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Fishes contribute to coral reef biophony by producing sounds related to 
courtship, feeding, and territorial defense. Tourism-related noise may overlap 
with the frequency range of these signals, affecting acoustic communication and 
associated behaviors. We evaluated the effects of tourism-induced noise on reef 
fish biophony in two marine protected areas in northeastern Brazil, including sites 
with different tourism intensities and exposure to anthropogenic sound sources. 
Nine types of fish sounds were identified, and their occurrence decreased in 
noisier areas. Power spectral density (PSD) analyses revealed biophonic profiles 
with two main energy peaks, whereas noisier sites showed flatter, higher-energy 
spectra in which the low-frequency peak was no longer evident. In these areas, 
anthropogenic sounds coincided with increased noise levels and reduced fish 
sound occurrence. Sound pollution was also associated with lower Acoustic 
Complexity Index (ACI) values, with exposure to noise sources showing the 
strongest relationship with reduced acoustic complexity. These findings indicate 
that tourism-related noise is associated with decreased fish sound occurrence and 
altered soundscape structure, highlighting the need for mitigation strategies in 
reef-associated marine protected areas.
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Tourism-driven sound pollution in reef fish 

Os peixes contribuem para a biofonia dos recifes de coral, produzindo sons 
associados à corte, alimentação e defesa territorial. O ruído relacionado ao turismo 
pode se sobrepor à faixa de frequência desses sinais, afetando a comunicação 
acústica e os comportamentos associados. Avaliamos os efeitos do ruído induzido 
pelo turismo na biofonia de peixes recifais em duas áreas marinhas protegidas 
no nordeste do Brasil, incluindo locais com diferentes intensidades de uso 
turístico e exposição a fontes sonoras antrópicas. Nove tipos de sons de peixes 
foram identificados, e sua ocorrência diminuiu em áreas mais ruidosas. A análise 
de densidade espectral de potência (PSD) revelou perfis biofônicos com dois 
principais picos de energia, enquanto locais mais ruidosos apresentaram espectros 
mais achatados e de maior energia, nos quais o pico de baixa frequência deixou 
de ser evidente. Nesses locais, sons antrópicos coincidiram com maiores níveis de 
ruído e menor ocorrência de sons de peixes. A poluição sonora também esteve 
associada à redução nos valores do Índice de Complexidade Acústica (ACI), sendo 
a exposição às fontes de ruído a variável mais fortemente relacionada à diminuição 
da complexidade acústica. Esses resultados indicam que o ruído turístico está 
associado à redução da ocorrência de sons de peixes e a alterações na estrutura da 
paisagem sonora, destacando a necessidade de estratégias de mitigação em áreas 
marinhas protegidas recifais.

Palavras-chave: Biofonia, Monitoramento acústico passivo, Peixes recifais, 
Poluição sonora, Recifes de coral.

INTRODUCTION

The soundscape in reef environments is a crucial component of ecosystem functioning, 
as the sounds produced by marine organisms mediate key biological processes, such 
as mate location and larval recruitment (Salas et al., 2022; Amorim, 2023; Hawkins et 
al., 2025). A high complexity of biological sounds is often associated with healthier 
reef environments, reflecting the integrity of their community structure (Bolgan et 
al., 2018). Reef fish sounds are representative components in the soundscapes of reef 
environments, often comprising, along with marine invertebrates, the majority of 
detectable biophony, especially in low-frequency bands of less than 5 kHz (Kim et al., 
2023; Song et al., 2023). These animals produce different sounds in various behavioral 
contexts, including territorial defense, courtship, mating, feeding, predation, and 
predator detection (Bertucci et al., 2014; Van Oosterom et al., 2016; Ladich, 2019; 
Amorim, 2023; Banse et al., 2024a; Azofeifa-Solano et al., 2025). 

