development. Elucidating the peak spawning period and aggregation site revealed that 

interactions between Atlantic cod spawning and offshore wind energy construction are likely.  

 This dissertation advances understanding of soundscape variability in multiple 

ecosystems and demonstrates the benefit of passive acoustic monitoring for addressing applied 

ecological questions. By focusing on periods of peak acoustic activity and exploring variation 

across marine landscapes, my research explained previously undescribed soundscape variation 

and identified the relevance of landscape context in understanding marine soundscape variability. 

In applied contexts, my findings demonstrate that species-specific results are the most 

ecologically informative, but the current application of passive acoustic monitoring is limited by 

a lack of reliable identification of species-specific call types and associated call detectors. 

Advances in call detection will facilitate more nuanced ecological questions to be asked of 

marine soundscape and expand its relevance for addressing conservation and management 

priorities. 
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To Ezra, may you grow to love the ocean as I do and know that you can accomplish anything 

you set your mind to.  
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CHAPTER 1: INTRODUCTION 

 

The soundscape is an intrinsic component of an ecosystem, directly resulting from 

biological, geological, and anthropogenic sound-producing processes. Soundscape ecology, 

rooted in the theory of landscape ecology, uses passive acoustic monitoring (PAM) to understand 

how these processes interact with environmental variables and landscape structure to form 

dynamic soundscape patterns across space, time, and spectral composition (Pijanowski et al. 

2011). For example, the likelihood a certain biological sound is present is defined by the species' 

distribution, which is modulated by abiotic factors, while its presence in a community is further 

shaped by habitat associations, dispersal ability, and biotic interactions (Holt 2009). On temporal 

scales, the timing of biological sound production is often tied to life-history events such as 

reproduction, while the frequency spectrum is dependent on the sound sources and their relative 

contribution to the total sound power. Ultimately, these patterns can create feedback loops where 

soundscapes, used as a sensory cue by individuals, maintain or alter animal behavior (Putland et 

al. 2018) and can drive evolution of biological sound signals and hearing (Luczkovich & 

Sprague 2011). Taken together, soundscapes offer a lens through which we can ask a variety of 

ecological questions that span the range of biological hierarchy from individuals to ecosystems 

and can be used to understand interactions with anthropogenic activity. 

 At the population level, species-specific acoustic activity has been used to identify 

spawning phenology (Monczak et al. 2020) and habitat use of vocal-spawning fishes 

(Luczkovich et al. 2008; Ricci et al. 2017) as well as prevent vessel strikes of endangered marine 

mammals (Van Parijs et al. 2009). At the community and ecosystem levels, soundscapes have 
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been associated with habitat configuration (Tucker et al. 2014; Freeman and Freeman 2016; 

Gottesman et al. 2020), restoration status (Butler et al. 2016), as well as biodiversity of avian 

(Depraetere et al. 2012) and fish (Kennedy et al. 2010; Kaplan et al. 2015) communities in a 

variety of terrestrial and marine ecosystems. Passive acoustic monitoring of marine soundscapes 

is a non-invasive method that provides long-term sampling independent of light availability and 

oceanographic conditions (Mooney et al. 2020). Moreover, PAM can be used in difficult to 

sample habitats, such as those with complex benthic structures or areas where vessels and fishing 

are restricted due to protection status or ocean industry. As a result, marine soundscapes offer a 

novel method to understand associations between marine communities and the seascape as well 

as address conservation and management concerns. Despite the successes and advantages of 

PAM, currently available acoustic indices to summarize soundscape patterns have had equivocal 

results in marine systems (Bohnenstiehl et al. 2018; Bolgan et al. 2018; Mooney et al. 2020; 

Dimoff et al. 2021), suggesting further research is needed to understand soundscape 

spatiotemporal variability before soundscape monitoring can be broadly applied.  

 The processes that underly marine soundscape temporal patterns are largely known, 

though their contribution varies widely among regions, habitats, and species (Pijanowski et al. 

2011; Staaterman et al. 2014; Ricci et al. 2017). For example, sound levels frequently increase 

on diel, lunar, and seasonal scales associated with spawning phenology and behavior of 

acoustically active species (Rountree et al. 2006; Luczkovich et al. 2008; Bohnenstiehl et al. 

2016). Beyond bioacoustic activity, temporal patterns are also associated with geophysical 

processes, including rain and wind events (Wenz 1962; Hildebrand 2009), and anthropogenic 

activity, such as commercial shipping (Duarte et al. 2021). In contrast, relatively little agreement 

exists regarding soundscape spatial variation. Different habitat types (Radford et al. 2010; Lillis 
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et al. 2014), and even adjacent habitats patches (Radford et al. 2014; Lillis and Mooney 2018) 

are known to have distinct soundscapes; however, studies that attempt to explain this variability 

have identified different relationships across marine ecosystems (Nedelec et al. 2015; Ricci et al. 

2017; Elise et al. 2019; Pieretti and Danovaro 2020). The current understanding of soundscape 

spatial variation is limited by the fact that previous studies have often focused on a single habitat 

type, most commonly tropical coral reefs, or over small spatial scales. Expanding understanding 

of spatiotemporal variation in marine soundscapes could facilitate broader application to 

conservation and management priorities. This task is made more urgent as marine ecosystems 

continue to experience global declines in coastal habitats and rising anthropogenic noise 

pollution due to rapidly expanding ocean industry (Orth et al. 2006; Bruno and Selig 2007; Beck 

et al. 2011; Duarte et al. 2021). 

 In this dissertation I address two focal research questions: (1) how do soundscapes vary 

across marine landscapes and is this variation explained by ecological metrics; and (2) how can 

soundscapes, or passive acoustic monitoring, be used to inform conservation and management 

priorities? To understand how soundscapes vary across habitat types, I first evaluated whether 

the soundscapes of shipwreck artificial reefs differed from that of natural reefs and found that 

temporal patterns were similar between the reef types, but spectral content differed (Chapter 1). 

Following these results, I explored whether soundscape differences between habitat types were 

associated with underlying environmental and seascape variability. To this end, I summarized the 

soundscapes of 24 estuarine habitat mosaics across the scale of an estuary and evaluated whether 

soundscape variation was explained by habitat, community, or abiotic metrics (Chapter 2). My 

study identified that soundscape differences between habitat types were explained by habitat 

metrics at multiple scales, variation across the continuum of habitat complexity was best 
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explained by landscape-scale habitat metrics, and seasonal patterns in fish chorusing were 

explained by abiotic metrics.  

 To address the question of how soundscapes can inform conservation and management 

priorities, I first compared the soundscapes of a newly deployed artificial reef and an established 

reef over the course of one year and compared the results to that of visual surveys for monitoring 

community assembly (Chapter 3). This passive acoustic monitoring revealed colonization of the 

new reef by multiple cryptic species that were not available from traditional visual surveys. 

Lastly, I used a combination of fixed-station and glider-based passive acoustic methods to 

evaluate the spatiotemporal spawning dynamics of Atlantic cod in Southern New England and 

assess their potential interactions with offshore wind energy (Chapter 4). I found evidence of cod 

spawning within the wind energy lease and that, like other cod stocks in the northwest Atlantic, 

spawning-associated grunt activity peaks in late November to early December, near the full 

moon. These results revealed that spatial and temporal overlap between Atlantic cod spawning 

and offshore wind energy is likely.  

 This dissertation spans a broad scope of ecosystems and ecological questions that when 

taken together reveals common trends in and expands understanding of the temporal, spatial, and 

spectral variability of marine soundscapes. Similar to the soundscapes of other marine systems, I 

identified temporal patterns at diel, lunar, and seasonal scales. Diel cycles typically peaked 

during crepuscular periods and were elevated at night associated with increased bioacoustic 

activity, while seasonal patterns were associated with water temperature, spawning phenology of 

soniferous fishes, and tracked community development following introduction of an artificial 

reef. When focused on a single species, passive acoustic monitoring provided detailed 

assessment of temporal patterns in spawning-associated call rates. This information was 
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successfully communicated to managers to inform potential interactions between fisheries and 

offshore wind energy.  

By focusing on periods of peak acoustic activity, my research elucidates how soundscape 

spatial variation relates to seascape structure of nearshore estuarine habitats and offshore 

hardbottom reefs. My findings suggest that temporal patterns tend to be similar among habitat 

types, but spectral content, species-specific call rates, and band-limited sound levels differ. When 

investigated further, I found that differences between habitat types were correlated with patch- 

and landscape-scale habitat metrics as well as abiotic metrics and were explained by acoustic 

activity in specific low frequency bands. Previous studies that evaluated the relationship between 

soundscape and environmental metrics typically focused on patch-scale habitat metrics within a 

single habitat type. By investigating the effect of seascape structure at a broader scale of 

estuarine habitat complexity than previously described the role of landscape-scale habitat metrics 

in explaining soundscape spatial variation was revealed. My results suggest that the strength and 

direction of the relationship between soundscape and environmental metrics varies depending on 

the soundscape metric used, the habitat types included, and the spatial scale sampled. As such, 

extrapolating these results to other systems is unlikely and future research should carefully 

consider the research questions asked when designing observational studies.  

A common theme of this dissertation is that differences between habitat-associated 

soundscapes were effectively identified using the power spectrum. Because species-specific 

sounds have unique frequency signatures, the power spectrum summarizes the acoustic 

community of a site. Comparison of the power spectrum among sites facilitated the analysis and 

visualization of spatial and temporal variation in marine soundscape spectral content. 

Specifically, differences between artificial and natural reefs were associated with acoustic 
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activity in two low frequency bands, while spectral differences between estuarine soundscape 

types were explained by patch- and landscape-scale habitat metrics as well as the presence of 

silver perch chorusing. Lastly, the power spectrum revealed the colonization trajectory and 

community development on a newly deployed artificial reef. Multivariate ordination methods are 

commonly used in community ecology to explore variation in community structure and its 

correlation with environmental metrics. My application of these methods to acoustic 

communities has contributed to advancing the field of soundscape ecology from simply 

describing differences between habitat-associated soundscapes to a more thorough evaluation of 

what drivers underly these differences.    

Multiple chapters of this dissertation leverage the use of multi-method approaches for 

sampling marine soundscape and communities. For example, the simultaneous use of fixed and 

glider-based passive acoustic monitoring methods provided fine-scale spatial and temporal 

information on Atlantic cod spawning, while balancing trade-offs between the two methods. The 

combination of passive acoustic monitoring with visual surveys provided a more complete 

understanding of community development following habitat enhancement than a single method 

alone. Lastly, pairing soundscape summaries with traditional habitat and community sampling in 

estuarine systems identified unvegetated mudflats as potential spawning grounds for silver perch 

as well as expanded understanding of how soundscape metrics vary across a continuum of 

habitat complexity. Overall, these results emphasize that passive acoustic monitoring of 

bioacoustic activity, and soundscapes more generally, is a valuable complement to traditional 

sampling methods that can be directly applied to conservation and management contexts.  

 Throughout all chapters, I summarized the soundscape using aggregate indices and 

species-specific call rates. While SPL is an effective measure of sound level, it can only be 
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summarized within specified frequency bands that often include many different sound sources. 

This broad summary makes SPL difficult to interpret and compare between studies. In contrast, 

results related to species-specific acoustic activity, such as call rates and high frequency SPL 

with isolated snapping shrimp activity, were the most informative and ecologically interpretable. 

Diel and seasonal periods of elevated low frequency SPL were explained by fish chorusing 

patterns, while call rates revealed spawning dynamics and their correlations with habitat and 

abiotic metrics. However, due to a lack of reliable references and for many species, I was unable 

to identify multiple fish calls. There is a need to invest in research focused on documenting fish 

call types, such as in-situ optic-acoustic identification, and developing automatic call detectors. 

Moreover, the field would benefit from establishing common reporting standards for publication 

of documented calls (i.e., all published species IDs should include raw audio files of a call). 

Combined, these advances would facilitate more thorough description of acoustic communities 

and the ability use soundscapes to ask more nuanced questions related to community ecology.   
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CHAPTER 2: SOUNDSCAPES OF NATURAL AND ARTIFICIAL REEFS: SIMILAR 

TEMPORAL PATTERNS BUT DISTINCT SPECTRAL CONTENT1 

 

 

 

Introduction 

The ways in which animals make and perceive sounds play an important role in the 

ecology of many species. Individuals use sound to communicate and interpret a wide array of 

social and ecological cues, including territorial aggression, group cohesion, mate attraction, 

gamete release synchronization, navigation, and settlement (Suthers et al. 2004, Popper & 

Hawkins 2019). Among the more than 30,000 extant fishes, over 800 teleost fish species, 

representing 30 families, are known to produce species-specific calls for communication 

(Rountree et al. 2006). Moreover, all fishes possess the morphological capability to perceive 

acoustic particle motion and many species have specialized hearing due to connections between 

the inner ear and gas-filled sacs, such as swim bladders (Ladich 2014). These connections can 

facilitate lower hearing thresholds, broader frequency sensitivity, and detection of sound pressure 

(Popper & Fay 2011).  

The collection of biological sounds, in combination with geological and anthropogenic 

sounds, across a landscape form the soundscape (Pijanowski et al. 2011). Early research in 

marine soundscape ecology identified that ambient acoustic levels are elevated at structured 

habitats compared to adjacent unstructured benthos (Radford et al. 2011, Lillis et al. 2014). 

                                                 
1 This chapter previously appeared in the journal Marine Ecology Progress Series. The original citation is as 

follows: Van Hoeck RV, Paxton AB, Bohnenstiel DR, Taylor JC, Fodrie FJ, Nowacek DP, Voss CM, Peterson CH 

(2020) Soundscapes of natural and artificial temperate reefs: similar temporal patterns but distinct spectral content 

Mar Ecol Prog Ser 649:35–51. 
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Furthermore, different habitat types have been documented to have different soundscape 

characteristics, even when situated within a few kilometers of one another. For example, the 

soundscape of sea urchin dominated reefs in New Zealand contain a greater number of snapping 

shrimp snaps and increased acoustic activity in an 800 – 2500 Hz frequency band compared to 

macro-algae dominated reefs and beach habitats (Radford et al. 2010). Additionally, Radford et 

al. (2014) documented distinct temporal and spectral characteristics at adjacent fringing reefs, 

back reefs, and lagoon sites.  

Across numerous taxa and life stages, marine organisms respond to underwater sound. 

For example, many species of coral reef fish larvae (Tolimieri et al. 2000, Tolimieri et al. 2004, 

Leis & Lockett, 2005) and crab post-larvae (Radford et al. 2007) exhibit a directional swimming 

response to broadcasted reef sounds, and juvenile and adult coral reef fish use sound to guide 

nocturnal migrations (Radford et al. 2011). Similarly, among the planktonic larvae of sessile 

invertebrates, oyster (Lillis et al. 2013) and coral (Vermeij et al. 2010) settlement increases in 

response to reef sound. As a result of the broad use of sound as a navigational and settlement cue 

among marine organisms, differences in broadcasted soundscapes among distinct habitats and 

habitat types may affect recruitment processes, community structure, and habitat function.  

 Artificial reefs are frequently introduced to marine environments to increase habitat 

availability and enhance fishery productivity (Pickering & Whitmarsh 1997). To understand the 

success of artificial reef deployment for conservation and management goals, comparisons with 

natural reefs are required (Carr & Hixon 1997). Following colonization by fish, artificial reefs 

often support different community compositions and greater biomass than natural reefs. This 

pattern of increased biomass is especially pronounced in planktivorous species, leading to an 

altered trophic structure of artificial reef communities compared to natural reef communities 
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(Arena et al. 2007, Simon et al. 2013, Paxton et al. 2017). Differences in community 

composition between artificial and natural reefs may produce distinct soundscapes on each reef 

type, especially in terms of biophony. If marine organisms are using sound to navigate their 

environment and make habitat selections, differences in the soundscapes of natural and artificial 

reefs could lead to recruitment of different species, thereby affecting the function of artificial 

reefs. A few studies have explored soundscape characteristics at artificial patch reefs, frequently 

constructed out of cinder blocks (Ghazali et al. 2013, Lyon et al. 2019) though, to our 

knowledge, the soundscape characteristics of artificial reefs have not been compared to natural 

reefs.  

In the present analysis, we evaluate whether temperate marine soundscapes differ 

between natural and artificial reefs. Specifically, we document the fish vocalizers that exhibited 

seasonal chorusing behavior as well as describe and compare the temporal and spectral 

soundscape characteristics of four temperate reefs offshore of North Carolina – two natural and 

two artificial. Lastly, we discuss the potential ecological implications of distinct soundscapes 

broadcasted on natural and artificial reefs and on individual habitats more broadly.  

 

Methods 

Study sites 

Two natural and two artificial reefs in Onslow Bay, North Carolina (NC), USA, were 

selected for soundscape description and comparison (Fig. 1a). Onslow Bay has a heterogeneous 

seafloor consisting of sandy benthic substrates, hardbottom formed by rocky reef ledges and 

pavements, as well as numerous artificial reefs, including historic shipwrecks, intentionally 

scuttled ships, and other human-made structures (Department of the Navy, 2009). The reefs 
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included in this study range from 41.5 – 50.4 km from Beaufort Inlet, and 35.4 – 42.4 km from 

the shelf break. The natural reefs include two rocky reef ledges: 210 Rock (34° 14.448' N, 76° 

35.538' W) and West Rock (34° 19.368' N, 76° 36.396' W), located at 32 m and 30 m depths, 

respectively. The artificial reefs include a 55.8 m U.S. Coast Guard Buoy Tender at 34 m depth, 

Spar (34° 16.626' N, 76° 38.730' W), and a 133.8 m U.S. Navy Cable Layer at 35 m depth, 

Aeolus (34° 16.698' N, 76° 38.592' W). Both artificial reefs were intentionally scuttled as part of 

the North Carolina Division of Marine Fisheries Artificial Reef Program (AR-305; N. C. 

Department of Natural Resources & Fisheries 1988). The Spar was sunk in June 2004 and is 

fully intact. The Aeolus was sunk in July 1988 and consists of an intact bow and stern with a 

region of rubble in the middle. 

 

Acoustic data collection 

 Underwater sound was recorded concurrently on each site during up to five, 

approximately week-long deployments between November 2015 and August 2016 (Table S1). 

Both natural reefs and the Spar were sampled during all five deployments. We intended to 

sample two artificial reefs during all deployments; however, strong current and sediment 

movement at an initially selected artificial reef site impeded data collection. As a result, the 

Aeolus was selected as a contingency site during the third through the fifth deployments. 

Continuous recordings were made using calibrated, omni-directional hydrophones (SoundTrap 

202 STD, Ocean Instruments, New Zealand) mounted 0.5 m above the seafloor on a weighted, 

metal conical frame which was placed approximately 5 m from the habitat structure (Fig. 1b). 

The positions of the hydrophones and frames were fixed across all deployments.  



15 

 
 

Sound pressure was recorded continuously at a rate of 96 kHz, with instruments 

producing a flat (±3 dB) frequency response between 0.020 – 43.0 kHz. To reduce computational 

challenges associated with continuous recordings and facilitate rapid visual screening of acoustic 

activity via spectrogram, the audio was initially subsampled to two-minute recordings every 15 

minutes for the duration of the deployments. These subsamples mimic the typical duty cycle 

employed in many marine soundscape ecology studies (e.g., Bohnenstiehl et al. 2018). All 

acoustic processing was conducted in MATLAB using purpose-written code (MATLAB 

R2019b). Each file was demeaned, and response corrected to µPa using the hydrophone specific 

calibration value.  

Time-series and spectral analysis of the two-minute subsamples identified sporadic, 

anomalously large amplitude impulsive signals that drastically altered the sound pressure level 

(SPL) time-series and power spectra (Fig. 2, Fig. S1). These impulsive signals may be produced 

when a swimming animal collides with the instrument frame or hydrophone (i.e., fish bumps; 

e.g. Buskirk et al. 1981, Bowman & Wilcock 2014). To remove the effect of the impulsive 

signals and reduce the intrusion of anthropogenic noise, each two-minute recording was further 

subsampled by extracting the eight quietest five-second duration, non-overlapping time windows 

within the file. This resulted in a summary of 40 seconds of recorded audio every 15 minutes. To 

accomplish this subsampling, a Fast Fourier Transform was applied to the full two-minute file 

(NFFT = 215 points, 0% overlap, and Hanning window). Next, the average root-mean-square 

(RMS) bandwidth power of every five-second, non-overlapping time window within the two-

minute file was summarized and sorted from quietest to loudest. The average acoustic spectra for 

each file were then calculated by summarizing only the eight quietest five-second windows (Fig. 

2; see supplement for further explanation). Across a deployment, this acoustic summary resulted 
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in a matrix where each column represented the mean spectra of a recording and each row 

contained the power at a given frequency (frequency resolution, ∆f = 2.92 Hz). Band-limited 

SPLs were then calculated by integrating the acoustic power over the appropriate rows in this 

matrix. All SPL values are RMS and reported in units of dB referenced to 1 µPa. 

 

Statistical analyses 

Fish chorusing  

 Spectrograms and acoustic spectra of individual recordings were visually 

inspected to identify dominant fish vocalizations and chorusing as well as rapidly screen for 

anthropogenic noise. The source of frequently observed sounds (biological, anthropological, or 

unknown) and the species identity of biological vocalizers were confirmed by both aural and 

visual inspection of the recording when possible. Observed vocalizations were compared to 

described fish calls in bioacoustic catalogues (Fish & Mowbray 1970) and the peer-reviewed 

literature in attempt to identify the species (Lobel et al. 2010, Staaterman et al. 2014, Mooney et 

al. 2016). Representative calls and daily calling pattern of each type of dominant fish 

vocalization were documented via spectrogram with an appropriate time and frequency 

resolution for each call type. Average acoustic features of each call type were summarized using 

purpose-written code by extracting call samples from all sites and deployments when calls were 

observed. 

 

Temporal patterns 

To evaluate acoustic activity in an ecologically relevant manner, data were separated into 

a low- and high-frequency band. The low-frequency band, from 0.1 – 2.0 kHz, was selected to 
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isolate sounds from fishes and minimize ambient noise from geologic origins, such as rain or 

wind at the surface (Urick 1983, Hildebrand 2009). The high-frequency band, 7 – 20 kHz, was 

selected to isolate invertebrate sounds, predominantly snapping shrimp (Everest et al. 1948). The 

gap between selected frequency bands intentionally excludes intermediate frequencies, which 

contain overlaps between fish and invertebrate sounds.  

Temporal variation in SPL was examined on daily and seasonal scales. As week-long 

recordings were made at up to five time points over the course of ten months, we refer to each 

deployment by the month it occurred in and among deployment variation as seasonal variation. 

To evaluate differences in observed SPLs among the reef-types, sites, and deployments we 

conducted a two-way ANOVA for each frequency band. To identify which sites and 

deployments were contributing to significant differences we conducted pairwise comparisons 

using Tukey's honest significant difference tests. Due to observed diurnal patterns in SPLs and 

their relation to the photoperiod, we isolated the recordings between sunset and astronomical 

twilight (henceforth called dusk) when daily SPLs peaked across all sites and deployments, for 

comparison. To account for temporal autocorrelation among the acoustic files, dusk SPLs were 

averaged for each day within a deployment. As a result, the number of replicates included for 

each site and deployment combination was equal to the number of days in a deployment.  

For each frequency band, we evaluated the differences between reef types and among sites 

separately for a total of four ANOVAs (low frequency by reef type, low frequency by site, high 

frequency by reef type, high frequency by site). We first investigated differences in dusk SPL 

aggregated by reef-type. The full model for each frequency band included dusk SPL as the 

response variable and reef-type, deployment, and an interaction between reef-type and 

deployment as predictor variables. The site-level model also included site, deployment, and an 
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interaction between site and deployment as predictor variables for each frequency band. For all 

models (reef-type level and site level, for high- and low-frequency bands) removal of the 

interaction term significantly worsened the fit of the model and inspection of normal Q-Q plots 

demonstrated that the assumptions of normality were met; therefore, we proceeded with the full 

model and Gaussian distributions for both frequency bands. All statistical analysis was 

conducted using the programming software R version 3.6.0 (R Core Team, 2019). 

 

Spectral content 

To evaluate dissimilarity in soundscape spectral content at each site, we used distance-

based redundancy analysis (dbRDA) – a multivariate method that uses pairwise ecological 

distances to map variables in reduced dimensional space allowing visual assessment of patterns 

in the data. DbRDA was conducted on each deployment individually, resulting in five 

ordinations. The distance between pairwise samples was calculated using the spectral 

dissimilarity index developed by Sueur et al., (2008). The spectral dissimilarity is calculated as 

[Eq. 1]: 

[Eq. 1]   , with  

where Df  represents the dissimilarity between two samples on a scale from 0 to 1, f represents the 

frequency bins over which the index is evaluated and S1(f) and S2(f) represent the probability 

mass functions of the two spectra being compared.  In our study, Sn(f) and Df were evaluated 

over the low-frequency band (0.1-2.0 kHz) using the mean hourly spectra recorded during 

nighttime hours. Only nighttime recordings were included because this was an observed period 

of increased biological activity and reduced anthropogenic noise.  
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To identify what acoustic activity was driving sample separation, the proportion of total 

acoustic power within select frequency bands was calculated for each sample. These frequency 

bands were determined by viewing the spectra and identifying common peak frequencies (e.g. 

0.1 – 0.3 kHz, 0.3 – 0.5 kHz, 0.5 – 0.8 kHz, and 0.8 – 2 kHz). The formula for each dbRDA was 

the spectral dissimilarity distance matrix constrained by the proportion of acoustic power 

contained within these smaller frequency bands. As such, the frequency bands driving sample 

separation are indicated by the loading vectors and the eigenvalues of each ordination dimension 

represent the amount of variability explained by the loading constraints. 

To evaluate whether spectral content varied by reef-type, a multivariate Analysis of 

Similarity (ANOSIM) was conducted on the spectral dissimilarity matrix from each deployment. 

ANOSIM is a nonparametric test that evaluates the null hypothesis that there are no differences 

in dissimilarity within and between groups. To evaluate this hypothesis, ANOSIM ranks all 

pairwise dissimilarities from a distance matrix, summarizes the mean ranks between and within 

groups, calculates a test statistic, and evaluates significance via Monte Carlo permutations (n = 

1000). The test statistic, R, is expected to be 0 under the null hypothesis and 1 when all pairs 

between groups are more dissimilar than pairs within groups (Clarke 1993). All multivariate 

analyses were conducted using the “vegan” package in R (Oksanen et al. 2019).   

 

Results 

Fish chorusing 

 The dominant fish vocalizers that exhibited seasonal chorusing patterns consisted of 

toadfish boatwhistles (Opsanus spp.), and three unidentified vocalizers described as a knock, 

creak, and growl. (Fig. 3). Though the unidentified calls were compared to similar calls reported 
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in various fish call databases, there were not close enough matches to confidently report a 

species identity. To facilitate future identification, temporal and spectral features of each call 

type were summarized (Table 1).  

Fish choruses were observed in November, April, and June and all chorusing species 

were observed on both natural and artificial reefs. Toadfish chorusing was observed in April and 

June but was most abundant in April. During April, toadfish calls were observed on all sites at all 

times throughout the day, with the onset of chorusing usually observed at 20:00 EDT and lasting 

until 06:00 EDT (Fig. 4a). The daily patterns in SPL in the low-frequency band in April can be 

attributed largely to this calling behavior of toadfish across all sites (Fig. 5). Toadfish choruses 

also were observed on all sites except West Rock in June, with chorus onset around 21:00 EDT 

lasting until 05:00 EDT.   

 The unidentified knock was an impulsive sound frequently in sets of multiple knocks 

(Fig. 3b). Choruses of the knocks were observed on all sites during April, while occasional 

knocks were observed in all deployments. During April, the daily pattern consisted of a rapid 

onset of a dusk chorus at 20:00 EDT that was maintained for approximately one hour with 

occasional knocks continuing for up to four hours (Fig. 4a). 

 The unidentified creak was observed on the Spar and West Rock in November from 

approximately 19:00 EDT – 06:00 EDT, with periods of most intense chorusing during 

crepuscular periods (Fig. 4b). This call consisted of multiple pulse sets in a pulse train. Each 

pulse set consisted of three pulses alternating in frequency (Fig. 3c). The first and third pulses 

had a peak frequency of 1669.4 ± 101.7 Hz on average while the second pulse peaked at 2728.7 

± 156.1 Hz. Each pulse varied in duration, lasting 1.7 ± 0.8 ms, ms, and 2.1 ± 1.0 ms, 
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respectively. The first and second pulse were separated by 5.0 ± 1.6 ms and the second and third 

were separated by 4.9 ± 1.5 ms.  

Choruses of the unidentified growl, a low frequency sound with a 90-500 Hz bandwidth, 

were also observed on all sites in November and January (Fig. 3d). The chorus had a rapid onset 

at 19:00 EDT, lasted one hour with occasional growls observed until 07:00 EDT (Fig. 4b). 

Similar to the creaking sound, the growl consisted of multiple pulse sets in a pulse train. Each 

pulse set contained two pulses alternating in frequency with 26.5 ± 11.8 ms between the center of 

each pulse. The first pulse had an average duration of 40.1 ± 11.7 ms and peak frequency of 

100.8 ± 22.9 Hz, while the second pulse was 19.5 ± 4.9 ms long with a 160.9 ± 57.3 Hz peak 

frequency.  

 

Temporal patterns 

In general, the temporal patterns of biological sound production were similar across all 

reefs. Within the low-frequency band (0.1 – 2 kHz), dominated by fish sounds, daily patterns 

across all sites consisted of increased SPL at dusk and generally greater SPLs at night than 

during the day (Fig. 5). Seasonally, the intensity of the dusk peak varied, corresponding with the 

presence of fish chorusing. During November, there was also a peak in acoustic activity on the 

Spar and West Rock at dawn that can be attributed to chorusing by the unidentified creaking 

species.  

Within the low frequency band, dusk SPL did not differ between natural and artificial 

reefs (ANOVA, Freef type (1,113) = 2.63, p = 0.108). All sites broadly exhibited similar seasonal 

trends; however, dusk SPL significantly differed among sites (ANOVA, Fsite (3,105) = 3.37, p < 

0.021), deployment (ANOVA, Fdeployment(4,105) = 63.56, p < 0.001), and an interaction between site 
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and deployment (ANOVA, Fsite*deployment(10,105) = 2.00, p = 0.040). Post-hoc Tukey's HSD tests 

revealed that differences in dusk SPL were driven largely by seasonal variation as there were no 

significant differences among sites within a deployment (Fig. 6). Overall, dusk SPL decreased 

significantly from November to January, increased drastically to a maximum in April, then 

decreased to a minimum in August (Fig. 7). The April deployment, which coincided with the 

most abundant fish chorusing, was significantly louder than all others. Lastly, SPLs between the 

sites across the entire sampling period only significantly differed between two sites, with the 

Spar supporting greater levels than West Rock (Tukey HSD, p = 0.015).  

 Within the invertebrate dominated high-frequency band (7 – 20 kHz), crepuscular peaks 

in SPL and elevated SPL at night were observed in all sites and seasons (Fig. 8). Investigation of 

dusk SPLs identified significant differences between the reef types, with artificial reefs 

supporting louder high-frequency soundscapes (ANOVA, Freef type (1,113) = 99.55, p <0.001). SPLs 

also varied by deployment (ANOVA, Fdeployment (4,113) = 19.89, p <0.001) and an interaction 

between reef type and deployment (ANOVA, Freef type*deployment(4,113) = 8.73, p <0.001). Post-hoc 

Tukey's HSD test revealed that artificial reef SPLs were significantly higher than natural reefs in 

November (p < 0.001), January (p < 0.001), and April (p < 0.001), but not in June (p = 0.587) or 

August (p = 0.998; Fig. 9). 

Comparisons of dusk SPLs at the site level revealed significant differences among sites 

(ANOVA, Fsite(3,105) = 342.85, p < 0.001), deployments (ANOVA, Fdeployment(4,105) = 124.17, p < 

0.001), and their interaction (Fsite*deployment(10,105) = 13.45, p < 0.001). Pairwise comparisons 

among the deployments revealed that seasonal variation was mostly driven by reduced SPLs 

during January (Tukey HSD, Fig. 10a). While, variation among the sites was driven by increased 

SPLs on the Spar and reduced SPLs at West Rock (Tukey HSD, Fig. 10b). Pairwise comparisons 
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among sites within deployment revealed many significant differences. Notably, dusk SPLs were 

always higher on the Spar than the Aeolus (Tukey HSD, Apr. p < 0.001; Jun. p < 0.001; Aug. p < 

0.001) and tended to be higher on 210 Rock than West Rock (Tukey HSD, Jan. p < 0.001; Apr. p 

< 0.001; Aug. p < 0.001). 

 

Spectral content 

During seasons with increased SPLs and fish chorusing events, specifically April and 

June, the spectral content of each reef's soundscape became more distinct. This is shown by 

tighter grouping of samples within site and greater separation between sites (Fig. 11). Moreover, 

as each sample represents an hour, temporal trends in spectral activity can be observed over the 

course of the night. Pairwise Df values for each ordination ranged from 0.1 to 0.8 suggesting that 

there were substantial differences between some pairwise spectral probability mass functions. 

 Evaluating low-frequency spectral differences using dbRDA allowed the ordinations to 

be described in terms of the acoustic activity driving the differences between sites. The smaller 

frequency bands used to constrain each ordination generally represented a unique dominant fish 

caller in the average spectra. Activity in the 100-300 Hz range was usually attributed to 

miscellaneous low-frequency sounds, and in some deployments a toadfish peak. The 300-500 Hz 

band was indicative of toadfish, the 500-800 Hz band of the unidentified knock, and the 800-

2000 Hz band of the unidentified creaking call. 

 Comparison of spectral dissimilarities between natural and artificial reefs revealed that 

spectral content significantly varied by reef type in all deployments except November 

(ANOSIM, R = 0.06, p = 0.19). The separation between reef types was greatest during April 

(ANOSIM, 0.64, p = 0.001), with artificial reef position driven by activity in the 300-500 Hz 
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band while natural reefs were driven by 100-300 Hz activity. Separation between the reef types 

was also significant in January (ANOSIM, R = 0.39, p = 0.001), June (ANOSIM, R = 0.40, p = 

0.001), and August (ANOSIM, R = 0.38, p = 0.001).  

Analysis of November showed that activity within the 100-300 Hz band was driving the 

separation of 210 Rock from the other sites, while the overlap in Spar and West Rock samples 

was driven by activity in the 800-2000 Hz band (Fig 11a). This 800-2000 Hz activity, on both a 

natural and artificial reef, aligns with the timing of the unidentified creaking chorus and explains 

the lack of significant difference between the reef types during November (Fig. 11b). Overall, 

the loading vectors explained 93.8% of the variation among the samples, with 58.3% captured on 

axis 1 and 35.5% captured on axis 2.  

In January 2016, the average spectra of each site contain a unique peak that drove its 

loading (Fig. 11d). The Spar and West Rock samples were each tightly clumped suggesting 

minimal spectral change throughout the night, with the Spar being driven by the 300-500 Hz 

band and West Rock the 800-2000 Hz band. The majority of 210 Rock samples plotted between 

the Spar and West Rock; however, an increase in activity in the 500-800 Hz band from 2-6 hours 

after sunset drove some separation of the samples (Fig. 11c, d). Overall, the loading vectors 

explained 86.0% of the variation among the samples, with 60.0% captured on axis 1 and 26.0% 

captured on axis 2. 

Within April, each site showed distinct spectral separation from the other sites, although 

a consistent temporal trend was observed among all sites (Fig. 11e). This temporal trend was 

driven by an increase in activity in the 500-800 Hz band, attributed to the knocking chorus, 

ranging from 1-4 hours after sunset, with the duration of the increase varying across sites (Fig. 
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11f). Overall, the loading vectors explained 84.7% of the variation among the samples in April, 

with 48.4% of the variation captured on axis 1 and 36.3% captured on axis 2.  

Within June, natural reef samples each ordinate closely within site, with the loadings of 

210 Rock driven by activity in the 100-300 Hz band and West Rock driven by the 500-800 Hz 

and 800-2000 Hz bands (Fig. 11g). Although within site grouping was apparent for the artificial 

reefs, their samples broadly ordinated similarly with their loadings driven by minimal activity in 

the 300-500 Hz, 500-800 Hz, and 800-2000 bands (Fig. 11g, h). Overall, the loading vectors 

explained 91.2% of the variation among the samples in June, with 58.1% of the variation 

captured on axis 1 and 33.1% captured on axis 2.  

In August, the samples within each site clumped tightly together with minimal separation 

among the sites (Fig. 11i). The loadings of West Rock were driven by a broad peak between 

1500 and 1750 Hz and align strongly with the 800-2000 Hz vector (Fig. 11i, j). Among the other 

three sites, the average spectra showed that there were few to no distinct spectral peaks 

associated with a specific caller (Fig. 11j). Overall, the loading vectors explained 87.6% of the 

variation among the samples in August, with 75.2% and 12.4% of the variation captured on axis 

1 and 2, respectively.  

  

Discussion 

Our research demonstrates that soundscape characterization is a novel approach towards 

testing whether artificial reefs mimic natural reefs. We documented the soundscapes of four 

temperate reefs, two natural and two artificial, during five sampling periods across a 10-month 

period. Although the broad temporal patterns were consistent across all reefs regardless of reef 

type, these patterns were driven largely by the timing of dominant sound sources. Further 
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analyses of finer details available in the spectral content revealed distinct soundscapes on each 

site, with spectral differences generally greater between natural and artificial reefs than within 

reef type. This separation between natural and artificial reefs was especially pronounced during 

time periods with increased acoustic activity and higher SPLs. These spectral differences may be 

the result of differing community compositions and trophic structures on natural and artificial 

reefs. Moreover, consistent soundscape differences across reef types could affect artificial reef 

function through species behavior and interactions in response to sound. 

 

Comparison between reef types 

While the general pattern of crepuscular peaks in SPL aligning with the seasonal 

photoperiod was similar between the reef types, high frequency dusk SPLs were significantly 

higher on artificial reefs than natural reefs during three out of five deployments. More complex 

habitat structures, such as those of healthy sponge-dominated reefs, are known to host higher 

densities of snapping shrimp and are associated with higher observed snap rates and high-

frequency SPLs (Butler et al. 2016). One possible explanation for elevated SPLs on artificial 

reefs is that the higher vertical relief and resulting habitat complexity of shipwrecks (Paxton et 

al. 2017) could support higher densities of snapping shrimp than the comparatively diffuse 

habitat structure of a natural rocky reef ledge. 

Many marine soundscape studies have evaluated differences among sites or habitat types; 

however, few have employed multivariate analyses such as dbRDA. The strong consistency 

between the observed average spectra and separation of samples according to the ordination 

loading vectors suggest that this method is appropriate and informative for evaluating differences 

in soundscape spectral composition. Across most deployments, the samples grouped most 
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similarly within their site and were separated from samples of other sites, demonstrating that 

each site exhibited a unique spectral composition. This is notable especially for the two artificial 

reefs which are situated only 250 m from one another.  

The April deployment, which consisted of the highest SPLs and most abundant low-

frequency acoustic activity, provided the most interesting result. During April, the night 

soundscape of all sites contained choruses of toadfish and unidentified knocks. Despite the 

presence of the same chorusing species on each reef, there was still substantial spectral 

separation of the sites. The soundscapes also were separated by reef type, with the artificial reefs 

exhibiting similar spectral content in the 300-500 Hz band and the natural reefs in the 100-300 

Hz band.  

Within our study system in Onslow Bay, NC, comparative surveys of natural and 

artificial reefs have found that artificial reefs and specifically ships support greater fish biomass 

than natural reefs, whereas other metrics such as species richness are similar between reef types 

(Paxton et al. 2017, Paxton et al. 2019). Moreover, differences in community composition by 

reef type are driven by greater abundances of large piscivores and water column planktivores, 

such as jacks and scad respectively, on artificial reefs, leading to an altered trophic structure 

(Paxton et al. 2017). Given the presence of the same dominant vocalizers across all reefs, the 

spectral separation between the reef types is likely a result of differences in the proportion of the 

total soundscape that the dominant vocalizers occupy, as well as differences in miscellaneous 

acoustic activity, including less dominant calls and sounds associated with feeding, that are not 

currently attributable to a certain vocalizer or behavior. As artificial and natural reefs frequently 

support communities that differ in trophic structure (Arena et al. 2007, Simon et al. 2013, Paxton 

et al. 2017), it is plausible that there would be differences in sounds associated with feeding on 
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natural and artificial reefs. It would be valuable to explore whether these non-vocalization 

sounds can be attributed to specific sources or behaviors, possibly through the use of combined 

visual surveys and multi-hydrophone localization arrays. 

The differences in spectral composition documented on the temperate hardbottom reefs 

included in this study may have important ecological implications. Multiple studies have shown 

that different habitats and specifically different reef types broadcast distinct soundscapes 

(Radford et al. 2010, 2014, Lillis et al. 2014a). We provide initial evidence that shipwreck reefs 

may broadcast distinct soundscape from natural reefs, as well. Given the ability of fishes to 

localize a sound source (Sand & Bleckmann 2008, Hawkins & Popper 2018) and marine 

organisms' attraction to habitat-associated soundscapes, soundscape differences between habitats 

may play a role in facilitating recruitment to reef habitats and could perpetuate differences 

among reef types or benthic habitats more broadly. Models of sound propagation away from 

reefs suggest that habitat-associated sounds, and specifically chorusing events, can be detected 

on the order of kilometers away from a reef. (Radford et al. 2011b, Lillis et al. 2014b). We 

propose that if a migrating individual encountered competing acoustic cues from adjacent 

habitats and the soundscape of one reef has a dominant signal in a preferred frequency band, 

such as one associated with conspecifics, the individual may be more likely to settle at that reef. 

As different species of fishes have unique auditory sensitivities, these behavioral patterns could 

ultimately support distinct communities on separate reefs. Future research on whether marine 

animals are able to perceive small differences in acoustic signals and whether they are attracted 

to acoustic activity in specific frequency ranges would facilitate a better understanding of 

whether the spectral differences we observed across multiple reefs have a meaningful ecological 

effect. 
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Comparisons among sites 

We documented strong diurnal patterns in biological acoustic activity, with tight ties to 

the photoperiod. Within the fish-dominated, low-frequency band these patterns were similar to 

those documented in other marine soundscape studies with SPLs quietest during the day, loudest 

at dusk, and remaining elevated through the night. While there were not significant differences 

between the reef types, the diurnal pattern was generally consistent across all sites and seasons 

with the level of the dusk peak varying seasonally accordant with the amount of fish chorusing 

observed. Across all sites, the daily pattern was least apparent during January and August, 

coinciding with the deployment with the quietest dusk SPLs. During these deployments, few 

distinct fish calls were observed and there was no presence of fish chorusing. Alternatively, the 

diurnal patterns in acoustic activity were most apparent in April and can largely be attributed to 

frequent calling and chorusing by toadfish (Opsanus spp.) and the dusk chorus of the 

unidentified knock.  

Investigation of low-frequency spectral content identified distinct soundscapes on all 

reefs, with separation among the sites most pronounced during April and June. As previously 

summarized, the April soundscape consisted of choruses of toadfish and the unidentified knock. 

The onset of the knock chorus, with a peak frequency around 650 Hz, occurred immediately after 

sunset and continued most intensely for one hour, with occasional knocks observed until 

approximately 4 hours after sunset. This pattern is clearly visible in the corresponding 

ordination, with a temporal shift away from activity in the 500-800 Hz band as the night 

progressed. This common temporal pattern among the dominant vocalizer yet maintained 

spectral separation among the sites and reef types most clearly summarizes the finding of similar 

temporal patterns but distinct spectral content on temperate reefs.  
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Within the invertebrate-dominated, high-frequency band, acoustic levels were 

consistently lowest during the day, peaked at dawn and dusk, and were elevated at night. Similar 

to the low-frequency band, the strength of this daily pattern exhibited strong seasonal variation 

with the quietest SPLs observed across all sites sampled in January. Snapping shrimp acoustic 

activity in shallow-water estuarine systems varies with abiotic variables, such as temperature 

(Bohnenstiehl et al. 2016). The coldest temperatures in Onslow Bay, NC, are generally around 

January, which may explain the decrease in acoustic activity during that deployment (Whitfield 

et al. 2014). Additionally, comparisons among the sites revealed that dusk SPLs were always 

higher on the Spar and 210 Rock than the Aeolus and West Rock, respectively. This relationship 

between sites was also mirrored in the low-frequency band during multiple deployments.  

It is interesting to consider whether there are site-level traits that could explain the 

consistent pattern of higher SPLs on specific reefs within a reef type. Research in a variety of 

other marine systems have identified correlations between habitat and community metrics, such 

as density, abundance, species diversity, and coral cover, and increased SPLs in specific 

frequency bands (Kennedy et al. 2010, Freeman & Freeman 2016, Staaterman et al. 2017). A few 

possible mechanisms to explain the elevated SPLs on the Spar and 210 Rock are differences in 

community composition, abundance, or trophic structure that relate to differences in habitat traits 

such as complexity, vertical relief, size of the reef, or proximity to other reefs. Additionally, reef 

location and context, such as proximity to the shelf break, prevailing current speed and direction, 

or level of anthropogenic noise disturbance, could affect the community composition and 

associated soundscape.  