Fish sounds exhibit distinct sound characteristics that vary in temporal, frequency, and 
intensity parameters. General characteristics include a duration of less than one second 
and a frequency range typically between 0.05 and 2 kHz (Picciulin et al., 2013; Carriço 
et al., 2019; McCordic et al., 2021). A variety of fish sound types have been described as 
pulse series, long tonal calls with little or no frequency modulation, fast pulse trains, fast 
pulse sequences with very short intervals, and ultrafast pulse series characterized by short 
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pulse periods, among others (Kasumyan, 2009; Desiderà et al., 2019). This variability 
can arise from multiple factors, including species-specific traits and morphological 
structures involved in sound production (Fine, Parmentier, 2015; Parmentier, Fine, 
2016). The diversity of sound characteristics suggests that different sound types may 
vary in their detectability or expression under different external conditions. In reef 
environments, sound pollution sources are key factors that alter sound characteristics 
and, consequently, the behavioral activities associated with these sounds, as well as the 
emission and detection of acoustic signals by fishes (Popper, 2003).

Sources of sound pollution, such as recreational vessels, coastal development, and 
tourism activities, produce noise characterized by broad frequency bands, high 
amplitudes, and continuous temporal patterns (Hildebrand, 2009; Duarte et al., 2021). 
These noises often overlap with the frequencies used by reef fishes, creating potential for 
direct interference, such as acoustic masking and changes in behaviors associated with 
sound production and communication (Fonseca, Amorim, 2019; Popper, Hawkins, 
2019). Acoustic masking, for example, can reduce the detectability and effectiveness 
of communication signals, while noise-induced stress may result in decreased sound 
production or changes in the temporal and frequency properties of sounds (De Jong 
et al., 2018; Ladich, 2019). Consequently, these acoustic disturbances can compromise 
essential behaviors, potentially affecting the health, abundance, and diversity of reef fish 
populations and, consequently, the functioning of reef ecosystems (Popper, Hawkins, 
2019; De Jong et al., 2020).

The northeastern coast of Brazil harbors coral reefs that are frequently exposed 
to tourism-related activities (Ferreira, Maida, 2006). Due to the presence of coral 
formations near the shoreline, sometimes just a few meters from the beach (Leão et 
al., 2016), these reefs are susceptible to noise generated by tourism activities. This 
proximity encourages the use of reefs for recreational activities, such as boat traffic, jet 
ski use, and high visitor numbers, all of which are potential sources of sound pollution. 
In other coastal reef systems, sound pollution arising from anthropogenic pressures 
has been shown to contribute to sound pollution that can interfere with the sounds 
produced by reef fishes (Simpson et al., 2016; Duarte et al., 2021; Ferrier-Pagès et al., 
2021). Reefs along the northeastern coast of Brazil support over 180 reef fish species 
(Araújo et al., 2020), distributed in several known soniferous fish families. Reef fishes 
are known to contribute to essential ecological functions, including nutrient cycling 
through excretion and sediment resuspension, prey population control, maintenance of 
trophic balance, contribution to reef bioerosion and sediment production, and influence 
on coral recruitment and benthic community structure (Allgeier et al., 2016; Morais et 
al., 2017; Feitosa et al., 2023; Sura et al., 2025). Therefore, the alteration or masking 
of sounds produced by reef fishes may disrupt their biological activities and, in turn, 
compromise the ecological functions they support within reef ecosystems.

Despite this ecological importance, research on the influence of tourism-related 
sound pollution on reef fish sound signals remains scarce in the Brazilian province. 
While previous studies have identified fish choruses and their association with protected 
areas (Borie et al., 2021), the effects of sound pollution on reef fish biophony are still to 
be investigated. Given this gap, our study aims to provide a baseline assessment of how 
tourism-related sound pollution is associated with patterns of reef fish sound production 
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in northeastern Brazil. Specifically, in the present study, we aimed to (1) identify fish 
sounds and noises occurring at the monitored sampling sites; (2) differentiate the types 
of fish sounds occurring at these sites, and; (3) examine patterns of reef fish sound 
activity across gradients of tourism-related sound pollution.

MATERIAL AND METHODS

Study area and sampling. The research was conducted in two distinct Marine 
Protected Areas (MPAs) situated along the northeastern coast of Brazil. One of them, 
the Costa dos Corais Marine Protection Area (APACC), extends approximately 135 km 
(08°45’36”S 35°06’45”W). The other, the Guadalupe Marine Protection Area (APAG), 
encompasses a total of 44,799 hectares, including 12,664 hectares of marine ecosystems 
(Fig. 1). The reef systems in both MPAs are aligned parallel to the coastline and are 
located in nearshore zones (Fig. 1). The regional climate is predominantly humid and 
tropical, with a marked division between a rainy season, occurring from April to August, 
and a dry season, from September through March (Maida, Ferreira, 1997). 