Overall, this consistent pattern in relative SPLs among sites in addition to the 

documented spectral differences among the soundscapes of each reef warrants further 
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exploration of the relationship between habitat and community traits and the soundscape of 

temperate natural and artificial reefs. As there are known differences in habitat metrics and 

community composition on each reef we sampled, our findings provide further support that 

marine soundscapes may be indicative of habitat and community metrics and could be a valuable 

remote sensing tool to index fish communities. To gain a deeper understanding of whether the 

documented soundscape differences are correlated with specific habitat or community features 

further exploration, with a larger sample size, of soundscape characteristics paired with habitat 

and community traits across multiple reefs within each reef type are needed.   

 

Fish chorusing 

Animal vocalizations serve numerous social and ecological roles, and fish vocalizations 

are frequently associated with reproductive or agonistic behaviors. For example, fish chorusing, 

or periods of frequent to constant calling, are almost always associated with reproductive 

behaviors and spawning (Bass & Rice 2010). The acoustic signature of spawning activity makes 

passive acoustic monitoring and soundscape description a useful method for studying the spatial 

and temporal variability of marine population dynamics, as well as evaluating habitat utilization. 

Because our sampling events were spread across multiple seasons throughout the year, we were 

able to capture some of the temporal variability potentially related to spawning activity on or 

near the habitats studied. For a thorough understanding of temporal dynamics, long-term 

recordings with minimal gaps are required. 

The sonic behaviors of toadfish are among the most well-studied for any fish species. 

Toadfish make their characteristic boatwhistle call, associated with mating and nest defense, by 

rapid contraction of muscles lining the swim bladder (Fine & Lenhardt 1983). The oyster 
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toadfish, Opsanus tau, is the only documented toadfish in the inshore waters of North Carolina 

and is known to make seasonal migrations from offshore wintering locations to inshore and 

estuarine habitats for spawning in spring (Shwartz 1974). The late spring onset of toadfish 

chorusing we observed on temperate offshore reefs matches seasonal chorusing onset 

documented in a Chesapeake Bay oyster reef system, as well as on offshore reefs in Georgia and 

Florida (Ricci et al. 2017, Rice et al. 2017). It is unclear whether the toadfish calls we 

documented are from a resident offshore population that foregoes seasonal migrations inshore, or 

if they are a species other than O. tau, such as the leopard toadfish, Opsanus pardus, which 

inhabits deeper rocky reefs year-round in the Gulf of Mexico or an analogous undescribed 

Opsanus species. 

In attempt to identify the specific source of the unidentified choruses, the call features 

were compared to documented vocalizers in other soundscape studies and soniferous fish 

collections in the Western North Atlantic. The observed knock vocalization is similar in pulse 

duration and frequency range to known pomacentrid calls, such has the dusky and bicolor 

damselfish (Stegastes adusus and S. partitus), both of which are present on the studied reefs 

(Spanier 1979). However, pomacentrids are generally more acoustically active during the day, 

while the knock chorus was observed at dusk (Lobel et al. 2010). In laboratory recordings, 

tomtate (Haemulon aurolineatum) which are abundant on the studied reefs and have a spring 

spawning season, have also been documented making a similar impulsive vocalization. However, 

tomtate vocalizations have a longer pulse duration (40-130 ms) and more of a grunt quality than 

a knock.  

The unidentified creak was compared to vocalizations of the striped cusk eel (Ophidion 

marginatum), but inspection of the frequency spectrum revealed the cusk eel pulse is centered on 
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only one frequency (Mooney et al. 2016), while the creak pulses alternate between two 

frequencies. For the unidentified growl, gray snapper (Lutjanus griseus) adult and larvae make a 

similar low frequency growl (Staaterman et al. 2014), though to our knowledge there has not 

been documentation of gray snapper choruses in field or laboratory settings. As a result, visual 

confirmation of the growl source is required to confidently assign a species identity. While it 

would be ideal to identify each vocalizer to species, or even family, to enhance understanding of 

the ecological role of marine soundscapes and their interaction with individuals, it is still 

possible to explore these interactions without specific identification. Moreover, documentation of 

the unidentified vocalizations in the literature is critical to facilitating future identification.  

 

Caveats 

In the current study, we did not evaluate how the soundscapes varied in response to 

abiotic factors, such as lunar phase, temperature, wind, or sea state. As the sites included in this 

study are geographically close to one another and range in depth from 30-37m, it is unlikely that 

wind is a substantial contributor to the soundscape differences documented. Future research 

investigating how these abiotic factors affect the soundscape of temperate reefs would help to 

infer whether differences in acoustic levels are site-level differences that can be attributed to 

ecological differences among the habitats. Additionally, it is important to note that the distance 

between the sound source and the hydrophone will affect observed SPL, and due to the unique 

geometries of each reef we were unable to fully standardize the position of the hydrophone 

relative to the extent, quantity or characteristics of each reef habitat. 

Lastly, we acknowledge that the sample size of the present study limits our ability to 

generalize how the soundscapes of artificial reefs relate to that of natural reefs more broadly. 
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However, the consistent spectral differences we observed between the reef types, as well as 

among all sites warrants further exploration. To date, research on how marine soundscapes vary 

across habitat and community traits has resulted in promising, but equivocal results. Artificial 

reefs vary greatly and measurably in area, vertical relief, and heterogeneity, with documented 

differences in the communities they support. With appropriately designed studies, artificial reefs 

could be a useful system to better understand the mechanistic relationships between soundscape 

variation and habitat and community traits.  
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Table 2. 1 Acoustic features of fish calls that exhibited seasonal chorusing. Sample calls and 

pulses were extracted from each site and deployment chorusing was observed. The distribution 

of toadfish fundamental frequency was bimodal as such the mean and standard deviation of each 

mode is reported. The multiple values of bandwidth and peak frequency for the creak and growl 

describe each pulse in a pulse set.  

Features Toadfish Knock Creak Growl 
Duration (ms) 508.3 ± 106.4 7.7 ± 6.3 2281.1 ± 488.5 3350.1 ± 229.5 

Fundamental 

Frequency (Hz) 

147.9 ± 13.7 

256.3 ± 6.7 
-- -- -- 

No. Harmonics 2 (1 – 4) -- -- -- 

Bandwidth (Hz) 
-- 553.4 ± 138.1 

326.8 ± 100.6  

420.2 ± 137.7  

146.5 ± 24.7 

367.8 ± 96.0 

Peak Frequency (Hz) 
-- 653.4 ± 153.2 

1669.4 ± 101.7 

2728.7 ± 156.1 

100.8 ± 22.9 

160.9 ± 57.3 

No. pulses in set -- 6.7 ± 4.0  56.3 ± 11.8 111.0 ± 7.8 

Pulses per second -- 7.8 ± 8.9  24.8 ± 1.4 33.2 ± 1.1 

No. calls summarized 
161 

399 pulses,  

10 sets 

646 pulse sets,  

75 pulse trains 

94 pulse sets,  

23 growl trains 
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Figure 2. 1 Map of reef sites and hydrophone deployment setup. a. Reef sites offshore of 

Onslow Bay, NC. Triangles are natural reefs, circles are artificial reefs, and Beaufort Inlet is 

indicated by the star. b. Image of hydrophone deployment set-up, the arrow indicates the position 

of the SoundTrap. Photo credit: J. McCord / CSI 

 

 

 

 



41 

 
 

 
Figure 2. 2 Demonstration of the effect of a "fish bump" on the average power spectral density 

of a two-minute audio file. (a) Spectrogram of a representative file recorded on 210 Rock in 

April 2016. The arrow points to an impulsive signal likely the result of an animal collision with 

the hydrophone. The white shaded boxes indicate the eight quietest, five-second subsamples 

extracted to remove the effect of the fish bump. (b) Plot of power spectral density demonstrating 

that the subsampling methodology preserves the toadfish peaks while removing the noise due to 

the fish bump. The gray shaded boxes indicate the frequencies summarized in each frequency 

band. 
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Figure 2. 3 Spectrogram (left panel) and waveform (right panel) of dominant fish calls observed. 

Note variations in y-axes scales. The colorbar is power spectral density (dB re 1 µPa2Hz-1) (a.) 

Toadfish boatwhistle (spectrogram NFFT = 215, 90% overlap); (b) unidentified knocks 

(spectrogram NFFT = 212, 90% overlap); (c) unidentified creak (spectrogram NFFT = 211, 90% 

overlap); (d) unidentified growl (spectrogram NFFT = 212, 90% overlap). 
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Figure 2. 4 Daily patterns of fish chorusing events during April and November. Each figure is a 

stacked spectrogram of all two-minute subsamples from a single day with representative fish 

chorusing events (NFFT = 215). The bracket on top of each panel identifies dusk and the 

numbered brackets on the right side identify the frequency bands of interest for each vocalizer. 

(1) knock, (2) toadfish, (3) creak, (4) growl. (a) Knock and toadfish choruses recorded during 

April on 210 Rock. Toadfish vocalizations were present throughout the day but peak during 

dusk, while the unidentified knock chorus was only present at dusk. (b) Creak and growl 

choruses recorded during November on West Rock. The creak chorus peaked during crepuscular 

periods while the growl chorus was only present at dusk. 
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Figure 2. 5 Daily patterns in acoustic activity in the low-frequency band. Peak SPLs were 

observed at dusk on all sites and deployments, and are especially pronounced during November, 

April, and June when fish chorusing was observed. Each pixel represents the average SPL within 

one 40 second subsample and each row of pixels is the SPL variation over a single 24hr period. 

The white rows separate the deployments. All recordings within each deployment were 

concurrent on each reef. 
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Figure 2. 6 Boxplots of average SPLs at dusk within the low-frequency band (0.1-2 kHz) 

highlight that variations in SPL are driven by seasonal variability rather than differences among 

the sites. The black bar is the median while the lower and upper edges of the box are the first and 

third quartiles. The whiskers extend to either the most extreme value or to 1.5 times the 

interquartile range and any outliers are plotted individually. 
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Figure 2. 7 Tukeys HSD 95% confidence intervals of pairwise comparisons between 

deployments for low frequency (0.1 – 2 kHz) dusk SPLs. This demonstrates that dusk SPLs 

during April were significantly higher than all other deployments and are driving the variability 

among the deployments.  
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Figure 2. 8 Diurnal patterns in acoustic activity within the high-frequency band (7-20 kHz). 

Crepuscular peaks in SPL, attributed to snapping shrimp, are persistent across seasons and track 

the seasonal photoperiod. All sites exhibited the minimum SPLs in January. Each pixel 

represents the average SPL within one 40 second subsample and each row of pixels is the SPL 

variation over a single 24hr period. The white rows separate the deployments. All recordings 

within each deployment were concurrent on each reef.  
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Figure 2. 9 Boxplots of average daily SPLs at dusk in the high-frequency band (7-20 kHz). 

During the first three deployments dusk SPLs were significantly higher on artificial reefs than 

natural reefs, while variation among the sites is driven by increased SPLs on the Spar. The p-

values are the result of Tukeys HSD test of pairwise comparisons between the reef types. For the 

boxplots, the black bar is the median while the lower and upper edges of the box are the first and 

third quartiles. The whiskers extend to either the most extreme value or to 1.5 times the 

interquartile range and any outliers are plotted individually. 
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Figure 2. 10 Tukeys HSD 95% confidence interval of pairwise comparisons between (a) 

deployments and (b) sites for the high frequency (7 – 20kHz) dusk SPLs. The results 

demonstrate seasonal variation is driven by reduced SPLs during January (Deployment 2), while 

variation among the sites is driven by elevated SPLs on the Spar and reduced SPLs on West 

Rock. Moreover, within reef type the Spar and 210 Rock are louder than the Aeolus and West 

Rock, respectively. 
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Figure 2. 11 Multivariate analyses on the spectral dissimilarity index suggest that during 

deployments with increased acoustic activity in the low-frequency band (0.1-2 kHz) there is 

distinct separation of the spectral content at each reef, with increased separation between the reef 

types. This difference between natural and artificial reef was especially pronounced during April. 

As each reef type contains the same dominant vocalizers, differences between natural and 

artificial reefs are likely the result of less dominant vocalizations and miscellaneous acoustic 

activity. The left column contains the dbRDA ordinations of the spectral dissimilarity index for 

each deployment, while the right column contains the average spectra for each site within each 

deployment (note change in PSD scale). 
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CHAPTER 3: EAVESDROPPING ON ESTUARIES: SOUNDSCAPE SPATIAL 

VARIATION EXPLAINED BY ABIOTIC METRICS AND HABITAT METRICS AT 

MULTIPLE SCALES 

 

 

Introduction 

Understanding spatial heterogeneity and its consequences for ecological patterns and 

processes is a foundational goal of landscape ecology that also informs conservation and 

management practices (Turner 2005; Boström et al. 2011). For example, a landscape approach 

revealed how interactions between spatial heterogeneity and animal behavior affect how animals 

move within and among habitat patches (Wiens et al. 1997). Studying the effect of heterogeneity 

on ecological communities has identified associations with increased diversity and stability of 

grassland birds (Hovick et al. 2015), as well as the density and richness of fish communities in 

mangrove systems (Pittman et al. 2007). More recently, the developing field of soundscape 

ecology has drawn from this body of research to explore how the sounds produced across a 

landscape, referred to as the soundscape, relate to the underlying landscape and ecological 

patterns (Villanueva-Rivera et al. 2011; Farina et al. 2014).  

A conceptual framework of soundscape ecology posits that the diverse temporal, spatial, 

and spectral patterns observed among soundscapes are the result of interactions between 

biological communities, landscape structure, and anthropogenic activities (Pijanowski et al. 

2011). As such, many studies across terrestrial and marine ecosystems have attempted to 

describe the relationship between soundscape patterns and environmental heterogeneity (Gasc et 

al. 2017; Lindseth and Lobel 2018), often through the use of acoustic metrics (Sueur et al. 2008). 
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These methods have been applied with some success in terrestrial communities, for example, 

relative sound power of biophony in an Australian forest was positively correlated with patch 

size and connectivity to adjacent remnant patches (Tucker et al. 2014), and multiple acoustic 

indices effectively tracked recovery of island seabird populations in the years after removal of an 

invasive predator (Borker et al. 2020). In marine systems, soundscape studies have produced 

varied results with evidence of positive correlations between low frequency sounds and benthic 

complexity and density of benthic invertebrates (Freeman and Freeman 2016), as well as fish 

density and diversity (Kennedy et al. 2010) in coral reef systems. Meanwhile, other studies have 

found limited support for the use of currently available acoustic indices as indicators of habitat or 

community variables (Bohnenstiehl et al. 2018; Bolgan et al. 2018; Lyon et al. 2019; Mooney et 

al. 2020; Dimoff et al. 2021). Given that acoustic signals generally propagate independently of 

light and oceanographic conditions and passive acoustic monitoring is a non-invasive, cost-

effective sampling method, the goal of understanding soundscape variation is often to evaluate 

whether soundscape monitoring could be applied to conservation and management contexts.  

 Passive acoustic monitoring of marine soundscapes and species-specific call rates have 

been used to identify essential habitats (Luczkovich et al. 2008; Ricci et al. 2017b), evaluate 

restoration success (Butler et al. 2016), and assess interactions with anthropogenic activity (Kline 

et al. 2020). However, for soundscape monitoring to be successfully applied in management 

contexts, a more detailed understanding of soundscape heterogeneity is required. Although 

temporal patterns differ among habitat types and biogeographic regions, these patterns are well 

understood and are often associated with known environmental cycles and the phenology of 

soniferous species (Staaterman et al. 2014; Bohnenstiehl et al. 2016; Monczak et al. 2019). In 

contrast, there is comparatively little agreement on the drivers of soundscape spatial variation. 
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Many early assessments of spatial variation identified that different habitat types have unique 

soundscape signatures, such as oyster reefs compared to unvegetated sand flats (Lillis et al. 

2014), and urchin-dominated reefs compared to macroalgae-dominated reefs (Radford et al. 

2010). More recent studies have evaluated the soundscape variability across a range of habitat 

complexity (Ricci et al. 2017b; Lyon et al. 2019; Elise et al. 2019), though these previous studies 

have frequently only captured variation across a small spatial scale or within a single habitat type 

(Nedelec et al. 2015).   

 Because estuaries typically consist of a mosaic of habitat types, it is necessary to explore 

how spatial heterogeneity in the seascape, biodiversity, and abiotic factors affect observed 

estuarine soundscape patterns. Moreover, there is a rich body of research focused on both 

understanding the relationship between faunal communities and the seascape (Yarnall et al. 

2022), and on the soundscape of estuarine habitats (Ricci et al. 2016; Monczak et al. 2020; 

Luczkovich and Sprague 2022). Beyond their utility as a study system, estuarine habitats provide 

numerous beneficial functions for ecosystems and society. For example, they serve as critical 

nursery habitats for marine animals (Beck et al. 2001), buffer against shoreline erosion (Scyphers 

et al. 2011), and sequester carbon (Duarte and Krause-Jensen 2017). Despite the fundamental 

role of estuarine habitats for healthy coastal ecosystems and economies, they have experienced 

substantial global declines in recent decades (Orth et al. 2006; Beck et al. 2011). Taken together, 

this makes even more compelling the possibility of using soundscape monitoring to address 

questions of estuarine biodiversity and habitat conservation. 

To expand understanding of soundscape spatial variation across the scale of an estuary, 

the present study pairs soundscape metrics with habitat and biodiversity sampling at two dozen 

habitat patches with unique configurations of estuarine habitat mosaics. We ask two research 
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questions: (1) Is soundscape variation among the sampled patches clustered in common 

soundscape “types” and (2) Do patch-scale habitat, landscape-scale habitat, community, and/or 

abiotic metrics explain the observed variation in soundscape metrics. We summarized the 

soundscape with both aggregate indices, such as sound pressure level and the spectral 

dissimilarity index, as well as species-specific call rates and employed multivariate analyses, 

linear regression, and variance partitioning to address these questions. Lastly, following 

unexpected results during preliminary analyses, we conducted a playback experiment to quantify 

the effect of seagrass cover on acoustic transmission loss to aid interpretation of our results.  

 

Methods 

To evaluate whether spatial variation in estuarine soundscapes is correlated with habitat, 

community, and abiotic metrics we sampled 24 habitat patches in Back and Core sounds, North 

Carolina (NC), during six sampling periods from May to August 2019 (Fig. 1). Back and Core 

sounds are shallow well-mixed estuaries with salinities ranging from 24 – 36 ppt and a complex 

mosaic of seagrass, saltmarsh, and mudflat habitats (Kenworthy et al. 1982). Back Sound 

extends east to west and meets the northeast to southwest oriented Core Sound at Cape Lookout, 

NC. Situated at a temperate-subtropical boundary, the seagrass beds sampled exhibit co-

dominance of the temperate species Zostera marina and subtropical species Halodule wrightii, 

with some presence of Ruppia maritma. The saltmarshes consisted of complex configurations 

dominated by Spartina alterniflora with tidal creeks and adjacent oyster reefs of Crassostrea 

virginica, while the mudflats consisted of expanses of unvegetated, sandy bottom separated from 

structured habitat by at least 200 m.  
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To facilitate pairing of community data with habitat and soundscape data, all sites were 

randomly selected from a collection of 18 seagrass beds, 9 saltmarsh creeks, and 9 mudflats in 

Back Sound, NC, that have been sampled monthly since 2010 (Baillie et al. 2015). Each 

sampling period consisted of an approximately week-long hydrophone deployment at either one 

saltmarsh creek, two seagrass beds, and one mudflat, or two saltmarsh creeks and two seagrass 

beds. Due to the greater number of seagrass meadows available and to capture greater variability 

among habitat patches with structured biogenic habitat, more seagrass and saltmarsh creek sites 

were sampled than mudflats. All hydrophones were deployed near low tide to ensure that the 

hydrophone would remain submerged throughout the deployment. The hydrophone position was 

haphazardly selected within a habitat patch of interest where low-tide water depth was > 0.7 m. 

The hydrophones were mounted approximately 0.15 m above the seafloor and secured to a metal 

garden stake.  

Acoustic Analysis 

 All hydrophones were SoundTrap ST200s (Ocean Instruments, NZ) that recorded audio 

for two minutes every 15 minutes at a 48kHz sampling rate and measured water temperature 

every 60 s while recording. This recording duty cycle extended battery life of the hydrophone 

while retaining natural soundscape variability in the dataset (Bohnenstiehl et al. 2018). The 

power spectrum of each retained two-minute audio file was summarized using a Fast Fourier 

Transform (NFFT = 215, 0% overlap, Hanning window). During this summary each two-minute 

file was further subsampled to reduce the impact of anthropogenic noise and “fish bumps”, 

which are anomalously high-amplitude impulsive signals caused by an animal colliding with the 

hydrophone that distort the sound level and power spectrum of an audio file, on the acoustic 

timeseries. This subsampling was accomplished by dividing the file into non-overlapping five-
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second segments and averaging the eight quietest segments. This summary method was 

demonstrated to reduce the impact of impulsive noise while retaining the PSD of all other signals 

in Van Hoeck et al. (2020).  

In addition to the acoustic spectrum, the soundscape of each site was summarized by its 

average sound pressure level (SPL). To separate the contribution of fish and invertebrates to the 

soundscape, SPLs were calculated for the fish-dominated low frequency band from 0.1 – 2 kHz 

and the snapping shrimp dominated high frequency band from 7 – 15 kHz. All SPLs are root-

mean-square SPLs and are reported in decibels referenced to 1 µPa. Because the observed SPL 

in shallow water is affected by tidal inundation and marine bioacoustic activity tends to increase 

at night, only audio files that were ± 2 hours around a nighttime high tide were retained for SPL 

analyses. This subsampling standardized the effective sampling radius across tidal inundation, 

while simultaneously reducing the presence of anthropogenic noise and improving the ability to 

interpret bioacoustic activity.  

Manual spectrogram inspection of each site identified at least six unique fish call types, 

including oyster toadfish (Opsanus tau), silver perch (Bairdiella chrysoura), spotted seatrout 

(Cynoscion nebulosus), multiple unidentified knocks, and an unidentified growl. Due to a lack of 

existing automatic call detectors and multiple call types occurring simultaneously within the 

same frequency range, only oyster toadfish and silver perch call rates could be reliably 

quantified. Fish calls were identified using species-specific call detectors on the full two-minute 

audio files. Average call rates for each species were calculated for nighttime files when calling 

was present.  