To evaluate which tourism-related factors can influence the acoustic complexity of 
reef fish sounds, two distinct reef areas with high tourist activity were selected, each 
differing in tourism dynamics. Carneiros Beach, situated within the boundaries of the 
APAG, is a popular tourist destination year-round, and will hereafter be referred to 
as the “year-round tourism area”. In contrast, Tamandaré Beach, situated within the 
APACC, experiences a more seasonal tourism, with fluctuations in demand throughout 
the year, and will henceforward be treated as the “seasonal tourism area”. In both areas, 

FIGURE 1 | Location of coral reefs in the study area at Carneiros and Tamandaré beaches, northeastern Brazil. Selected sampling sites (brown 

diamond): exposed – 1 and sheltered – 2 in an area with year-round tourism, and exposed – 3 and sheltered – 4 in an area with seasonal 

tourism, respectively. The dashed and solid lines represent the boundaries of APAG and APACC, respectively.

https://www.ni.bio.br/
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data collection was conducted during peak (high-demand) and shoulder (intermediate-
demand) tourism seasons to capture seasonal variations in human presence and the 
associated influences of sound pollution. The peak tourism season typically occurs 
during the summer months (December to March). Additionally, to appraise potential 
spatial variation related to reef position relative tosound pollution sources, sampling 
was conducted at reef sites that differed in exposure to tourism-related sound pollution 
within each area: exposed sites are located in shallow lagoon areas near the shoreline 
that are putatively more influenced by human activity and can experience higher sound 
pressure levels. In contrast, sheltered sites were located in the fore-reef zone, where the 
reef structure could serve as a potential barrier to sounds produced by tourism activities. 
Previous analyses conducted in the same study area have already indicated reductions 
in soundscape-related metrics associated with these three variables (Xavier et al., 2026).

Data collection. Data collection occurred between January and February 2022 for 
samples characterizing the peak season, and in April 2023 for those representing the 
shoulder season, both of which fell within the dry climate season of the austral summer. 
Acoustic data were obtained using a Zoom H2N recorder (16-bit stereo, WAV format, 
44.1 kHz sampling rate) paired with an Aquarian Audio H2A hydrophone (sensitive from 
10 Hz to 100 kHz; -180 dB re; 1 V/μPa). This setup was housed within a “sonobuoy” 
system (adapted from Borie et al., 2021; see Fig. S1). The sonobuoy structure featured 
a waterproof PVC box mounted at the top to protect the recorder approximately 0.5 
m above the waterline, safeguarding it against accidental immersion. The hydrophone 
was mounted at the lower end of the unit and submerged to approximately 0.5 m. 
The midsection of each sonobuoy consisted of a square flotation frame (0.5 m per side) 
made from PVC tubing, which was kept stable by four anchoring weights (15 kg each) 
connected via 3-meter-long tensioned ropes. This configuration minimized lateral drift 
and tilting, ensuring steady, consistent positioning during recordings and reducing the 
potential for acoustic distortion from movement. Recordings were conducted at each 
of the four sampling sites in both tourism seasons, with one session per season and site, 
totaling eight sessions. Each session consisted of continuous sound monitoring for 10 
h, from 7:00 to 17:00, totaling 80 recording hours that spanned the entire daily tourism 
activity period. At the surface, an observer continuously monitored anthropogenic 
activities capable of generating underwater noise, thereby facilitating the precise 
attribution of detected sounds to their sources. 

To compare fish diversity and distribution patterns across the different sound recording 
contexts, the fish community was assessed using underwater visual censuses employing 
the belt transect method simultaneously with the sound recordings. In this approach, 
divers estimated fish abundance along a 10 x 5 m transect, established with a measuring 
tape, identifying species and categorizing individual sizes into 2 cm classes. Five censuses 
were conducted at each acoustic sampling point and were randomly distributed within 
each sampling site. Temperature and depth were also measured at the sampling sites 
every half hour during the recording sessions to investigate their potential relationship 
with ACI. Temperature was recorded with a precision thermometer (0.1°C) and depth 
with a measuring tape (0.1 cm).