Oyster toadfish boatwhistles were enumerated with a multi-kernel spectral correlation 

detector adapted from Ricci et al. 2017a. The method searches for the first two harmonic tones of 
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the boatwhistle, using template kernels frequency constrained by the previously established 

relationship between call frequency and water temperature (Fine 1978; Ricci et al. 2017a). A 

correlation threshold of 0.25 was used for detection. To suppress false positive detections, files 

with a <6 calls per minute were masked in the analysis, and any call with a fundamental 

frequency that differed by more than 20% from the deployment median was excluded. Lastly, a 

scatter plot of the median fundamental frequency of toadfish boatwhistles in a file versus water 

temperature was viewed for each site and any sites without a linear relationship were manually 

inspected and false positives removed.  

 Silver perch call rates were summarized using a two-stage process of detection and 

classification (Bohnenstiehl in prep). In the detection stage, candidate calls were identified based 

on the kurtosis and signal to noise ratio (SNR) calculated in 10-ms duration sliding windows 

operating in the 2 – 3.5 kHz frequency band, where silver perch are the dominant sound 

producers. When peaks in SNR and the derivative of kurtosis co-occurred, a 30 ms window of 

data was extracted and used to generate a wavelet scalogram image. Next, the images were fed 

into the convolutional neural network (CNN) ResNet50.  The activations from the connected 

layer (fc1000) of ResNet50 were used as features for a support vector machine classifier that 

identified the scalograms as “perch” or “other”.  

The model was trained using 10,000 labeled scalograms (5,000 “perch” and 5,000 

“other”) from soundscape data in the Pamlico Sound, NC. To confirm detector functionality, the 

model was tested on 4,374 labeled scalograms from the present dataset (2,273 “perch”, 2,101 

“other”) and an overall false positive rate of 1.37% was identified. For a given file, if the number 

of perch calls detected was lower than the estimated number of misclassified images, then the 

number of perch calls was set to zero. Because silver perch calls have a known temporal pattern, 



58 

 
 

with call rates increasing after sunset to a maximum around midnight, the call rate timeseries for 

each site were visualized and any unexpected patterns were inspected (Mok and Gilmore 1983; 

Monczak et al. 2017; Ricci et al. 2017b). Based on this inspection, any remaining false positives 

were manually removed. 

Ecological metrics 

Patch-scale habitat characteristics were summarized via quadrat sampling along three 50 

m transects centered on the hydrophone. The percent cover of each species was visually 

estimated within a 0.125-m2 quadrat every 5 m along the transect. If seagrass was present, then 

shoot density was counted and canopy height was summarized at every other quadrat. Canopy 

height was measured by randomly collecting 10 shoots from each quadrat for measurement at the 

lab. Each patch-scale habitat metric was averaged across all quadrats and transects for a site 

average. In addition to percent cover, alpha diversity metrics of patch-scale habitat variables 

were summarized (i.e., species richness, evenness). 

Landscape-scale habitat characteristics, defined as a 500-m radius around the 

hydrophone, were summarized in ArcMap version 10.8.1 (ESRI, California, USA) from 4-band 

orthoimagery with 6 in pixel resolution that was collected in early 2020 by NC OneMap. After 

isolating the landscape area for each site, the types of habitat present were classified using the 

interactive supervised classification algorithm in ArcMap. The habitat-classified raster images 

were then exported with a 1-m pixel resolution and landscape metrics, including total area, 

indices of shape, and perimeter-to-area ratios were calculated for each habitat type using the 

SDMTools package in R (VanDerWal et al. 2014). Additionally, total area of habitat-forming 

species and nearest neighbor ratios were calculated for each site at the landscape scale. Lastly, 

alpha diversity metrics were summarized using the total area of each habitat-forming species. 
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The community at each site was summarized via two benthic trawls on the last day of the 

hydrophone sampling period. Trawls were conducted near high tide using a 5-m wide otter trawl 

without a tickler chain (5-m head rope, 2-cm mesh, 0.6-cm cod-end mesh). Each trawl was 

towed for 2.1 ± 0.3 min (mean ± 1 SD) at a speed of 3.8 ± 0.5 km/hr. During the trawl tow, the 

water temperature and salinity were recorded. The number of each species caught was counted 

on the boat and all organisms were released after the second trawl was completed. The catch per 

unit effort (CPUE) of each species was calculated by adding the two trawls together and 

standardizing to the number of individuals per 200-m trawled. Community metrics summarized 

for each site included total CPUE, silver perch CPUE, alpha diversity metrics, and the richness 

of soniferous species. Silver perch CPUE was retained for future analyses because they were 

among the most common species caught and their call rates were summarized in soundscape 

analyses. Depth and salinity recorded during the trawls were retained as abiotic metrics for future 

analyses. Additionally, the average water temperature for each site was calculated from the 

hydrophone measurements and included as an abiotic metric.  

Statistical analysis 

Non-metric multidimensional scaling (NMDS) was used to evaluate whether variation in 

soundscape spectral content among the sites was correlated with the habitat, community, or 

environmental metrics calculated. The spectral content was summarized by calculating the 

average low-frequency (0.01 – 2 kHz) power spectral density (PSD) during the nighttime high 

tide for each site, then pairwise dissimilarities were calculated using the spectral dissimilarity 

index (Sueur et al. 2008) resulting in a distance matrix. The variation among the soundscapes 

was visualized with an ordination plot, where each point represents the average soundscape of a 

single site. Next, the candidate ecological metrics were fit to the ordination and metrics with 
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significant correlations with the ordination axes were visualized as vectors. Significance was 

determined by permutation of the environmental variables using an alpha value of 0.05. All 

ordination methods were conducted using the “vegan” package (Oksanen et al. 2019) in R studio 

version 4.0.3 (R Core Team 2020).  

To explore whether the sites were grouped into “soundscape types”, cluster analysis was 

performed on the spectral dissimilarity matrix using the R package “cluster” (Maechler et al. 

2019). The number of clusters retained was selected based on inspection of the cluster 

dendrogram and the average spectra of the sites within each cluster. The retained clusters were 

visualized in the ordination using 95% confidence ellipses. Lastly, the soundscape type 

represented by each cluster was described by the average acoustic spectrum and the 5 - 95 

quantile PSD of all sites within the cluster.   

Once all soundscape, habitat, community, and abiotic metrics were calculated, pairwise 

Pearson’s correlation matrices between all metrics were investigated for each soundscape 

response variable. When two metrics had a correlation coefficient magnitude greater than 0.7, 

only the metric with a stronger correlation with the soundscape response variable was retained 

for future analyses. Next, a candidate metric set for each soundscape response variable was 

identified by retaining all ecological metrics that had a correlation greater than ± 0.3 with the 

soundscape metric.  

To investigate whether soundscape variation was explained by the ecological metrics, the 

relationship between each soundscape metric and its candidate ecological metric set was 

evaluated using multi-model inference on linear least squares regressions and a variance 

partitioning analysis. To prevent spurious correlations, all candidate metrics were grouped by 

their metric type (ie., patch-scale habitat, landscape-scale habitat, community, and abiotic). Next, 
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models with all possible combinations of ecological metric categories were evaluated and the 

model with the best fit to the data was identified using AICc. Lastly, a variance partitioning 

analysis was conducted to quantify the unique variation in the soundscape response variable 

explained by each ecological metric category.  

Transmission loss experiment 

During preliminary analysis of the relationships between ecological and soundscape 

metrics we identified negative correlations between multiple soundscape metrics and seagrass 

metrics at both patch and landscape scales. Based on current understanding regarding the 

positive effect of seagrass cover and area on fish abundance and species richness (Yeager et al. 

2016), we hypothesized that the relationship between seagrass cover and sound levels or call 

rates would be positive. To facilitate interpretation of whether the observed negative trend was a 

true ecological pattern or a result of the physics of sound propagation in shallow, vegetated water 

we conducted a playback experiment to measure transmission loss.  

The playback experiment consisted of ten repeated trials at two sites, one contiguous 

seagrass bed and one unvegetated mudflat. The playback audio included a series of 0.5-s tones at 

eight frequencies ranging from 0.1 – 10 kHz, capturing the full range of relevant bioacoustic 

activity. The experiment was conducted using an underwater speaker (Lubbel Labs UW-30) that 

was suspended 0.5-m above the seafloor and oriented towards a transect of hydrophones. A 

hydrophone was placed 1-m in front of the speaker to record the source level (SL) of the tones. 

The received sound level (RL) was recorded at seven points ranging from 2 – 64-m away from 

the speaker, with the distance to next hydrophone doubling at each point. All hydrophones were 

mounted approximately 0.5-m above the seafloor. Due to the limited number of hydrophones, the 

experiment was conducted in two phases. First, hydrophones were placed 2-, 4-, and 8-m away 
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from the speaker. Then, they were placed at 16-, 32-, and 64-m away from the speaker. The 

reference hydrophone at the 1-m mark was kept in place for the entire experiment, to ensure 

consistency between the two phases. The source and received sound levels were summarized by 

isolating each tone using the signal analyzer app in MATLAB. Transmission loss (TL) was 

calculated following the equation, TL = SL – RL.  

 

Results 

Ecological metrics 

 At the patch-scale, total biogenic habitat cover ranged from 0 – 80%, with all mudflats 

lacking vegetation and the highest total cover observed at seagrass beds. Among the seagrass 

beds sampled, one site had oysters present otherwise they consisted solely of seagrass. Halodule 

wrightii was the most common species observed, followed by Zostera marina, then Ruppia 

maritma. The saltmarsh creeks sampled consisted of varying combinations of saltmarsh grasses 

and oyster reefs, except for one creek where oysters were absent, and seagrass was observed 

(Fig. 2A). At the landscape scale, total area of biogenic habitat ranged from 0 – 350,000 m2, with 

16 out of 24 landscapes containing all 3 habitat types quantified and one landscape lacking 

biogenic habitat completely (Fig. 2B). 

 Catch rates of the nektonic community at each site ranged from 0 – 868 CPUE, with 

seagrass beds having the highest catch rates and species richness (Fig. 2C). Silver perch were 

collected at 10 of the sites sampled, including nine seagrass beds and one saltmarsh creek. 

Salinities and depths recorded at the time of trawling ranged from 32 – 37 ppt and 0.4 – 1.5 m, 

with an average of 35.1 ppt and 0.9 m, respectively. Nighttime temperatures ranged from 18.5 – 

34.4ºC, with a mean of 25.7ºC. Temperature exhibited a seasonal pattern, increasing to a 
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maximum during the fourth deployment in mid-July, then decreasing slightly through the final 

deployment in late August (Fig. 3).  

Multivariate analysis 

 Ordination of the spectral dissimilarity index captured soundscape variation among the 

sites as well as trends among the habitat types. In general, the soundscapes of saltmarsh creeks 

and mudflats tended to be more similar to each other and were separated from seagrass 

soundscapes along NMDS axis 1 (Fig. 4). Specifically, axis 1 was positively correlated with 

patch-scale Halodule wrightii cover (r2 = 0.45, p = 0.004) and was negatively correlated with 

landscape-scale oyster perimeter (r2 = 0.27, p = .03). This pattern was also reflected in the cluster 

analysis. Following inspection of the cluster dendrogram and associated acoustic spectra, four 

distinct clusters plus a single site outlier were retained for description of the soundscape types. 

These consisted of two saltmarsh-like soundscapes and two seagrass-like soundscapes. Of which, 

the average acoustic spectra of each cluster suggests that the primary difference between the two 

clusters within a habitat type was the intensity of silver perch calls (Fig. 5).  

Both saltmarsh-like clusters were associated with landscape-scale oyster perimeter. The 

average acoustic spectra of each cluster suggests that the primary difference between the two 

saltmarsh soundscapes was the presence or absence of silver perch chorusing. Cluster A included 

two saltmarsh creeks and three mudflats. The average acoustic spectra of the cluster showed that 

the soundscapes consisted of oyster toadfish and multiple unknown fish callers in the 100 – 800 

Hz bandwidth but were dominated by silver perch choruses (Fig. 5A). Conversely, cluster B 

included three saltmarsh creeks and one seagrass bed with soundscapes consisting of oyster 

toadfish, multiple unknown fish calls between 300 – 800 Hz, and snapping shrimp (Fig. 5B). An 

exception to this pattern was occasional silver perch calls at two creek sites in Cluster B. 
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The two seagrass-like clusters were associated with patch-scale Halodule cover and 

variation within the clusters was associated with increased seagrass core area at the landscape 

scale (r2 = 0.51, p = 0.001) and silver perch CPUE (r2 = 0.27, p = 0.04). Cluster C included three 

seagrass beds and one saltmarsh creek, and the average acoustic spectra showed that the 

soundscape contained multiple callers within the 100 – 500 Hz band and silver perch (Fig. 5C). 

Cluster D encompassed the most soundscape variation of the clusters, including seven seagrass 

beds, two saltmarsh creeks, and one mudflat. The average acoustic spectra showed that this 

soundscape type consisted of oyster toadfish, occasional silver perch calls, multiple unknown 

callers between 100 – 1400 Hz, and snapping shrimp (Fig. 5D).  

Soundscape and ecological metric correlation 

 Average low frequency SPL during nighttime high tides ranged from 90.15 - 115.94 dB 

re 1 µPa. Seagrass beds tended to be the quietest sites and mudflats the loudest. After removing 

redundant ecological metrics, 24 candidate ecological metrics across all four metrics categories 

were identified for correlation with low frequently SPLs. At the patch-scale, low frequency SPL 

was negatively correlated with Ruppia maritma (r = -0.31), habitat species richness (r = -0.59), 

and maximum seagrass canopy height (r = -0.52). At the landscape-scale, low frequency SPL 

was negatively correlated with seagrass core area (r = -0.39), but positively correlated with 

seagrass perimeter area ratio (r = 0.32) and oyster perimeter (0.48). Low frequency SPL was also 

negatively correlated with silver perch CPUE (r = -0.38), and average temperature (r = -0.49) 

(Fig. 6).  

Model selection identified the model with patch- and landscape-scale habitat, and abiotic 

metrics as the model with the best support for the variation in low frequency SPLs. The model of 

low-frequency SPL captured 75.80% of the total variance, with landscape-scale habitat variables 
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explaining the most unique variance at 31.29%. Patch-scale habitat variables uniquely explained 

25.36% and abiotic variables explained 9.88% of the variance (Table 1).  

Average high frequency SPLs during nighttime high tides ranged from 85.30 – 112.72 dB 

re 1 µPa and tended to be lower at mudflats. Of the 22 candidate ecological metrics, high 

frequency SPL was correlated with metrics from all four categories including, positive 

correlations with habitat species evenness (r = 0.32), habitat type richness (r = 0.33), and total 

cover (r = 0.54) at the patch scale, oyster perimeter (r = 0.55) at the landscape scale, and 

soniferous species richness (r = 0.34). Among abiotic metrics summarized, deployment number 

(r = 0.56), temperature (r = 0.45), and depth (r = 0.42) were positively correlated with high 

frequency SPLs, while salinity was negatively correlated (r = -0.43; Fig. 7).  

Model selection by AICc identified two models with similar support for the observed 

high frequency SPLs, one with patch-scale habitat, landscape-scale habitat, and community 

metrics and one with only patch- and landscape-scale habitat metrics. Variance partitioning was 

conducted using the more complex model to more fully quantify the variance explained by each 

metric type. The total variance explained was 72.15% with most of the unique variance 

explained by patch- and landscape-scale habitat variables at 38.47% and 36.75%, respectively. 

Community variables uniquely explained 2.90% of the variance (Table 1).  

Toadfish boatwhistles were observed during the first five deployments at 10 of the 24 

sites including seven seagrass beds and three saltmarsh creeks. Call rates ranged from 8 – 32.01 

calls per two minutes. Of the 21-candidate metrics identified, toadfish call rates were positively 

correlated with richness of habitat types (r = 0.35) and total habitat cover (r = 0.47) at the patch 

scale, as well as oyster core area (r = 0.54), seagrass perimeter (r = 0.31), and total habitat area (r 
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= 0.35) at the landscape scale. Call rates were also correlated with carnivore CPUE (r = 0.32) 

and deployment number (r = -0.52; Fig. 8).  

The model selection with AICc identified two models with similar support for the 

observed toadfish call rates. These included the model with patch-scale habitat, landscape-scale 

habitat, and abiotic variables as well as the model with only patch-scale habitat and abiotic 

variables. To fully capture variation explained by each metric category, the model with three 

categories was used in the variance partitioning analysis. This model captured 77.92% of the 

variance in toadfish call rates, with the most unique variance attributed to the abiotic metric, 

water temperature, at 32.31%, followed by patch-scale habitat metrics at 16.58%, and landscape-

scale habitat metrics at 12.42% (Table 1).  

 Silver perch calls were observed at 14 sites across the first five deployments, including 

five seagrass beds, five saltmarsh creeks, and all four mudflats. Call rates ranged from 10.13 – 

1083.04 and were correlated with ecological metrics from all four categories out of the 22 

candidate ecological metrics identified. Specifically, at the habitat patch scale, silver perch call 

rates were negatively correlated with species richness (r = -0.52) and habitat type richness (r = -

0.32). While at the landscape scale, call rates were correlated with seagrass core area (r = -0.36) 

and the distance to the nearest habitat patch (r = 0.52). The only community and abiotic metrics 

with correlations to silver perch call rates were soniferous species richness (r = -0.45) and water 

temperature (r = -0.51; Fig. 9). 

 Model selection via AICc identified the model with only landscape-scale habitat and 

abiotic variables as the best fit observed silver perch call rates. The most unique variance was 

explained by landscape scale habitat variables at 29.80%. Abiotic variables explained 16.07% of 

the variance and the model captured 55.68% of the total variance (Table 1).  
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Transmission loss experiment 

The transmission loss experiment was conducted at both sites during an incoming high 

tide. Bathymetry at the seagrass site was more consistent, with the water depth ranging from 99.1 

– 101.6 cm, with a mean of 101.6cm. At the unvegetated mudflat depth ranged from 71.1 – 114.3 

cm, with a mean of 100.5 cm. Due to the length of the playback experiment, water depths during 

the trials decreased on average by 12.9 cm and 8.9 cm at the seagrass and mudflat site, 

respectively.  

The effect of seagrass vegetation on signal transmission loss was dependent on 

frequency, with the largest differences between the sites observed at 1000 Hz, 2000, Hz, and 

10,000 Hz (Fig. 10). Transmission loss of the 100 Hz and 200 Hz signals were very similar 

between the two sites. At 300 Hz, 400 Hz, and 500 Hz, transmission loss was slightly lower in 

the seagrass bed and the 300 Hz and 400 Hz signal were audible above background noise farther 

away from the sound source than at the mudflat. The opposite trend was observed at all 

frequencies above 1000 Hz, where signals propagated farther and with less transmission loss at 

the mudflat than at the seagrass bed.  

 

Discussion 

Sampling from diverse estuarine habitat mosaics captured soundscape differences 

between habitat types and across a continuum of habitat complexity. Pairing soundscape 

summaries with their respective habitat, community, and abiotic metrics revealed that differences 

between habitat types were correlated with patch- and landscape-scale habitat metrics, while 

landscape-scale habitat metrics tended to explain soundscape variation across the continuum of 

habitat complexity. Specifically, we observed four common soundscape types among all sites 

sampled and identified that landscape-scale habitat variables were important predictors across all 



68 

 
 

soundscape metrics summarized. In addition to landscape-scale habitat metrics, patch-scale 

habitat metrics tended to explain variation in SPL, whereas abiotic metrics were more important 

for explaining species-specific call rates. By reducing temporal variation and focusing on periods 

of peak acoustic activity, this study was able to explain spatial variation among estuarine 

soundscapes.  

The role of landscape-scale habitat metrics in explaining soundscape spatial variation 

aligns with the current understanding that landscape context is an important driver of fish 

community composition in estuarine environments. For example, landscape-scale seagrass area 

and configuration were more important drivers of fish community richness and density than fine-

scale seagrass biomass (Yeager et al. 2016).  In oyster reef communities, landscape context 

influenced the strength of the effect reef restoration had on increasing fish density at multiple 

temporal scales (Grabowski et al. 2005; Ziegler et al. 2018). Fish communities in our study 

system also strongly relate to patch-scale habitat metrics, where species diversity and catch rates 

were higher at sites with both seagrass and saltmarsh, suggesting a positive relationship with 

habitat type richness (Baillie et al. 2015). Our results identified a similar effect of habitat on 

soundscape spectral composition for high frequency SPL and toadfish call rates, but the 

relationship between low frequency SPL and silver perch call rates with habitat metrics tended to 

be negative. 

Comparison of soundscape spectral composition among all sites indicated four distinct 

soundscape types, two saltmarsh-like and two seagrass-like soundscapes. Because each species 

has a unique frequency signature, the power spectrum is a way to summarize the acoustic 

community of a site. Our results suggest that, like faunal communities, the acoustic community 

differs between habitat types and habitat metrics are important factors for discriminating between 
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habitat types. Patch-scale metrics were associated with variation between the habitat-associated 

soundscapes while landscape-scale metrics were correlated with both variation within and 

between the habitat-associated soundscapes. The relevance of landscape context for acoustic 

communities may explain the few sites that were not clustered with their same habitat type. For 

example, the soundscapes of saltmarsh creek B and mudflat 7 were in a seagrass-like cluster, but 

both sites include large seagrass areas at the landscape-scale and creek B was the one saltmarsh 

creek with seagrass included at the patch-scale. Similarly, seagrass 1, which is situated in within 

Middle Marsh -- a large, relic flood-tidal delta dominated by salt marsh -- was included in a 

saltmarsh-like cluster.  

 Whether the direction of the relationship between habitat and soundscape metrics agreed 

with previously published literature may be explained by mudflat-associated soundscapes. When 

mudflat-associated soundscapes had reduced acoustic activity, the effect of habitat was positive 

and agreed with the previously published literature. This was observed for high frequency SPL, 

which tended to be lower at mudflats than the other habitat types, and oyster toadfish, which 

were never detected at a mudflat. Conversely, when mudflat-associated soundscapes had 

increased acoustic activity compared to the other habitat types, as was observed for low 

frequency SPL and silver perch call rates, the relationship between habitat metrics and the 

soundscape tended to be negative. When present, silver perch chorusing, which extends from 

approximately 1 – 5 kHz, was the dominant feature of the low frequency soundscape, as such 

this trend with low frequency SPL is likely driven by silver perch chorusing as well.  

 The soundscapes of unvegetated mudflats in Pamlico Sound, NC are known to have 

lower SPLs in the 2 – 24 kHz range than nearby oyster reefs (Lillis et al. 2014). As a result, the 

high silver perch call rates at mudflats were unexpected. To investigate whether the silver perch 
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choruses originated on mudflats or propagated from adjacent habitat patches, we intentionally 

sampled a mudflat situated 2000 m from any structured habitat. At this site, mudflat A, we 

observed the highest number of silver perch calls among all sites. Silver perch calls were present 

in 45% of nighttime audio files, with an average call rate of 1083 calls per two minutes. This 

suggests that the fish calls recorded at the mudflats were occurring proximal to the hydrophone 

and not solely propagating from adjacent habitats. Call rates at mudflat A may have been 

elevated due to its position near Drum Inlet in Core Sound, as silver perch choruses have been 

documented to be more intense at inlet sites compared to inshore sites (Luczkovich et al. 2008). 

Our results suggest that unvegetated mudflats likely serve as spawning grounds for silver perch 

and may be undervalued as an essential fish habitat.  

 Cursory investigation of trends within each habitat type suggests that a negative 

relationship between seagrass metrics, at both patch and landscape scales, and low frequency 

SPL would still be apparent if mudflats were excluded from analyses. As such, it is possible that 

reduced SPL at seagrass beds could be the result of seagrass blades dampening sound 

propagation. The results of the transmission loss experiment suggest that seagrass does have a 

negative effect on sound propagation for frequencies above 1000 Hz. However, similar to 

previous reports, signals in the 300 – 400 Hz range propagated farther across the seagrass bed 

than unvegetated substrate, suggesting that seagrass blades may have a resonance effect at these 

frequencies (Wilson et al. 2013). Combined, the mixed effect of seagrass blades on frequencies 

within the low frequency band (100 – 2000 Hz) make it difficult to confidently interpret whether 

the negative relationship observed between seagrass and soundscape metrics are an ecological 

pattern or the results of the physics of sound propagation in shallow water.  
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 While low frequency SPL was negatively correlated with patch-scale seagrass cover and 

canopy height as well as landscape-scale seagrass area, it was positively correlated with the 

seagrass perimeter to area ratio and oyster perimeter at the landscape scale. This trend suggests 

that low frequency SPL is higher in more fragmented seagrass landscapes than contiguous 

seagrass landscapes and in landscapes with a higher number of oyster reef patches. 

Correspondingly, high frequency SPL was positively correlated with landscape-scale oyster 

perimeter. These results pose a similar challenge to interpreting whether the observed trend is the 

result of ecological processes or the physics of sound propagation. It is possible that in patchy 

landscapes, increased areas of unvegetated substrate between structured habitat patches may 

facilitate sound propagation; however, it is interesting to consider whether this trend could be 

associated with edge effects on faunal communities. 

 A meta-analysis of seagrass community responses to edge and fragmentation effects 

identified that seagrass shoot densities tend to be lower in fragmented landscapes and in patch 

edges, but fish densities tend to be higher in patch edges (Yarnall et al. 2022). Similarly, 

increased faunal biomass has been documented in oyster reef edges compared to interiors 

(Davenport et al. 2022). While reduced shoot density in fragmented landscapes may facilitate 

sound propagation, seagrass shoot density at the patch scale was not correlated with SPL in 

either frequency band. Increased fish density in the patch edge and a positive effect of patchiness 

on sound propagation may interact to explain the positive effect of landscape patchiness 

observed. However, caution is warranted when interpreting possible effects of faunal density or 

biomass on the soundscape, as community metrics summarized in this study tended to be less 

important for explaining spatial variation in soundscape metrics.  
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Numerous studies in other ecosystems have identified positive correlations between 

acoustic indices, including SPL in multiple frequency bands, and faunal community metrics. 

(Nedelec et al. 2015; Butler et al. 2016; Freeman and Freeman 2016; Kaplan et al. 2018; Elise et 

al. 2019). As such, it was surprising that our results found community metrics were unimportant 

or explained a very small proportion of the variance in SPL and call rates. Perhaps the most 

unexpected result was that low frequency SPL was negatively correlated with silver perch 

CPUE. Despite the lack of importance of community metrics for explaining low frequency SPL, 

the multivariate results suggest that silver perch CPUE was correlated with variation within the 

seagrass-like soundscape clusters. Additionally, the average spectra of each cluster also revealed 

that presence of silver perch chorusing was relevant for discriminating between the two clusters 

within the habitat-associated soundscape types. Similar to the effect of habitat metrics at both 

scales, these conflicting results are likely due to the high silver perch call rates at mudflats and 

saltmarsh creeks, but low catch rates of silver perch at these habitats. 

A possible explanation for the discrepancy between silver perch catch and call rates is 

that soundscape metrics were only summarized at night, but trawling was conducted during the 

day. Additionally, our ability to evaluate the relationship between the soundscape and faunal 

community may also have been limited by using a single community sampling method. Future 

studies in estuarine environments should consider the use of multiple sampling methodologies to 

more fully summarize the community present. Regardless of community sampling method, our 

results indicate that silver perch may primarily utilize saltmarsh creeks and mudflats nocturnally. 

This result highlights the value of soundscape monitoring as an effective method for identifying 

spawning habitats of soniferous fishes.  
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Seasonal patterns in fish call rates were evident for both oyster toadfish and silver perch, 

with call rates abruptly declining in mid-July and stopping completely in early August. Abiotic 

metrics captured this seasonal variation and were important predictors for both species. Periods 

of increased fish calling, or chorusing, are typically associated with spawning, and the observed 

seasonal patterns aligned with previously reported spawning phenology and chorusing behavior. 

Based on reports of gonad development and chorusing behavior the silver perch spawning season 

spans from March to August, with peak spawning occurring in June (Mok and Gilmore 1983; 

Luczkovich et al. 2008; Grammer et al. 2009; Ricci et al. 2016). As abiotic metrics explained 

16% of the variation in silver perch call rates, our results suggest that the seasonal pattern in 

spawning-associated chorusing is correlated with water temperature. For oyster toadfish, reports 

of chorusing behavior suggest that the spawning season extends from March to August, with the 

timing of peak spawning varying among geographic regions (Fine 1978; Ricci et al. 2017a; 

Monczak et al. 2019). Our results align with early reports of toadfish chorusing behavior from 

Delaware to South Carolina, suggesting spawning peaks in early summer and decreases 

drastically in mid-July (Fine 1978). This seasonal pattern was accounted for by the correlation 

between toadfish call rates and sampling period, which explained 32% of the variation in 

toadfish call rates. 

In coastal habitats, high frequency SPL and snapping shrimp snap rates are typically 

positively correlated with temperature and exhibit clear diel patterns, with peak acoustic activity 

at night during the summer (Bohnenstiehl et al. 2016; Lillis and Mooney 2018). While our 

results identified a positive correlation between temperature and high frequency SPLs during 

nighttime high tides, landscape- and patch-scale habitat metrics, not abiotic metrics, were 

identified as the most important predictors of high frequency SPL. We identified that spatial 
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variation in high frequency SPL was positively correlated with multiple measures of habitat 

complexity. The relationship between habitat complexity and snapping shrimp activity differs 

between habitat types, with a negative correlation in coral reef systems, (Nedelec et al. 2015; 

Freeman and Freeman 2016), a positive relationship in nearshore hardbottom habitats (Butler et 

al. 2017), and elevated SPLs at oyster reefs compared to unstructured mudflats (Lillis et al. 

2014). Given the positive correlation with habitat richness, diversity, and cover of structured 

habitat, our results suggest that high frequency SPL may be indicative of habitat complexity in 

estuarine environments.  

Of the 24 habitat patches summarized in this study, five of them were situated within or 

adjacent to Middle Marsh in Back Sound, NC. A previous study conducted in Middle Marsh by 

Ricci et al. (2017) found that silver perch call rates were positively correlated with seagrass 

cover at the patch-scale, but that oyster toadfish call rates and low frequency SPL did not have 

significant relationships with habitat metrics. Our results contrast with these findings as we 

found that patch-scale habitat metrics were unimportant for explaining silver perch call rates but 

did explain 16.6% and 25.3% of variation in oyster toadfish call rates and low frequency SPL, 

respectively. The conflicting results are possibly a result of the different spatial scale and range 

of habitat configurations sampled. For example, Ricci et al. sampled eight sites within Middle 

Marsh, seven of which would have been classified as saltmarsh creek in the present study.  

Additionally, the results may not be directly comparable as the present study quantified call rates 

while Ricci et al. (2017) qualitatively assessed the presence of fish chorusing. Taken together, 

our findings suggest that the relationship between habitat metrics and soundscape spatial 

variation varies across scales.  
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A limitation of using SPL to summarize low frequency soundscapes is that it includes the 

dynamics of multiple fish callers which each have unique responses to spatial heterogeneity in 

habitat, community, and abiotic metrics. As an aggregate metric, if two species are correlated 

with an underlying ecological pattern, but the directions of the correlations are opposite, then 

SPL would likely show no response. As a result, species-specific measures are more likely to 

identify trends across spatial heterogeneity. In the present study, we used previously developed 

detectors to quantify call rates for silver perch and oyster toadfish; however, at least four other 

fish call types were observed, including multiple spotted seatrout call types. All unidentified 

calls were between 200 – 1000 Hz and multiple call types occurred within the same two-minute 

audio files. The prevalence of these calls across all soundscapes can be seen in the 250 Hz peak 

and 600 – 1000 Hz peaks in the soundscape cluster power spectra. During initial analysis phases 

we attempted to classify these calls, but despite waveform, spectrogram, and aural inspection 

could not confidently and consistently differentiate between call types. To expand understanding 

of acoustic communities within estuarine soundscapes, more thorough documentation of fish call 

types and advancement of automated detection algorithms is needed.  

In the present study we evaluated soundscapes across a wide variety of different estuarine 

habitat configurations and found that soundscape spatial variation was most explained by habitat 

metrics at multiple scales and abiotic metrics. Marine and estuarine soundscapes vary on diel and 

seasonal scales, by focusing on the diel periods of peak acoustic activity during the late-spring 

and summer, we successfully summarized soundscape spatial variation and identified 

associations with the underlying seascape. Meanwhile, the remaining seasonal variation was 

captured by abiotic metrics. Our findings that landscape-scale habitat metrics were important for 

explaining variation in all soundscape metrics summarized, aligns with current understanding of 
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how faunal communities relate to the seascape, and provides novel understanding of estuarine 

soundscape variation.  Lastly, unvegetated mudflat habitats consisted of active low frequency 

soundscapes, contributing to unexpected negative relationships between habitat and soundscape 

metrics. For soundscape monitoring of estuarine habitats to be successfully applied, further 

research exploring how soundscapes vary within habitat types is needed.  
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Table 3. 1 Proportion of variance in each sound metric explained by the ecological metric 

categories. 

 
Patch-scale 

habitat 

Landscape-

scale habitat 
Community Abiotic 

Low frequency SPL 25.3 ↓ 31.3 ↑↓ - 9.9 ↓ 

High frequency SPL 38.5 ↑ 36.7 ↑ 2.9 ↑ - 

Toadfish call rate 16.6 ↑ 12.4 ↑ - 32.3 ↓ 

Silver perch call rate - 29.8 ↑↓ - 16.1 ↓ 
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Figure 3. 1 Map of 24 habitat patches sampled and regional context for position of Back and 

Core sounds (Left). The geographic context near Cape Lookout, NC is shown in the inset map 

and local context is shown for labeled sites in Core (top right) Back (bottom right) sounds. 
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Figure 3. 2 Plots of observed habitat and community data. (A) Average percent cover observed 

in patch-scale quadrat sampling. (B) Total landscape-scale habitat area. (C) Total CPUE 

standardized to 200 m tows. 
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Figure 3. 3 Water temperatures recorded by the hydrophone during each two-minute recording 

cycle at night. The boxplots show the first and third quartiles, the center line is the mean, the 

whiskers extend to the most extreme values observed or to 1.5 times the inter-quartile range, and 

outliers are plotted individually. 
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Figure 3. 4 Non-metric multidimensional scaling ordination plot where each point represents the 

average low frequency acoustic spectrum during nighttime high tides. The environmental vectors 

describe the magnitude and direction of significant correlations between ecological metrics and 

the ordination axis. The four soundscape clusters identified by cluster analysis are indicated by 

their 95% confidence ellipse. Cluster A and B consisted predominantly of saltmarsh creek and 

mudflat sites, while cluster C and D consisted predominantly of seagrass sites. 
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Figure 3. 5 Each plot describes the average low frequency acoustic spectrum of the sites within 

the corresponding cluster. The solid black line represents the average spectrum, and the shaded 

area shows the 5 – 95 quantile range. The single gray line in (C) shows the average spectrum of 

the outlier site with the cluster it was most similar to.  
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Figure 3. 6 Pairwise correlation plots between average low frequency SPL and ecological 

metrics. Only correlations with a magnitude greater than 0.3 are shown. SPLs are reported in 

units of dB re 1 uPa.  
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Figure 3. 7 Pairwise correlation plots between average high frequency SPL and ecological 

metrics. Only correlations with a magnitude greater than 0.3 are shown.  
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Figure 3. 8 Pairwise correlation plots between average toadfish call rates and ecological metrics. 

Only correlations with a magnitude greater than 0.3 are shown. 
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Figure 3. 9 Pairwise correlation plots between average silver perch call rates and ecological 

metrics. Only correlations with a magnitude greater than 0.3 are shown. 
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Figure 3. 10 Results of the transmission loss experiment. Each plot shows the average 

transmission loss calculated for a different frequency tone (Hz) at each distance radiating away 

from the sound source. Each point is the average among the 10 replicates and the error bars so 

the 5 – 95 quantile range.  
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CHAPTER 4: PASSIVE ACOUSTIC MONITORING COMPLEMENTS TRADITIONAL 

METHODS FOR ASSESSING MARINE HABITAT ENHANCEMENT OUTCOMES2 

 

 

Introduction 

Marine ecosystems are increasingly threatened by habitat degradation and overharvesting 

of fish populations (Halpern et al. 2019). In many regions, resource managers have attempted to 

combat the negative consequences of these threats through habitat enhancement, or the 

introduction of artificial, human-made structures (Baine 2001). These structures can help achieve 

an array of goals, including increasing habitat availability (Bortone 2011), enhancing fishery 

yield (Leitão et al. 2009), replacing the function of previously lost or degraded natural habitat 

(Pickering et al. 1998), supplementing existing habitat, and protecting sensitive habitats from 

destructive anthropogenic activity, such as benthic trawling (Relini & Relini 1989). Furthermore, 

habitat enhancement can help support coastal cultures and economies by creating new fishing 

and ecotourism opportunities, as well as reducing fishing pressure on natural habitats (Al-Horani 

and Khalaf 2013). While habitat enhancement offers many potential benefits to coastal 

ecosystems, ensuring a positive effect requires careful planning and assessment of habitat 

enhancement outcomes (Becker et al. 2018).  

To assess whether the goals of habitat enhancement are achieved, enhancement projects 

require explicit statement of objectives paired with a consistent monitoring strategy following 

introduction of artificial structures (Pratt 1994). Depending on the intended goal of the habitat 

                                                 
2 This chapter previously appeared in the journal Ecosphere. The original citation is as follows: Van Hoeck, R. V., 

A. B. Paxton, D. R. Bohnenstiehl, J. C. Taylor, F. J. Fodrie, and C. H. Peterson. 2021. Passive acoustic monitoring 

complements traditional methods for assessing marine habitat enhancement outcomes. Ecosphere 12(11):e03840. 

10.1002/ecs2.3840. 
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enhancement, monitoring projects have focused on observing ecological or population dynamics 

(Rilov and Benayahu 2002), evaluating design effectiveness (Sherman et al. 2002), or assessing 

socioeconomic outcomes (Whitmarsh et al. 2008). A literature review on the trends in artificial 

reef research in the last 60 years, published by Lima et al. 2019 found that among habitat 

enhancement monitoring projects, ecology, and specifically community structure, was the most 

common research focus. Previous studies on artificial reef community development have found 

that colonization of introduced structures occurs rapidly (Cummings 1994), but often includes 

fluctuations in abundance and community structure over varied timescales (Scarcella et al. 2015). 

Understanding the patterns of community development, as well as the successional processes 

that underly them, can illuminate whether habitat enhancement efforts achieve the intended 

outcome and on what timescale.  

A variety of monitoring methods are available to evaluate the effectiveness of habitat 

enhancement in achieving prescribed goals. Diver-based visual censuses and videography 

methods are most frequently used to assess community development following introduction of 

offshore artificial reefs (Lima et al. 2019). In coastal and intertidal ecosystems, by comparison, 

habitat enhancement monitoring is often accomplished using nets and traps. These traditional 

sampling methods face multiple challenges, including that they can be a time-consuming and 

expensive process that is dependent on appropriate environmental conditions and are further 

complicated by difficult to access locations. As a result, these methods involve a trade-off 

between the temporal resolution of sampling and duration of the monitoring effort (Bortone 

2006). The resulting decisions made about monitoring study design can affect the ability to 

interpret the ecological implications of the results.  
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An alternative to traditional monitoring is passive acoustic monitoring (PAM), which 

records the soundscape, including biological, geological, and anthropogenic sounds. Because the 

detection of sound is independent of light availability and currents, PAM offers many advantages 

for sampling difficult to access habitats, especially where traditional monitoring is complicated 

by adverse weather conditions, changing tides, turbidity, complex benthic structures, and 

nocturnal animal activity. Furthermore, PAM is a non-invasive method with reduced observer 

bias or artefacts compared to visual census (Van Parijs et al. 2009). Recently, there has been 

rapidly rising interest in developing PAM methodologies that can be used in management or 

conservation contexts, such as biodiversity assessment (Mooney et al. 2020), evaluation of 

habitat restoration (Butler et al. 2016), and tracking population distribution shifts associated with 

climate change (Davis et al. 2020).  

The use of artificial habitats for the management, restoration, and enhancement of marine 

ecosystems has expanded to a global practice with active artificial reef programs across 

temperate and tropical regions (Seaman 2007). In the presented case study, we evaluated the 

trajectory of soundscape development on a newly deployed artificial reef offshore of North 

Carolina (NC), USA. Specifically, we tested whether and on what timescale the soundscape of a 

new artificial reef converged with that of a nearby established artificial reef and evaluated the 

trajectory of soundscape development through temporal patterns in species-specific sound 

production. This passive acoustic monitoring was conducted simultaneously with underwater 

time-lapse videography, the results of which were previously published in Paxton et al. 2018. In 

addition to the soundscape analyses, we compared the qualitative conclusions drawn from each 

monitoring methodology.   
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Methods 

To enhance understanding of the trajectory of community development following 

artificial reef deployment, our team opportunistically monitored the fish community and 

soundscape using time-lapse underwater videography and passive acoustic methods at a newly 

deployed artificial reef and a nearby established artificial reef in Onslow Bay, NC, USA. The 

seafloor of Onslow Bay is heterogenous, consisting of intermixed regions of rocky-reef ledges, 

exposed hardbottom pavements, sand flats, and numerous artificial reefs (Gregg and Murphey 

1994, Riggs et al. 1996). This complexity, in combination with its position near a biogeographic 

boundary between temperate and topical systems, makes it a useful system to explore community 

development dynamics. The two reefs sampled consisted of an existing 89-m long landing craft 

repair ship named USS Indra, scuttled in 1992 (34.5623°N, 76.8515°W; henceforth called 

“established reef”), and a newly deployed 33-m long US Army tugboat, renamed James J. 

Francesconi, (34.5634°N, 76.8552°W; henceforth called “new reef”), that was scuttled by the 

NC Division of Marine Fisheries' (DMF) Artificial Reef program on May 7, 2016. The two reefs 

lie 438m apart, at a depth of 20m, within the state-designated artificial reef site AR-330 (Comer 

& Love-Adrick 2016; Fig. 1). Given their proximity, we assumed that the environmental 

conditions at each site were the same.  

Within AR-330 there are numerous additional artificial reef structures that were not 

sampled (Fig. 1). Approximately 50 m west of the new reef, a second vessel (20m tugboat) was 

sunk on the same day in 2016. All other artificial reefs were deployed between 1990 – 2012 and 

would be considered established communities. Most of these structures are of low-vertical relief, 

created out of miscellaneous materials including concrete pipes, reef balls, or fiberglass domes. 

There are also six high vertical relief reefs made of other vessel types including sailboats, barges, 
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and an aircraft (Comer and Love-Adrick 2016). The reef types are distinguished by vertical relief 

because they often support different fish communities (Paxton et al. 2017). Adjacent to the 

sampled established reef lies two sailboats, ~33 and 50m away, as well as multiple regions of 

concrete pipes ~200 – 300m away. Nearest to the sampled new reef is a small group of fiberglass 

domes ~50m away, and multiple regions of concrete pipes that range from ~100 – 400m away.  

 We monitored both reefs during six sampling periods between two-weeks and 11-months 

following deployment of the new reef. The sampling dates were: 18 – 24 May 2016; 22 – 27 Jul. 

2016; 14 – 17 Sep. 2016; 27 – 31 Oct. 2016; 3 – 7 Dec. 2016; and 21 – 26 Apr. 2017. The 

soundscape was recorded concurrently and continuously on the new and established artificial 

reefs. Recordings were made using a calibrated omni-directional hydrophone at a 96kHz 

sampling rate (SoundTrap 202 STD, Ocean Instruments, New Zealand). The hydrophones were 

mounted to a 0.5m tall weighted, metal frame and placed on top of the artificial reef structure at 

the stern of the ship. The positions were fixed across all sampling periods. All acoustic analyses 

were conducted in MATLAB (MATLAB 2018) using purpose-written code. 

The continuous recordings were subsampled to two-minute samples every 15 minutes to 

match the duty cycle commonly used in marine passive acoustic research. This subsampling 

reduced computational challenges associated with acoustic analysis while retaining the natural 

variability of the underwater soundscape (Bohnenstiehl et al. 2018). The data were response 

corrected to micropascals (µPa) using a hydrophone specific calibration value. Initial analyses in 

the time and frequency domain revealed a substantial amount of anthropogenic noise intrusion 

and several anomalously high amplitude impulsive signals, likely produced when a swimming 

animal collided with the hydrophone or instrument frame (i.e., "fish bumps", Buskirk et al. 1981, 

Bowman & Wilcock 2014). Even a single fish-bump within a two-minute audio file distorted the 
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average power spectrum and sound pressure level (SPL), complicating the interpretation of 

biological acoustic activity. To reduce the impact of these anomalies, each two-minute file was 

subdivided into consecutive nonoverlapping 5-second windows, and the data were further 

subsampled by selecting the four quietest windows within the file (sensu Van Hoeck et al 2020). 

All subsequent analyses were conducted using the average power spectrum and root-mean-

square (RMS) amplitude calculated from these subsamples. Comparisons of power spectral 

density (PSD) and the SPL timeseries between the full two-minute files and subsamples 

confirmed that the anomalies were removed, but the natural biological variability was preserved 

(see Fig. S1 in Van Hoeck et al 2020).  

The frequency content of each file was described by its average acoustic spectra 

calculated by Fourier transform (NFFT = 215 points, 0% overlap, Hanning window). To analyze 

the sounds associated with fish and invertebrates separately, the data were divided into low and 

high frequency bands of 0.15 – 2 kHz, dominated by fish sounds, and 7 – 15 kHz, dominated by 

snapping shrimp (Alpheus sp.), respectively. The selected frequency bands intentionally exclude 

intermediate frequencies that contain overlaps between fish and invertebrate sounds (e.g., Ricci 

et al. 2016). The RMS sound pressure level (SPL) within each frequency band was calculated by 

summing the power within the limits of the frequency band.  

To evaluate how the soundscape developed on the newly deployed reef in relation to the 

established reef, we investigated the SPL timeseries of the low and high frequency bands and 

calculated the correlation coefficient between the two sites within each sampling period. The 

timeseries were visualized using a 3-point moving average to smooth out stochastic variability in 

SPL and improve interpretation of diel patterns. In addition to the correlation coefficient, we 

qualitatively compared the distribution of observed SPLs for each site within sampling period to 
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evaluate whether the soundscapes had converged. Due to observed diel patterns in SPL with 

increased biological acoustic activity at dusk, we isolated the files between sunset and 

astronomical twilight (~1.25-1.75 hr duration) for further inspection. This method also excluded 

a series of harmonic sounds observed at midnight on both sites whose source could not be 

determined as biological or anthropogenic.  

We conducted a two-way repeated measures ANOVA to investigate whether there was an 

interactive effect between site and sampling period on the observed dusk SPLs in both frequency 

bands. We summarized each site by calculating the average SPL at dusk for each day within a 

sampling period; as such, each day was considered a replicate. We confirmed the assumptions of 

the ANOVA were met by checking for outliers and inspecting QQ plots for normality. While 

there was one outlier in the low frequency band and two in the high frequency band, removing 

the outliers did not change the results of the ANOVA, so we proceeded with all data points. 

Because the interaction between site and sampling period was significant, we evaluated the effect 

of site during each sampling period using a one-way ANOVA. Lastly, to understand which 

comparisons were driving observed differences between the sites, we conducted pairwise t-tests 

between the sites at each sampling period. All statistical analyses were conducted in R version 

4.0.2 using the “rstatix” package (R Core Team 2020, Alboukadel 2021). 

 Next, we evaluated the trajectory of community development in the soundscape by 

comparing the average low frequency dusk power spectrum on each reef within sampling period 

using the 0.05 – 0.95 quantiles as a measure of variance. As animal vocalizations have distinct 

time and frequency characteristics, seasonal changes in power spectral density facilitated 

identification of species-specific colonization patterns for soniferous species. To evaluate 

whether the identities of fishes producing sounds were the same between the new and established 
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reef, we visually screened the spectrogram of each two-minute file and aurally confirmed species 

identity when applicable. During multiple sampling periods, frequent vocalizations by a toadfish 

species (Opsanus sp.; first two harmonics 0.15 – 0.4 kHz) (e.g., Fine, 1978; Ricci et al. 2017) 

and an unidentified species (0.4 – 0.8 kHz) were recorded. Due to the strength of these 

vocalizations in the acoustic spectra, we focused on the temporal patterns of these vocalizations 

to understand the dynamics of low frequency soundscape development.  

We acknowledge that identifying the source of recorded sounds and interpreting the 

ecological significance of our results are complicated by aspects of our study design as well as 

the presence of other structured habitats adjacent to both the new and established reefs (Fig. 1.) 

Because this was an opportunistic study, the new reef site was not monitored before the tugboat 

was scuttled. Additionally, single element hydrophones, like the SoundTraps used in this study, 

are not able to determine source locations. Consequently, the relative amplitudes of the signals 

recorded at both reefs must be used to make inferences about the source location. Assuming a 

simple cylindrical spreading model, the minimum transmission loss from the surrounding 

habitats to the new reef would be ~17 dB. If calls recorded on the established reef were sourced 

on-reef, but those recorded on the new reef originated from the surrounding habitats, we would 

expect calls recorded at the new reef to have systematically lower amplitudes.  However, if the 

received call amplitudes are similar between the two reefs, it would imply that either sound 

production is local to both reefs or that both recordings are sampling the ambient soundscape 

sourced from more distant habitats. We evaluate these scenarios specifically for oyster toadfish 

boat whistles by haphazardly selecting calls at both reef sites and comparing the SPL within their 

lowest harmonic band.  
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Lastly, to evaluate whether results from passive acoustic monitoring and video 

monitoring were analogous, complementary, or conflicting, we compared the qualitative 

conclusions drawn from each method. The comparison consisted of community dynamics 

including the rate of colonization and whether convergence was observed, as well as colonization 

dynamics of specific taxonomic groups, including demersal fishes, piscivorous fishes, and 

invertebrates.  

 

Results 

Diel patterns in the low frequency soundscape (0.15 – 2kHz) varied between the reefs 

and across sampling periods, often associated with changes in dominant vocalizers. During the 

first two sampling periods, mean SPLs on the two reefs were within 5.3 and 6.5 dB of one 

another, respectively. At two-weeks post deployment of the new reef the correlation coefficient 

was 0.48 and at two-months post-deployment the correlation coefficient was 0.54. During the 

third sampling period, four months following artificial reef deployment, the SPL timeseries of 

the reefs were highly correlated (cc = 0.93), night SPLs on the new reef were occasionally higher 

than those of the established reef, and the distributions of observed SPLs on each site were 

closely aligned with a mean SPL difference of less than 1 dB (Fig 2). The third sampling period 

contained multiple sound sources that dominated the low frequency soundscape on both reefs, 

including one feature below 0.5 kHz at dusk and a second at 0.5 – 1.5 kHz in the hours around 

midnight. The identity of these sounds could not be determined. 

During all subsequent sampling periods, SPLs on the new reef tended to be lower than 

those of the established reef, but their timeseries remained similar. The correlation coefficient 

between the timeseries on each reef was 0.67 with a mean SPL difference of 9.9 dB at five-
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months, and 0.64 with a mean SPL difference of 5.9 dB at seven-months post-deployment of the 

new reef. During the final sampling period, eleven-months following reef deployment, the 

timeseries were highly correlated (cc = 0.84) and low frequency SPL again closely aligned 

between the sites with a mean SPL difference of 3.9 dB (Fig. 2).  

Comparisons of dusk SPLs revealed that the low frequency soundscape (0.15 – 2kHz) 

varied by an interaction between site and sampling period (repeated measures ANOVA, F5,15 = 

24.831, p < 0.001). One-way ANOVAs of the effect of site within sampling period identified 

statistically significant differences in dusk SPL between the established reef and the new reef 

during May (F1,6 = 521.0, p < 0.001), July (F1,5 = 336.0, p < 0.001), September (F1,3 =11.2, p = 

0.04), October (F1,4 = 137.0, p < 0.001), and December (F1,6 = 68.1, p = 0.001). Pairwise 

comparisons between the sites within each sampling period revealed that SPLs were lower on the 

new reef during all deployments except September, when they were higher on the new reef, and 

April, when they did not differ between the reefs (Fig. 3a).  

Diel patterns in the high frequency soundscape (7 – 15kHz), predominately snapping 

shrimp snaps, were consistent across both reefs and all sampling periods (Fig. 4). While SPLs on 

the new reef were always lower than those on the established reef, similar temporal patterns 

resulted in strong correlations between the timeseries in each sampling period, with correlation 

coefficients ranging between 0.81 and 0.94. The strength of this correlation varied across all 

sampling periods, with no apparent trend relating to time since artificial reef sinking. Inspection 

of the observed SPL distributions showed that they did not overlap during the first four sampling 

periods but did become more similar during the final two sampling periods, with the greatest 

overlap observed during the final sampling period. Moreover, the mean difference in SPL 
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between the reefs decreased from 17.4 dB during the first sampling period, to 10.3 dB during the 

final sampling period.   

Dusk SPLs in the high frequency soundscape (7 – 20kHz) varied by an interaction 

between site and sampling period (repeated measures ANOVA, F5,15 = 47.6, p < 0.001). One-

way ANOVAs on the effect of site within sampling period and pairwise comparisons between 

the sites revealed that SPLs were significantly lower on the new reef during all sampling periods 

(May: F1,5 = 11891.0, p < 0.001; Jul: F1,5 = 4215.0, p < 0.001; Sep: F1,3 = 1254.0, p < 0.001; Oct: 

F1,4 = 10487.0, p < 0.001; Dec: F1,5 = 394.0, p < 0.001; Apr: F1,5 = 394.0, p < 0.001). Inspection 

of the seasonal variation within each site revealed that average high frequency SPLs on the 

established reef increased by 0.7 dB between the first two sampling periods but increased by 5.2 

dB on the new reef (Fig. 3b).  

Analysis of the average low frequency power spectrum at dusk revealed that soundscape 

activity on both reefs varied seasonally. Comparisons between the reefs, and specifically the 0.05 

– 0.95 quantile range, suggest that dusk acoustic activity on the new reef exhibited greater 

variability. Across all sampling periods, acoustic activity in some frequency bands did overlap, 

such as 0.15 – 0.4 kHz in May, and 0.4 – 0.8 kHz in July and October; additionally, the power 

spectrum on both reefs closely aligned during September and April (Fig. 5). The PSD 

consistently increased from 1 – 2 kHz on the established reef due to snapping shrimp activity 

overlap in the low frequency band.  

Spectrogram inspection of audio files at dusk revealed that during the first and last 

sampling periods, in May 2016 and April 2017, the same vocalizations were observed. On the 

established reef, the May and April soundscape both consisted of choruses of an unidentified 

knock in the 0.4 – 0.8 kHz range (Fig.5; Fig. 6). Similarly, on the established reef, the May 
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soundscape included frequent toadfish vocalizations while the April soundscape contained 

toadfish choruses. Conversely, on the newly deployed reef, the May soundscape consisted of 

frequent toadfish vocalizations, but the unidentified knock chorus was absent. In April, eleven-

months following artificial reef deployment, toadfish and knock choruses were present on both 

reefs (Fig. 6). During the first sampling period, the average SPL of the first toadfish harmonic on 

the established reef was 99.8 dB, and the maximum observed was 110 dB. On the new reef, the 

average SPL was 97.4 dB, and the maximum was 104 dB.  

Previously published results of the underwater video analyses revealed that fishes rapidly 

colonized the new reef structure and that the community composition on the two reefs converged 

within five months (Paxton et al. 2018). While the results of video monitoring and PAM both 

suggest rapid fish colonization and soniferous fish community alignment, the video analysis 

suggested that the trajectory of community development consisted of conspicuous, water-column 

species appearing first (e.g., jacks (Carangidae) and scad (Decapterus sp.)) and demersal species 

(e.g., black sea bass (Centropristis striata)) exhibiting relatively slower colonization. In contrast, 

frequent toadfish vocalizations on the new reef during the first sampling period, observed at a 

similar sound level to those on the established reef, suggests that some cryptic, demersal species 

may have rapidly colonized the new reef (Table 1). 

 

Discussion 

We investigated the trajectory of soundscape development on a newly deployed artificial 

reef and a nearby established reef using passive acoustic monitoring and compared the results to 

that of traditional monitoring via underwater videos. Though video monitoring provided detailed 

analysis of colonization trajectory, PAM provided additional insights into community 
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development not captured by visual monitoring. Specifically, the video data suggested that 

demersal species did not colonize the new reef until five-months after its deployment whereas 

PAM revealed that at least one cryptic, demersal species (i.e., toadfish) may have been present at 

the new reef within two-weeks. Moreover, the high frequency soundscape revealed details of 

invertebrate colonization not available from video monitoring. Our findings demonstrate that 

passive acoustic monitoring is a promising complement to traditional visual surveys to assess the 

effectiveness of habitat enhancement, by elucidating a more holistic view of community 

development dynamics. 

 

Passive acoustic monitoring 

The results of PAM identified seasonally variable low frequency soundscapes with 

periods of temporary alignment between the reefs. Due to the opportunistic nature of this study, 

we were unable to monitor the soundscape at the new reef prior to artificial reef deployment. 

This lack of a soundscape baseline, complicated interpretation the variability as soundscape 

development or seasonal variability.  

The alignment of the soundscapes (SPL timeseries correlation, similarity in dusk SPL and 

dusk power spectra) during September and April occurred when they were dominated by fish 

chorusing and other persistent low frequency sounds. Because fish chorusing is a periodic 

phenomenon, and the timing of the toadfish and unidentified knock chorusing match previous 

soundscape descriptions of offshore reefs in our study region, we expect this alignment would 

persist annually (Rice et al. 2016, Van Hoeck et al. 2020). Despite the temporal variation in 

soundscape alignment, the SPL correlation between the sites was never lower than during the 



106 

 
 

first two sampling periods, indicating that the diel soundscape patterns were becoming more 

similar over time.  

Investigation of the power spectrum of each soundscape was the most informative 

measure of community development and alignment between the reefs. Because animal 

vocalizations are species-specific, with a unique time and frequency signature, we were able to 

track the presence and behavior of multiple soniferous species. By focusing on the first and last 

sampling period, when the established reef soundscape consisted of the same dominant 

vocalizers, comparisons between the power spectra of the reefs facilitated interpretation of 

colonization dynamics of chorusing species. Specifically, the power spectra revealed rapid 

colonization by toadfish, and slower colonization by the species producing the unidentified 

knock. 

Without visual confirmation, we are unable to say for certain whether toadfish were 

present on-reef within two weeks; however, comparison between the received call amplitudes 

provides evidence that toadfish were vocalizing proximal to the hydrophone on both reefs. For 

example, the sound level of the first toadfish harmonic observed on each reef during the first 

sampling period differed by only 2 dB, with amplitudes approaching the documented source 

levels for toadfish boatwhistles (Luczkovich et al. 2017). Additionally, during the first sampling 

period, choruses of the unidentified knock (0.4 – 1.2 kHz) were recorded on the established reef, 

but not the new reef, suggesting that not all low frequency sounds were transmitted between the 

reefs.  

Current limitations of PAM include the challenges of identifying vocalizations to species 

and interpreting soundscape dynamics. While our findings reveal exciting ecological 

implications for colonization of novel habitat by cryptic species and soundscape development 
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generally, we are unable to interpret the ecological implications of the slower colonization by the 

unidentified knock species compared to the toadfish species or of the unidentified sound sources 

observed in September. Additionally, without a control site at unstructured habitat within our 

study region, we are unable to interpret ecological significance of ambient soundscape variability 

during non-chorusing periods. Due to the battery-life constraints of the underwater video 

cameras, we sampled the reefs during multiple short sampling periods. If the hydrophones had 

been deployed separately from the cameras and recorded on a duty cycle for the duration of the 

study period, we may have captured additional colonization dynamics. With increased global 

coverage of marine soundscape studies and advancements in automated detection and 

classification, the number of documented vocalizations and acoustic catalogues are increasing. 

These technologies and open-access sharing will be crucial for expanding the practical 

application of PAM to monitoring and conservation contexts.  

 

PAM and traditional method comparisons 

Throughout the literature on passive acoustic monitoring of marine soundscapes and its 

application to management questions, a common theme has been the benefit of PAM for 

understanding the presence of cryptic fishes and invertebrates (Staaterman et al. 2017, Putland et 

al. 2018, Mooney et al. 2020). For example, despite decades of monthly diver-based visual 

census in a marine protected area in the Adriatic Sea, it was unknown that a cryptic cusk eel, 

Ophidion rochei, was present until it was identified by PAM (Picciulin et al. 2019). Within the 

context of this study, PAM identified colonization of novel habitat by toadfish, a cryptic 

demersal fish species, approximately four months earlier than detected for conspicuous demersal 

fish species by video monitoring. Previous diver-based visual censuses of fish communities in 
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Onslow Bay suggest that toadfish have a very low density of 1 individual per hectare (Whitfield 

et al. 2014) and are usually found on top of artificial reef structure as opposed to adjacent sand 

flats (Rosemond et al. 2018). As fish choruses are associated with spawning behaviors, it is 

likely that toadfish populations have higher densities, at least seasonally, and that these visual 

surveys may have underestimated the density of cryptic fishes.  

Although invertebrates were not the focus of the underwater video monitoring, our 

snapping shrimp results align with the findings of other studies on invertebrate colonization 

dynamics. The strong correlation between the high frequency SPL timeseries, but ~17 dB 

difference in SPL suggests that the snaps recorded on the new reef during early sampling periods 

originated on adjacent habitats. The sustained lower SPLs on the new reef suggest that snapping 

shrimp density had not converged with that of the established reef by 11-months post artificial 

reef deployment. Despite this, the substantial increase in dusk SPL on the new reef but not the 

established reef between the first two and the last two sampling periods suggests that snapping 

shrimp may have begun to colonize the new reef within two-months after artificial reef 

deployment and that their density continued to increase. Similar to our findings, benthic 

assemblages on artificial reefs offshore of Southeastern Florida, USA were variable for the first 

four years following artificial reef deployment (Thanner et al. 2006), and on artificial reefs in the 

Red Sea, the benthic community still hadn’t stabilized after 10 years (Perkol-Finkel and 

Benayahu 2005).  

 

Ecological context of colonization trajectory 

Hypotheses explaining the trajectory of novel habitat colonization often center around 

priority effects and their resulting trophic interactions (Fukami 2015). For example, the rapid 
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colonization by planktivorous fish species documented by video monitoring was hypothesized to 

be driven by high zooplankton abundance above the novel structure. Manipulative experiments 

in coral reef communities suggest that high abundances of these fishes in the water-column could 

facilitate colonization by piscivorous species, which through predation pressure, could inhibit 

demersal species colonization (Almany 2003, Stier et al. 2017). It was also hypothesized that 

demersal species may have been slower to colonize because they often rely on benthic biota as a 

food source, which is slower to appear on novel structures (Paxton et al. 2018).  

Interestingly, the rapid colonization by toadfish identified by PAM suggests that not all 

demersal species were excluded by early arrival of piscivores, nor were they deterred by the lack 

of benthic biota present in the early stages. This finding may provide support for the hypothesis 

that the role of physical structure as refuge is an important driver of colonization dynamics and 

community structure (Hixon and Beets 1993, Caley and John 1996, Schroeter et al. 2015). For 

example, a species that relies primarily on the physical structure for refuge could be expected to 

quickly colonize novel habitat (Keller et al. 2017). Toadfish, which predominately hide in 

crevices in the habitat structure, may rely more heavily on the presence of structure than prey 

availability for colonization (Fine 1978). In oyster reef systems, Oyster toadfish (Opsanus tau) 

are known to facilitate oyster survival by eliciting predator avoidance behavior by mud crabs, 

thereby reducing mud crab predation on juvenile oysters (Grabowski 2004). If similar trophic 

dynamics occur on offshore reefs, then it could be hypothesized that the rapid colonization by 

toadfish may facilitate the colonization of the reef structure by benthic biota, as well as the 

subsequent colonization of conspicuous demersal species that rely on this biota as a food source.  

In the context of evaluating habitat enhancement outcomes, the comparison with an 

adjacent established reef was essential to interpreting the time-lags of community development 
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on the newly deployed reef. While PAM revealed additional insights compared to video 

monitoring within the first two-weeks following artificial reef deployment, it is important to note 

that the PAM time-series consisted of six sampling periods, up to 11-months following 

deployment of the new reef, whereas the video time series consisted of only the first three 

sampling periods, up to four-months post reef deployment. This extended soundscape sampling 

revealed nuanced information on colonization patterns, specifically the unidentified knock 

species and snapping shrimp, not available in the video data.  

Though our research is a case study on offshore artificial reefs, the use of artificial 

structures as supplemental habitat or replacement for degraded natural habitat is common across 

marine systems (Becker et al. 2018). Our findings demonstrate that passive acoustics, especially 

when used in combination with traditional methods, offer a compelling approach to elucidate 

patterns and time-lags in community development and improve assessment of habitat 

enhancement outcomes. 
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Table 4. 1 Comparison of qualitative conclusions drawn from video and passive acoustic 

monitoring. 

Conclusions drawn Video Monitoring PAM 

Rapid fish colonization Yes Yes  

Fish community convergence Yes Mixed (fish chorusing alignment) 

Demersal species colonization 5 months Toadfish within two weeks 

Piscivorous species colonization Within two-weeks Not available 

Invertebrate colonization Not available Increasing, but not converged 
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Figure 4. 1 Position of AR-330 within Onslow Bay, NC, USA (inset map) and of the sampled 

reefs in relation to each other and surrounding artificial reefs. The reefs sampled in this study are 

labelled as “Established reef” and “New reef” as referred to in the text. The “Miscellaneous Reef 

Materials” consist of artificial structures with low vertical relief (P: concrete pipes, R: reef balls, 

H: “H” units, D: fiberglass domes) that were deployed between 1990 and 2005. The “Vessels” 

consist of high relief structures (e.g., sailboats and aircraft) deployed between 1994 and 2012, 

except for the vessel point adjacent to the new reef, which is a tugboat deployed on the same day 

as the new reef (7 May 2016). (Inset basemap: General Bathymetric Chart of the Oceans; NOAA 

NCEI). 
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Figure 4. 2 Correlation between the low frequency (0.15 – 2 kHz) SPL timeseries. SPL 

timeseries (left), SPL distribution (center), and timeseries correlation with 1:1 line and 

correlation coefficient (cc; right). Comparisons between the SPL timeseries show that the 

established reef (black) had a stable temporal pattern, with dusk (gray bands) peaks in acoustic 

activity, while the new reef (red) exhibited more diurnal variability. 
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Figure 4. 3 Dusk SPL in the (a) low frequency and (b) high frequency bands. Note that the time  

scale of the x-axis is not linear. The black bar is the median while the lower and upper edges of 

the box are the first and third quartiles. The whiskers extend to either the most extreme value or 

to 1.5 times the interquartile range and any outliers are plotted individually. 
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Figure 4. 4 Correlation between the high frequency (7 – 15 kHz) SPL timeseries. SPL timeseries 

(left), SPL distribution (center), and timeseries correlation with 1:1 line and correlation 

coefficient (cc; right). Despite consistently lower SPLs on the new reef (red) than the established 

reef (black), their timeseries were highly correlated during all sampling periods. 
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Figure 4. 5 Average low frequency power spectrum at dusk. The shaded regions show the 0.05 – 

0.95 inter-quantile range (IQR) for each reef. The 190 Hz peak on both reefs during May 

indicates the rapid colonization of toadfish, while the absence of the 500 – 1000 Hz peak on the 

new reef during May and its presence in April, indicates the slower colonization by the 

unidentified knock species.  
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Figure 4. 6 Representative spectrograms of the dusk soundscape on both reefs during the May 

2016 and April 2017 sampling periods. The spectrograms are 20 second samples from a 

representative file, recorded at the same time on both reefs. Comparisons among the four 

soundscapes suggest that toadfish rapidly colonized the new reef, shown by vocalizations present 

on both reef during May 2016, while the unknown knock species exhibited a slower 

colonization, demonstrated by the presence of chorusing on established reef and lack of 

chorusing on the new reef during May. 
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CHAPTER 5: COMPARING ATLANTIC COD SPAWNING DYNAMICS ACROSS A 

BIOGEOGRAPHIC BOUNDARY: INSIGHTS FROM PASSIVE ACOUSTIC 

MONITORING3 

 

 

Introduction 

To meet demand for a transition to renewable energy, offshore wind energy development 

is rapidly expanding in the United States. As a result, there has been increasing effort to 

understand the potential interactions between marine ecosystems and offshore wind farms 

throughout all phases of development. Evidence suggests that interactions can include positive 

effects for some species such as increased epibiont abundance (Hutchison et al. 2020) and fish 

densities (Bergström et al. 2013; Stenberg et al. 2015) around the turbine structure as well as 

negative effects to existing complex habitat (Guarinello and Carey 2020). For marine animals, 

acoustic disturbance can result in masking auditory communication, displacement, hearing loss 

(Popper and Hawkins 2019), and increased stress (Wysocki et al. 2006). Each phase of offshore 

wind energy development includes different sources of potential interactions with unique 

spatiotemporal risk zones. During project siting, operation, and decommissioning, most 

disturbance stems from vessel activity and associated noise at the wind energy area. This noise 

pollution generally has a small spatial effect but persists over multiple decades. Conversely, the 

construction phase involves numerous sources of potential disturbance that can occur at both 

small and large spatial scales and persist over multiple years. These disturbances include habitat 

                                                 
3 This chapter is currently In Press in the journal Marine and Coastal Fisheries. The original DOI is as follows:  

10.1002/mcf2.10226.  
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effects from construction of turbine foundations and cable laying as well as acoustic effects from 

vessel activity and pile-driving (Mooney et al. 2020).  

 Due to the risk of broad spatial and temporal overlap, interactions between the 

construction phase of offshore wind energy development and marine ecosystems have received 

the most attention. A priority concern is pile driving which results in loud, impulsive noise 

pollution that is sustained during all times of day for multiple weeks and can propagate at 

elevated sound levels for tens of kilometers away from the source (Bailey et al. 2010; Andersson 

et al. 2017). Impulsive sounds have complex effects on the behavior, movement, and physiology 

of marine animals, the magnitude of which depends on distance from the sound source as well as 

the role of acoustic communication in the behavior and life history characteristics of the species 

(Madsen et al. 2006). For example, comparison of sound exposure criteria for bottlenose 

dolphins to measured sound levels from pile driving revealed that auditory damage was possible 

within 100m of the sound source, but behavioral effects could extend to 50km (Bailey et al. 

2010). In fishes, exposure to pile driving sounds has been shown to affect the behavior of certain 

species, such as European seabass and Atlantic cod, by negatively affecting group cohesion 

(Herbert-Read et al. 2017) as well as eliciting changes in depth and movement away from the 

sound source (Neo et al. 2016; van der Knaap et al. 2022). Moreover, experimental exposure to 

noise reduced spawning success in two goby species due to reduced acoustic courtship by males 

and lack of spawning by females (de Jong et al. 2018). The combined effects of ground-

disturbing activities on habitats and acoustic disturbance from construction on fish spawning is 

of particular concern for species that use acoustic communication during courtship and are 

unlikely to successfully shift reproduction to locations that are not disturbed, such as those that 

exhibit high fidelity to a spawning site (de Jong et al. 2020). 
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Of the US offshore wind energy projects currently in development, many are located off 

Southern New England and the Mid-Atlantic Bight in the Western North Atlantic Ocean. As a 

result, understanding potential interactions between offshore wind energy and fisheries 

resources, specifically Atlantic cod Gadus morhua, has become a management priority in the 

region. Atlantic cod have a complex metapopulation structure consisting of multiple 

subpopulations each with multiple spawning components (Zemeckis et al. 2014a). Within these 

components individuals exhibit high spawning site fidelity that is generally consistent in space 

and time each year (Robichaud and Rose 2001; Zemeckis et al. 2014b). During the spawning 

season, cod migrate to the spawning site and form dense aggregations within which reproductive 

males defend small territories (Nordeide and Folstad 2000; Fudge and Rose 2009). This 

aggregation behavior includes a courtship ritual where males produce repetitive grunt-like 

sounds to attract a mate (Brawn 1961a; Finstad and Nordeide 2004). Sound production is thought 

to play a role in mate choice, as sound intensity and sound-producing muscle mass are correlated 

with male body size and mating success, respectively (Brawn 1961b; Hutchings et al. 1999; 

Rowe and Hutchings 2008). This combination of spawning site fidelity and use of acoustic 

communication during spawning could make Atlantic cod vulnerable to acoustic and physical 

disturbance from offshore wind energy development.  

Successful spawning is critical to sustain and rebuild populations and experiments have 

shown that repeated exposure of Atlantic cod to anthropogenic noise can reduce the number of 

viable embryos produced by more than 50%, due to decreased egg production and fertilization 

rates (Sierra-Flores et al. 2015). Furthermore, spawning disturbance associated with offshore 

wind energy development may have interactive effects with other anthropogenic and natural 

stressors. In the US, Atlantic cod spawning components have experienced consistent declines 
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due to interacting pressures from overexploitation (Ames 2004; Zemeckis et al. 2014c), loss of 

stock stability (Reich and DeAlteris 2009), a mismatch between biological stock structure and 

management (Kerr et al. 2014), environmental variability (Brander 2005; Friedland et al. 2013), 

and range contraction due to climate change induced thermal habitat loss (Nye et al. 2009; 

Friedland et al. 2020). In theory, a metapopulation structure should buffer against fluctuations in 

spawning success of discrete components while maintaining the overall stock complex 

(Stephenson 1999; Rose et al. 2011); however, attempts to rebuild the Atlantic cod stock have 

been unsuccessful (Lilly et al. 2008; Lindegren et al. 2013; Zemeckis et al. 2014a) and much of 

the population structure has been lost (Ames 2004). In an attempt to improve the management 

and recovery of the Atlantic cod stock, recent research has focused on expanding the 

understanding of connectivity between sub-populations and their relative roles in maintaining the 

stock. Atlantic cod have historically been managed as two US stocks, the Gulf of Maine stock 

and Georges Bank stock which includes the Southern New England subpopulation, but a recent 

synthesis has identified five genetically distinct subpopulations (McBride et al. 2021). Current 

understanding suggests that most of the spawning stock biomass remains in the Gulf of Maine 

which consists of distinct winter and spring spawning subpopulations. Southern New England 

supports its own distinct spawning group but also receives imports of eggs and larvae from Gulf 

of Maine winter spawners (McBride et al. 2021).  

Studies of spatiotemporal spawning dynamics within the Gulf of Maine, Georges Bank, 

and other global Atlantic cod stocks have identified that spawning generally occurs over a 

multiple month period, with peaks in grunt activity at night near the new and full moons 

(Grabowski et al. 2015; Zemeckis et al. 2019). Studies of winter spawning aggregations 

throughout Massachusetts Bay, in the western Gulf of Maine, have identified that within the 
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October to January spawning period the seasonal timing of peak grunt activity varies among 

individual aggregations with deeper sites exhibiting a peak later in the spawning season 

(Zemeckis et al. 2019; Caiger et al. 2020). Compared to the Gulf of Maine and Georges Bank, 

relatively little data exist regarding the dynamics and structure of cod in Southern New England 

waters. To better understand interactions with offshore wind energy development and support 

stock rebuilding, a broader understanding of the spatiotemporal spawning dynamics of Atlantic 

cod in Southern New England is needed.  

 To fill the knowledge gap regarding potential interactions between Atlantic cod and 

offshore wind energy development in Southern New England, we employed multiple passive 

acoustic monitoring technologies to infer the spatiotemporal spawning dynamics of Atlantic cod 

in and around planned offshore wind energy lease areas. Due to the role of sound production in 

cod spawning, passive acoustic monitoring offers multiple advantages including access to long-

term data from a non-invasive approach. The temporal dynamics of spawning-associated grunt 

activity identified near Cox Ledge in Southern New England waters were also compared to those 

identified in an analogous study of the geographically separated winter-spawning subpopulation 

in Massachusetts Bay within the western Gulf of Maine. Given the lack of data on Atlantic cod 

in Southern New England, the goal of this comparison was to assess whether the observed 

dynamics were similar to those of other spawning groups. Our comparison may strengthen 

managers ability to draw inferences about potential interactions between Atlantic cod spawning 

and offshore wind energy from sparse data and facilitate interpretation of our results in context 

of the broader stock complex. 

 

Study Area 
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Passive acoustic monitoring of Atlantic cod spawning-associated grunts was conducted in 

Southern New England waters, with survey effort concentrated between Block Island and 

Martha’s Vineyard and at depths between 30 – 50 m (Figure 1). The main bathymetric feature in 

the study area is Cox Ledge, an area of complex, rocky substrate southeast of Block Island. Cox 

Ledge is used by commercial and recreational fishing fleets and is included as essential fish 

habitat for all life stages of Atlantic cod (Lough 2004; DeCelles et al. 2017). 

To assess potential interactions between Atlantic cod spawning and offshore wind 

energy, the study intentionally sampled multiple lease areas planned for development within the 

Rhode Island and Massachusetts Wind Energy Area including the South Fork, and portions of 

Revolution, and Sunrise Wind Farms (Figure 2). The South Fork Wind Farm spans 55.4 km2 on 

Cox Ledge with cable connections extending along the seafloor to New York. To date, the South 

Fork Wind is the only project in the sampling area that has received full approval to begin 

construction, planned for late 2022, and will consist of up to 12 turbines and one substation 

(BOEM and NMFS 2021). The Revolution Wind Farm spans 334.8 km2 on Cox Ledge and the 

surrounding region with cables extending to Rhode Island. Construction of less than 100 turbines 

is anticipated to begin in 2023 (Revolution Wind 2021). The Sunrise Wind Farm spans 351.4 

km2 south of Cox Ledge with cables extending to New York. Construction of 59 – 122 turbines 

is proposed to begin in 2024 (Sunrise Wind 2021). 

 

Methods 

Data collection 

Passive acoustic monitoring data were collected from fixed-station recording instruments 

(2013-2015 and 2020-2022) and mobile autonomous underwater gliders (2019-2022) (Table 1; 
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Figure 2). Fixed-station data facilitated the interpretation of temporal patterns, while glider-based 

surveys offered broad spatial coverage. The sampling locations were selected to ensure sampling 

within and around the wind lease areas as well as at putative spawning sites identified from 

historical data in the region and fishery-dependent data. 

From 2013-2015, fixed-station data in Southern New England were collected by the 

Northeast Large Pelagic Survey Collaborative (consisting of the New England Aquarium, 

Cornell University Bioacoustics Research Program, the University of Rhode Island, and the 

Center for Coastal Studies) to document ambient noise conditions and the occurrence of marine 

mammals in the context of eventual offshore wind energy development (Kraus et al. 2016). 

However, the recording equipment used was also capable of recording the presence of cod 

grunts. During the sampling period, five marine autonomous recording units (MARUs) were 

successfully deployed throughout the Rhode Island and Massachusetts Wind Energy Areas 

(Figure 1b). The MARUs recorded continuously at a 2 kHz sampling rate with a 10-800 Hz band 

pass filter to reduce electrical interference and prevent aliasing. The gain and sensitivity, 

respectively, were 23.5 dB re 1 µPa and -168 dB re 1V/µPa (+ 3dB between 10-1000 Hz). 

Identical MARU units have previously been used in other regions to characterize the spawning-

associated grunt activity of cod (Hernandez et al. 2013; Zemeckis et al. 2019; Caiger et al. 2020). 

From 2020 – 2022, fixed-station sound data were recorded continuously during the 

presumed spawning season at two sites using SoundTrap ST500s (Ocean Instruments, New 

Zealand) at a sampling rate of 48kHz. These sites were selected as putative cod spawning sites 

based on analysis of the 2013 – 2015 fixed-station data as well as telemetry and glider data 

recorded during 2019 – 2020. Specifically, telemetry data from the 2019 – 2020 glider 

deployment identified presence of multiple tagged cod at both sites and analysis of the 2013 – 
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2015 data provided evidence of a local spawning aggregation at site A (Figure 1B).  The 

hydrophone at site A had a gain of 1.8 dB and sensitivity of -177 dB re 1 µPa/V. The 

hydrophone at site B had a gain of 1.9 dB and a sensitivity of -177.4 dB re 1 µPa/V.  

The glider-based recorder was a digital acoustic monitoring instrument (DMON) 

(Baumgartner et al. 2013) mounted to a Mobile Slocum autonomous glider (Teledyne Webb 

Research)(Rudnick et al. 2004). The DMON recorded at a 2 kHz sampling rate. The glider was 

programmed to follow a grid consisting of 12 North-South transects that were separated by 5km. 

However, due to currents and oceanographic conditions, the glider deviated somewhat from this 

path. The programmed glider track was updated between deployments to improve spatial-

temporal replication of the survey area. In 2019, the glider swam the grid from east to west, then 

reversed and traveled west to east covering a 2400 km2 area from December 21, 2019 – March 

22, 2020 (Figure 1c). In 2020 and 2021, the glider swam the same 12 transects except that 

southern extent was limited to the 50-m isobath (Figure 1d). Additionally, the glider swam east 

to west then flew back to start, passing directly over fixed station sites A and B on the way, and 

repeated the east-west circuit shifted 3-minutes east, covering an 1800 km2 area in total. In each 

year the glider surveyed from November 11, 2020 – February 25, 2021 and from November 5, 

2021 – February 7, 2022. 

 

Cod grunt detection 

All passive acoustic data were analyzed with a cod grunt detector (Urazghildiiev and Van 

Parijs 2016) executed in MATLAB then manually validated in Raven 1.5 (KLY-CCB 2014). The 

detector performance was evaluated during development using data from a 24-hour period at 19 

MARUs. The probability of cod grunt detection ranged from 0.42 – 1.00 and the probability of 
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false detection ranged from 0.0083 – 0.16 (Urazghildiiev and Van Parijs 2016). For the 2013 – 

2015 data, sites A, C, and D were analyzed from October 1, 2013 – January 31, 2014, during the 

presumed spawning season based on fishery-dependent observations and maturity data from 

previous field studies (McBride et al. 2021). Because sites E and F were outside the focal region 

of the current study, they were analyzed during a shorter period of the presumed spawning 

season, from November 15, 2013 – December 10, 2013. During the 2013 – 2014 season, multiple 

cod grunts on consecutive days were only observed at site A; therefore, only site A was analyzed 

the following year from October 1, 2014 – January 1, 2015. Site A was also analyzed every 

Monday from February 18, 2013 – February 12, 2014 to confirm the bounds of the spawning 

season. All 2019 – 2022 fixed-station and glider data were analyzed for the full deployment. 

After evaluation by the cod detector, all possible grunt detections were validated in 

Raven. For thorough review, all detections were visualized from 10-400 Hz in a 5x5 spectrogram 

grid and context spectrogram. The grid spectrogram was generated with a 256-point FFT, 75% 

overlap, and a 1 s time-pad. The context spectrogram was generated with a 1024-point FFT, 75% 

overlap, and a 10 s time-pad. Positive cod detections were identified through auditory and visual 

confirmation only when at least two harmonics were visible with the characteristic frequency 

down sweep and the fundamental frequency was between 40-80 Hz. The presence of grunts and 

the total number of grunts detected (ie., grunt rate) were summarized by hour.   

 

Statistical analysis 

Generalized linear mixed modeling (GLMM) was used to evaluate the temporal 

correlations between spawning-associated grunt activity of Atlantic cod and multiple natural, 

environmental cycles. Grunt activity was summarized as the presence of cod grunts each hour 
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and the number of grunts per hour (henceforth “grunt rate”). Grunt rate is inferred to indicate 

increased spawning activity as experimental results indicate higher grunt rates occur during the 

peak spawning period and are associated with increased egg production (Rowe and Hutchings, 

2006). Statistical methods were analogous to those used in Caiger et al. (2020) to characterize 

spawning activity of winter-spawning cod in Massachusetts Bay, facilitating a comparison 

between the two regions. To prevent spurious correlations and facilitate comparisons, the 

threshold for data inclusion was grunt observations on at least 10 days and during at least two 

percent of hours during the spawning season as used in previous passive acoustic monitoring of 

Atlantic cod grunt activity (Zemeckis et al 2019; Caiger et al. 2020). Grunt presence and grunt 

rate were summarized by hour, and their temporal correlations were evaluated separately. Grunt 

presence was modeled with a binomial distribution while grunt rate was modeled with a zero-

inflated negative binomial distribution.  

The global models for grunt presence and rate included the effect of multiple natural 

cycles (annual, seasonal, diel, and lunar) that have been identified as associated with timing of 

cod-grunt activity in other spawning stock components (Zemeckis et al. 2019). The spawning 

season year spanned October to January and was treated as a factor variable. Day-of-year as well 

as the diel, lunar, and semi-lunar cycles were treated as circular variables to facilitate modeling 

both the timing and magnitude of their effect (Zar 1999; Caiger et al. 2020). As such, each 

variable was converted to radians and their effect consisted of a sin and cosine term in the model. 

To reduce the effect of serial autocorrelation among the residuals, the effect of week was 

included as a random effect in the model.  

The remaining candidate models for grunt presence and rate consisted of the top models 

(ΔAIC < 5) identified for each process in the Massachusetts Bay study (Caiger et al. 2020). 
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Because the Southern New England dataset consists of only one site, the candidate models for 

Southern New England could not include the effect of site, depth, or interaction between site and 

day of the year. In addition, the random effect of week was dropped from the zero-inflated 

component of the grunt rate model but retained in the conditional component. All models were 

evaluated using an information criteria-based model selection procedure using AIC. The effect of 

each natural cycle was calculated using estimated marginal means. To facilitate comparison of 

the temporal correlations between regions, the confidence interval (α = 0.05) was estimated for 

the marginal mean of each variable for both Massachusetts Bay and Southern New England. All 

statistical analyses were conducted in R version 4.0.3 (R Core Team 2020), the models were 

built using the glmmTMB package (Brooks et al. 2017), and estimated marginal means were 

calculated using the emMeans package (Lenth 2021). 

 

Results 

For the 2013 – 2015 fixed-station data, three out of five sites had at least one cod grunt 

detection. Only site A had repetitive detections inferred as an active spawning aggregation 

(Figure 1). A total of 1035 grunts were observed at site A across the 2013 - 2014 and 2014  - 

2015 spawning seasons, one grunt was observed at site C on December 13, 2013, and one grunt 

was observed at site D on December 25, 2013. No grunts were observed at sites E or F. Sites C, 

D, E and F were not evaluated during the 2014 – 2015 spawning season due to the lack of 

repetitive grunts during the 2013 – 2014 spawning season.  

For the 2020 – 2022 data, six grunts were observed at the two fixed-station sites sampled. 

At site A, one grunt was observed on November 19, 2020 and December 22, 2021. At site B, one 

grunt was observed each day on November 29, December 1, and December 15, 2020 as well as 
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January 4, 2021. The 2020 – 2022 deployments at site A were intended to resample the 

aggregation observed in the 2013 – 2015 data; however, due to oceanographic conditions at the 

time of deployment the recorder locations at site A unintentionally differed by approximately 

228 m with the 2020 – 2022 site located 113º to the southeast. The low number of grunts 

observed from 2020 – 2022 did not meet the threshold for data inclusion, so all further temporal 

analysis only includes the 2013 – 2015 data.  

The glider-based survey observed a total of 31 cod grunts across three deployments, with 

one grunt observed during the 2019 – 2020 deployment on January 19, 2020, 12 grunts observed 

during the 2020 – 2021 deployment from November 15, 2020 – January 8, 2021, and 18 grunts 

observed during the 2021 – 2022 deployment between November 6, 2021 – January 4, 2022. 

Grunts were observed at all times of day, but 9 out of the 12 grunts during the 2020 – 2021 

spawning season were observed at night. During the 2021 – 2022 spawning season, 16 grunts 

were observed within a 45-minute period on December 9. Across all deployments, three grunts 

were observed within or adjacent to the wind lease areas while the remaining grunts were 

concentrated in the western half of the study area in water between 25 – 50 m deep (Figure 2).  

The analysis of one day per week at site A from February 2013 – February 2014 did not 

identify any cod grunts outside of October – January, suggesting that analysis during this period 

was sufficient to capture spawning-associated grunt activity. For the 2013 – 2015 spawning 

season data at site A, grunt activity was concentrated in November and December with only 36 

grunts (3.5% of the total observed) in October and January. More grunts were observed during 

2013 – 2014 compared to 2014 – 2015. In 2013, the maximum number of grunts per day was 125 

on November 26, 2013, while in 2014 the maximum was 60 grunts on December 24, 2014 

(Figure 3). During months when the maximum grunt activity was observed, grunts were detected 
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at all times of day, otherwise the observed grunt rate per hour was highest during the day (Figure 

4A, B). During 2013, observed grunt activity appeared to be associated with the lunar cycle, with 

most grunts occurring between the full and waning moon (Figure 4C, D). In 2014, grunt activity 

was more variable with greatest number of grunts observed between the new and full moon.  

Generalized linear mixed modeling of the 2013 – 2015 data when an inferred spawning 

aggregation was observed elucidated clear temporal patterns in grunt activity. Modeling grunt 

presence identified the global model as the best fit for the Southern New England data (Table 2). 

The candidate model without the semi-lunar cycle as a predictor was the second best fit and was 

nearly indistinguishable from the global model. Grunt presence was estimated to be most likely 

during mid-day, between the full and waning moon (Figure 5). The asymmetrical lunar pattern 

suggests an effect of the semi-lunar cycle with a second, smaller increase in grunt probability 

between the new and waxing moon. Seasonally, the highest probability of grunt occurrence was 

on December 5th (Figure 6A).  

Overall, the temporal correlations of grunt presence with multiple natural cycles were 

similar to those in Massachusetts Bay, though the magnitude of the correlations tended to be 

stronger at the Southern New England site. Specifically, data from both regions identified similar 

support for multiple models with varying lunar terms included, but the Massachusetts Bay data 

suggested a much weaker effect of the diel and lunar cycles on grunt presence (Figure 5). Both 

regions followed a similar seasonal pattern with grunt activity concentrated in November and 

December, though the peak in grunt presence in Massachusetts Bay had a significant interaction 

with site and was estimated to occur on November 20th overall, approximately two weeks earlier 

than at the Southern New England site (Figure 6A).  
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The temporal correlations with grunt rate in Southern New England were also best 

explained by the global model, where both the grunt rate terms, and zero-inflated terms included 

all candidate predictor variables (Table 2; Figure 3). Due to the high proportion of zeroes in the 

grunt rate dataset, inclusion of the zero-inflated substantially improved model fit over a negative 

binomial distribution alone. The highest grunt rate was estimated to occur at noon near the full 

moon (Figure 7B, 7D). Similar to grunt presence, the asymmetrical lunar pattern indicated an 

effect of both the lunar and semi-lunar cycle with the highest grunt rates estimated to occur just 

after the full and new moons and lower grunt rates near the waxing waning moons. Seasonally, 

the maximum grunt rate was estimated to occur on November 26th, about one week before the 

peak in grunt presence (Figure 6B). 

The grunt rate model best supported by the Massachusetts Bay data included the same 

temporal correlations for the grunt rate as the Southern New England model but did not include 

the semi-lunar cycle as a zero-inflated term. While the overall grunt rate was higher in 

Massachusetts Bay and they exhibited different diel correlations (Figure 7A, B), the correlations 

with lunar cycle were very similar between the two regions (Figure 7C, D). Similarly, the 

seasonal trend followed the same pattern, but the peak grunt rate was estimated to occur on 

December 5th, approximately two-weeks later than in Southern New England (Figure 6B). 

However, there was significant spatial heterogeneity in the seasonal profile of cod spawning 

activity in Massachusetts Bay and the results of the present study of Southern New England cod 

are well within this range.  

 

Discussion 

The use of multiple passive acoustic monitoring strategies to assess the spatiotemporal 

spawning dynamics of Atlantic cod in Southern New England recorded the presence of 
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occasional cod grunts throughout the study area and successfully captured the dynamics of a 

spawning aggregation during two consecutive years. Analysis of spawning associated grunt 

dynamics identified that peak grunt activity occurred during the day, near the full moon in late 

November to early December. While there were fine-scale differences between the temporal 

patterns of grunt activity observed in Southern New England versus Massachusetts Bay, the 

broad-scale seasonality was very similar. Over the sampling period, the number of grunts 

detected at the inferred spawning aggregation at Site A decreased and the aggregation was not 

detected during the 2020 or 2021 sampling period; however, the glider results suggest that 

spawning cod were still present throughout the region. Overall, evidence from the fixed-station 

and glider data in Southern New England suggests that Atlantic cod spawning overlaps with 

wind lease areas in the region.  

 Some temporal dynamics of inferred spawning identified in the Southern New England 

study aligned with those in Massachusetts Bay. For example, the peak spawning season for 

winter cod in Massachusetts Bay consistently occurred between November and December, with 

intermittent grunts extending into October and January at certain sites. Studies have reported 

correlations between grunt activity and lunar cycles, with grunt presence associated with the 

lunar cycle and grunt rate associated with both the lunar and semi-lunar cycles (Zemeckis et al. 

2014a; Grabowski et al. 2015). While the Southern New England data revealed an association 

between grunt presence and both the lunar and semi-lunar cycles, the probability of grunt 

presence was much higher between the full and waning moon than between the new and waxing 

moon, suggesting that the semi-lunar cycle has a relatively smaller effect on grunt presence than 

the lunar cycle. Conversely, grunt rate in the Massachusetts Bay and Southern New England data 

revealed a stronger effect of the semi-lunar cycle with peaks near the full and new moons. The 
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timing of spawning is thought to occur when oceanographic and ecological conditions are best 

suited to the success of the released eggs and subsequent larvae (Cushing 1990). These 

consistent correlations with the semi-lunar cycle may be indicative of larval transport to 

favorable habitats or retention and settlement of larvae during times of unique oceanographic 

conditions (Lough et al. 2006). 

 In the scope of identifying the peak spawning period, both regions were consistent, with 

peak grunt presence and rate estimated to occur within a three-week period from late November 

to early December. Within the spawning season, however, the peak grunt rate occurred before 

peak grunt presence in Southern New England while the opposite was true in Massachusetts Bay. 

This slight difference in grunt trend throughout the spawning season may be indicative of 

aggregation level differences between spawning components or interannual variation of lunar 

cycle timing within the month, rather than a regional difference. For example, the magnitude of 

grunt activity at the Southern New England aggregation in 2013 was much higher than that of the 

subsequent spawning season. Additionally, the peak in grunt activity was observed in November 

in 2013 and in December in 2014 This variation between the two years sampled likely explains 

the different relationship between maximum predicted presence and rate. In contrast to the single 

aggregation sampled in Southern New England, the Massachusetts Bay data set captured 

spawning dynamics over a much broader area and period by sampling 16 sites across 10 years. 

Both the comparison study and additional studies of Atlantic cod temporal grunt dynamics in 

Massachusetts Bay have identified a significant interaction between site and seasonal peak grunt 

rate, where the peak in grunt activity occurs later at deeper sites (Zemeckis et al. 2019; Caiger et 

al. 2020). This significant interaction suggests that individual spawning aggregations within a 

subpopulation may exhibit their own unique temporal correlations that maximize the success of 
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spawning in their specific oceanographic conditions. Lastly, grunt activity in Massachusetts Bay 

was not summarized in January and a few sites had increasing observed grunts throughout the 

month of December, suggesting that there may have been grunts missed during January. This 

difference in sampling period may also contribute to the difference in grunt patterns within the 

spawning season.  

 One difference between the two regions was that grunt presence had a stronger 

association with the diel and lunar cycles in Southern New England than in Massachusetts Bay. 

Due to the large difference in the number of aggregations sampled between the two studies it is 

difficult to discern whether this pattern is a regional difference or indicative of aggregation level 

differences. Because the Massachusetts Bay results summarize the average temporal dynamics 

across all sites, it could be expected that the estimated marginal means for Massachusetts Bay 

would report a weaker association with a specific natural cycle. As previously mentioned, it is 

known that the timing of peak grunt activity varies among aggregations within a subpopulation, 

so it is plausible that discrete aggregations have unique correlations with other natural cycles as 

well. It is also useful to note that while the strength of temporal associations with grunt rate were 

similar between the regions, the magnitude of grunt rate was higher for Massachusetts Bay likely 

due to greater abundances. 

Of the natural cycles explored, the diel cycle was the most inconsistent between the two 

regions, where peak grunt activity occurred at night in Massachusetts Bay and during the day in 

Southern New England. Many field (Zemeckis et al. 2019; Caiger et al. 2020) and laboratory 

studies (Brawn 1961a; Kjesbu 1989; Hutchings et al. 1999) report cod spawning and grunt 

activity increasing at night, especially for winter-spawning cod stocks. Despite this, passive 

acoustic monitoring of the spring-spawning subpopulation in Massachusetts Bay also identified 
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an increase in grunt activity during the day (Hernandez et al. 2013). Similar to the present study 

in Southern New England, this study consisted of a single MARU. Because cod grunts are 

relatively quiet compared to other marine sound sources, successful detection of a cod grunt 

requires that fish are very close to the receiver. The only documented source level for Atlantic 

cod grunts is 127 dB re 1µPa at 1m and estimates of their communication radii in a variety of 

background and anthropogenic noise conditions ranged from 1.3 – 21.6 m (Nordeide and 

Kjellsby 1999; Stanley et al. 2017). Moreover, Atlantic cod are known to exhibit diel movements 

where individuals aggregate in one location during the day and travel to surrounding areas or 

shift their position within the aggregation to defend a territory at night (Dean et al. 2014). 

Hernandez et al. (2013) suggested that one explanation for the discrepancy in grunt activity is 

that the receiver could have been located near the daytime aggregation site and diel movements 

caused individual cod to move outside of the detection radius of the receiver at night leading to 

an apparent lack of grunt activity. Similar behavioral migrations and receiver locations could 

explain the uncommon diel association observed in Southern New England.  

Following identification of a spawning aggregation at site A in 2013 – 2015, the goal of 

resampling this site in 2020 and 2021 was to evaluate whether temporal grunt dynamics were 

stable over time. However, only one grunt was detected at site A in 2020 and 2021. Given the 

five-year gap in sampling, it is possible that the populations may have declined below detectable 

levels of abundance or may no longer have been detectable by passive acoustic monitoring due 

to a shift in aggregation location, accidental changes in sampling location, or the use of different 

recorder types. The US Atlantic cod stocks have been classified as overfished since 2010 

(Zemeckis et al. 2014c). Additionally, because the Southern New England spawning components 

are situated at the southern extreme of the population, they are the most vulnerable to climate 
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impacts, including thermal habitat loss, loss of prey biomass, and increased species interactions 

(Fogarty et al. 2008; Nye et al. 2009; Friedland et al. 2013).  As such, the spawning aggregation 

observed in 2013 – 2015 reflects the dynamics of a smaller baseline population. Successful 

formation of a spawning aggregation in some species is density dependent, where the 

aggregation does not form at low abundances (Domeier 2012). The small number of observed 

grunts in 2019 – 2022 may be indicative of a highly disorganized spawning population in which 

the aggregation behavior has been further disrupted. The high site fidelity of Atlantic cod poses 

challenges for aggregation recovery following disruption. For example, the onset of a gill-net 

fishery in Massachusetts Bay fully disrupted an aggregation of spawning cod, causing most 

individuals to leave the aggregation site and not return (Dean et al. 2012). Despite this, results 

from a recent review of extirpated fish spawning aggregations suggest that recovery of the 

aggregation is possible if given enough time following strict enforcement of spatial protection or 

temporal moratoria on fishing (Chollett et al. 2020). In the absence of management protections 

for spawning cod, the combination of historically low population sizes, high spawning site 

fidelity, and increasing climate impacts make recolonization of an extirpated spawning 

aggregation unlikely for Atlantic cod in the region.  

Beyond the possibility that the aggregation was no longer present, the lack of observed 

grunts may be due to limitations of passive acoustic monitoring for Atlantic cod. Atlantic cod 

spawning aggregations are typically spatially consistent between years, with variation generally 

less than 1 km. Despite this, because cod grunts are relatively quiet, even shifts on the order of 

100 m could cause grunts to occur outside the detection radius of the hydrophone. Similarly, due 

to the gap in sampling from 2015 to 2020, the aggregation was monitored with two different 

recorder types whose geographic position varied by 228 m. The realized recording radius of 
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passive acoustic monitoring can be difficult to assess and whether an acoustic signal is detected 

depends on multiple factors including the source level of the signal, the distance from the 

receiver, and the ambient background noise. As such, it is quite possible that the shift in 

sampling location or changes in cod detector performance on different acoustic data sources was 

the cause of the lack of detections in 2020 - 2022. To that end, the lack of detection is not 

necessarily indicative of true absence of spawning cod in the vicinity of the historical spawning 

site.   

This study intentionally leveraged multiple passive monitoring technologies to provide a 

broad spatiotemporal sample of Atlantic cod grunt activity in Southern New England. Each 

methodology used includes a tradeoff between spatial and temporal coverage and the multi-

method approach and adaptive sampling between years was intended to balance these tradeoffs 

and improve sampling coverage. For example, during the 2020 – 2022 glider deployments, the 

glider was programmed to travel directly over the two fixed-station sites. During these 

deployments, a grunt was observed on November 16, 2020 and November 6, 2021 in the vicinity 

of the historical aggregation at site A. Given the detection date near the onset of increased grunt 

activity in 2013, if the aggregation was still present in large numbers and actively spawning, we 

would likely expect to have observed more grunts in this area. Overall, the sparse data observed 

by the glider and fixed station sites in 2019 – 2021 as well as deviations of the glider from the 

planned path make it difficult to conclude whether the lack of grunts are a result of insufficient 

sampling locations and timing or are true absences. Future research with a denser array of fixed-

station receivers, or a finer-scale glider survey could reduce uncertainty regarding whether the 

patterns observed in the present study (i.e., diminished activity at historical spawning sites in 
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2020, lack of grunts in the eastern portion of the study area, and the unique diel trend) are a 

result of gaps in the sampling coverage or true ecological patterns.  

Between previous studies of Atlantic cod spawning dynamics and population structure in 

the Western North Atlantic Ocean (Zemeckis et al. 2014a; McBride et al. 2021), annual trawl 

surveys for groundfish by the Northeast Fisheries Science Center (Lough 2004), and local 

ecological knowledge of fishers (DeCelles et al. 2017) it is known that Southern New England 

waters, and specifically Cox Ledge, host critical habitats for Atlantic cod eggs, larvae, and 

spawning adults. However, little has been known of the specific location and timing of spawning 

in the region. In the present study, passive acoustic monitoring in 2013 – 2015 revealed the 

dynamics of a spawning aggregation near Cox Ledge and within wind lease areas. Moreover, 

comparison with Massachusetts Bay winter-spawning cod confirmed that the dynamics observed 

in Southern New England are largely the same as those in other regions, with the peak spawning 

period in November and December. As a result, spatial and temporal interactions between 

offshore wind energy construction and Atlantic cod are likely in Southern New England. Despite 

the limited number of cod grunts observed during the 2019 – 2022 sampling periods, the results 

of the regional comparison reduce uncertainty regarding the likelihood of temporal overlap 

between current construction timelines and cod spawning. 

 Among the many possible interactions between offshore wind energy development and 

fisheries, fine-scale habitat effects and broad-scale acoustic effects are the greatest concerns for 

Atlantic cod spawning aggregations. Due to the high site fidelity of Atlantic cod spawning 

aggregations, status of the stock as overfished, and southern range contraction due to climate 

change, if a turbine foundation or underground cable was located at the aggregation site, the 

spawning aggregation would be disrupted and may fail to relocate to an undisturbed area (de 
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Jong et al. 2020). On a broader scale, the acoustic disturbance from pile driving overlaps in 

frequency with cod grunt activity (Popper and Hawkins 2019), increasing the risk of auditory 

masking and disruption of cod behavior over the scale of tens of kilometers (Hammar et al. 2014; 

Mooney et al. 2020). There have been recent advances in technologies to minimize the acoustic 

impacts from pile driving (i.e., bubble curtains); however, temporal restrictions on disruptive 

activities are one of the most successful measures for mitigating disturbance to and facilitating 

recovery of aggregation-spawning fishes during vulnerable periods (Erisman et al. 2017; Chollett 

et al. 2020; Mooney et al. 2020). Though these measures have had limited success for rebuilding 

Atlantic cod stocks following overfishing (Clarke et al. 2015), temporal restrictions on fishing 

have had numerous successes for other fish populations (Burton et al. 2005; Nemeth 2005; 

Hamilton et al. 2011). Under the Marine Mammal Protection Act, current construction plans for 

offshore wind in the region only restrict pile driving from January to April to mitigate 

disturbance for North Atlantic Right Whales (BOEM and NMFS 2021). While some Atlantic cod 

spawning does occur in January, the results presented here show that the vast majority of inferred 

spawning activity occurs in November and December, leaving cod vulnerable to disturbance 

from pile driving and other construction activity.  

 At large population sizes, Atlantic cod spawning aggregations have been recorded 

producing a loud, persistent rumbling, frequently referred to as a fish chorus (Brawn 1961a; 

Nordeide and Kjellsby 1999). The lack of persistent cod grunts throughout the region and the 

relatively small number of grunts at an inferred aggregation are likely a result of low abundances 

in the region and limitations of passive acoustic monitoring for Atlantic cod. The quiet nature of 

a cod grunt requires a recorder to be in very close proximity to the individual, while the 

aggregating behavior among small populations makes it challenging to sample the right place at 
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the right time. Despite these limitations, the use of multiple passive acoustic monitoring 

technologies offers spatial and temporal data from a non-invasive method that is specific to 

spawning individuals and doesn’t require physical capture and dissection (Van Parijs et al. 2009; 

Rowell et al. 2015; Zemeckis et al. 2019). Moreover, while many vessel-based surveys are not 

able to operate during the construction and operation of a wind farm, passive acoustic monitoring 

remains a viable survey option. This advantage results in baseline data that can be compared to 

data collected both during and after construction, facilitating long-term assessment of 

interactions between offshore wind energy and fishery resources.  
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Table 5. 1 Passive acoustic monitoring sites and deployment details for fixed-station receivers in 

Southern New England. 

Site Latitude (ºN) Longitude (ºW) Effort (days) Years Sampled Depth (m) 

A 41.1421 

41.1413 

71.1038 

71.1013 

156 

202 

2013 – 2015 

2020 – 2022 

33 

32 

B 41.0406 71.2195 202 2020 – 2022 41 

C 40.9978 71.1683 73 2013 – 2014 51 

D 40.9955 70.8642 73 2013 – 2014 50 

E 40.7436 70.4607 26 2013 52 

F 40.5993 70.5617 26 2013 59 
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Table 5. 2 Candidate models for temporal correlations of Atlantic cod grunt activity in Southern 

New England. The model with the best fit was used for all comparisons with Massachusetts Bay. 

Included predictor variables are year (Y), hour of the day (H), lunar cycle (L1), semi-lunar cycle 

(L2), day of the year (J), and week of the year (rW). 

Grunt presence model terms  df AICc ΔAIC 

Y + H + L1 + L2 + J + rW  11 1398.8 0.00 

Y + H + L1 + J + rW  9 1402.8 4.00 

Y + H + L2 + J + rW  9 1445.6 46.75 

Y + H + J + rW  7 1452.3 53.51 

Grunt rate model terms Zero-inflated terms    

Y + H + L1 + L2 + J + rW Y + H + L1 + L2 + J 22 2271.9 0.00 

Y + H + L1 + L2 + J + rW Y + H + L1 + J 20 2351.8 79.92 
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Figure 5. 1 Maps of the study area and sampling effort. (A) Regional context for comparison 

between Massachusetts Bay (black box) and Southern New England (blue box). The text labels 

indicate the location of general cod spawning regions in the Gulf of Maine (GoM), Georges 

Bank (GB), and Southern New England (SNE). (B) SNE study area including the full 

Massachusetts-Rhode Island Wind Energy Area and the location of fixed-station receivers. (C) 

Programmed glider track during the 2019 – 2020 sampling effort. (D) Programmed glider track 

during the 2020 – 2021 sampling effort. To improve spatiotemporal coverage, the glider 

alternated between the blue and purple tracks throughout the deployment.   
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Figure 5. 2 Location of observed grunts during the glider survey in all years. The realized glider 

track during the 2020 – 2021 deployment, fixed-station recorders, and relevant lease areas within 

the Rhode Island/Massachusetts Wind Energy Area are also plotted for spatial reference. 

 



155 

 
 

 

Figure 5. 3 Seasonal and inter-annual variability in the total number of observed grunts per day 

at site A during the 2013 – 2015 sampling periods (columns) and the predicted number of grunts 

per day (blue line) under the global model for grunt rate. 
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Figure 5. 4 Number of observed cod grunts at site A (A, B) per hour and (C, D) throughout the 

lunar cycle during each spawning season sampled. 

 

 

 

 



157 

 
 

 

Figure 5. 5 Comparison of the estimated marginal mean effect of (A) diel and (B) lunar cycles 

on grunt presence at fixed stations between Massachusetts Bay and Southern New England. The 

shaded regions represent the 95% confidence interval of the estimates. 
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Figure 5. 6 Estimated marginal mean effect of calendar date on (A) grunt presence and (B) grunt 

rate at fixed stations in Massachusetts Bay and Southern New England. The shaded regions 

represent the 95% confidence interval of the estimates. 
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Figure 5. 7 Estimated marginal mean effects of (A) diel and (C) lunar cycles on grunt rate at 

fixed stations in Massachusetts Bay and (B) diel and (D) lunar cycles in Southern New England. 

Note the change in the y-axis scales. The shaded regions represent the 95% confidence interval 

of the estimates.  
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APPENDIX A: SUPPLEMENTARY MATERIAL FOR CHAPTER 24 

 

 

Table A2. 1 Sampling dates for data included in analyses. The gap in data used in January is due 

to a sampling error that resulted in skipped files and an incomplete daily timeseries. Data used 

for each deployment were held constant across all sites to ensure differences detected were not 

due to different sampling dates. The Aeolus was only sampled for the final three deployments 

after it was selected as a contingency site due to strong currents at the initial artificial reef. 

  Nov 2015 Jan 2016 Apr 2016 Jun 2016  Aug 2016 

210 Rock 11/03 - 11/09 
01/15; 

01/18-01/22 
04/12 - 04/19 06/10 - 06/16 08/17 - 08/22 

West 

Rock 
11/03 - 11/09 

01/15; 

01/18-01/22 
04/12 - 04/19 06/10 - 06/16 08/17 - 08/22 

Spar 11/03 - 11/09 
01/15; 

01/18-01/22 
04/12 - 04/19 06/10 - 06/16 08/17 - 08/22 

Aeolus -- -- 04/12 - 04/19 06/10 - 06/16 08/17 - 08/22 

 

 

 

 

 

 

                                                 
4 This supplementary material previously appeared with the associated chapter published in Marine Ecology 

Progress Series. The original supplement also included seven audio files that have been omitted from this version. 

The full supplement can be accessed at https://doi.org/10.3354/meps13434. The full citation is as follows: Van 

Hoeck RV, Paxton AB, Bohnenstiel DR, Taylor JC, Fodrie FJ, Nowacek DP, Voss CM, Peterson CH (2020) 

Soundscapes of natural and artificial temperate reefs: similar temporal patterns but distinct spectral content Mar Ecol 

Prog Ser 649:35–51. 
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Figure A2. 1 Demonstration of the effect of a "fish bump" on the average power spectral density 

of a two-minute audio file and the effectiveness of the subsampling methodology to preserve 

biological signals and temporal patterns. (a) Spectrogram of a representative file recorded on 210 

Rock in April 2016. The arrow points to an impulsive signal likely the result of an animal 

collision with the hydrophone. The shaded boxes indicate the eight quietest, five-second 

subsamples extracted to remove the effect of the fish bump. (b) Plot of power spectral density 

demonstrating that the subsampling methodology preserves the toadfish peaks while removing 

the noise due to the fish bump. The gray shaded boxes indicate the frequencies summarized in 

each frequency band (c) Time series of low-frequency SPL (0.1 – 2 kHz) for the original (gray) 

and subsampled (black) data. Spikes in the original data that are removed via subsampling are a 

result of fish bumps or boat noise. The subsampling methodology preserves the diurnal pattern in 

SPL while removing variability due to non-biological sounds that complicate ecological 

interpretation. (d) Time series of high frequency SPL (7 – 20 kHz) for the original (gray) and 

subsampled (black) data. The subsampling reduces the SPL of each file by an average of 1.5 dB 

but preserves the diurnal pattern while removing the spikes due to fish bumps. 