https://www.ni.bio.br/
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Data and statistical analyses. Recordings were first screened using Audacity 
software (v. 2.2) to exclude segments potentially affected by noise generated during 
sonobuoy installation and underwater visual censuses. Segments affected by geophonic 
events were excluded due to their potential to interfere with the detection of fish 
sounds. The geophonic sources identified during monitoring were wind, rainfall, and 
wave action, and their exclusion ensured that subsequent analyses reflected only the 
biophonic and anthropophonic contributions relevant to the study. After the screening, 
the remaining recording time was divided into ten-minute intervals, from which two-
minute excerpts were extracted for further analysis. To achieve the first objective, sound 
components associated with sound pollution were manually analyzed using Raven Pro 
v. 1.6.5 (Bioacoustics Research Program, 2014). Fish sounds were manually analyzed in 
Raven Pro through visual screening of oscillograms, spectrograms, and power spectra. 
Fish sound identification was based on their distinctive acoustic properties, such as low-
frequency components, tonal or pulsed patterns, rhythmic structures, and often the 
presence of short-duration harmonics. Each fish sound event was counted individually, 
with each distinct emission treated as a single unit for analysis. As part of their general 
description, the identified fish sound types were also categorized according to Desiderà 
et al. (2019). In parallel, sound pollution sources were identified from contextual field 
data collected during the recordings, with each sound event attributed to a specific 
human activity and treated as an individual component. For sources producing multiple, 
closely spaced emissions (e.g., bathers), sequences were grouped as a single unit when 
intervals between sounds did not exceed two seconds. This procedure aimed to quantify 
and classify sound pollution events, focusing on their general acoustic properties. 

Unlike sound pollution sources, fish sounds lacked a confirmed visual source, and 
their identification relied solely on acoustic properties. Thus, to achieve the second 
objective of this study, an analysis of sound parameters was conducted to assess the 
reliability of fish sound type classification, ensuring consistent identification across all 
recordings. Both temporal and frequency parameters of fish sounds were analyzed, which 
included sound duration (ms), number of pulses, pulse period (ms), peak frequency 
(kHz), lowest frequency (kHz), and highest frequency (kHz) (based on Borie et al., 
2021). The temporal parameters, sound duration, number of pulses, and pulse period, 
were obtained from oscillograms. Sound duration was measured as the time between 
the beginning and end of the waveform of each sound; pulse period was calculated as 
the mean interval between consecutive pulses within the same sound. The number of 
pulses was determined by manually counting the individual pulse peaks visible in the 
oscillogram for each sound. Frequency parameters, including peak frequency, lowest 
frequency, and highest frequency, were extracted from the power spectrum of each 
sound. Peak frequency refers to the frequency at which the highest energy concentration 
occurs within the sound signal. The lowest frequency is defined as the point at which 
the signal amplitude first exceeds the background noise, while the highest frequency 
marks the point at which the amplitude returns to background levels, delimiting the 
upper boundary of the signal. 

To achieve the third objective, analyses of Root-Mean-Square (RMS) values of 
Power Spectral Density (PSD), the Acoustic Complexity Index (ACI), and underwater 
visual census data were conducted. Power Spectral Densities were obtained to visualize 
the distribution of sound energy across different frequency bands over time, allowing 

https://www.ni.bio.br/
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characterization of overall sound energy levels, identification of dominant frequency 
peaks, and comparisons among recording sites. The PSDs were performed using the 
PAMGuide tool in MATLAB 2016 (Merchant et al., 2013). A sampling rate of 44.1 kHz 
with 16-bit stereo was used, employing a Hann window, 2048-point FFT, a frequency 
resolution of 21.5 Hz, a temporal resolution of 0.5 s, and 50% window overlap (based 
on Ceraulo et al., 2018). The analyzed frequency range was set from 0.05 to 2.5 kHz. 
Although most reef fish species typically produce sounds within 0.05–2.0 kHz, the 
upper limit was extended to 2.5 kHz to allow broader visualization of peak distributions 
and potential variations in sound energy. A few fish sound types may extend beyond 
this range; however, restricting the analysis to low frequencies avoids the influence 
of high-frequency biological components from other taxa, particularly crustaceans, 
which tend to dominate those frequency bands. Accordingly, interpretations are 
restricted to low-frequency biophony, where the majority of reef fish sound production 
occurs (Erbe et al., 2016; Ceraulo et al., 2018). Calibration data for this analysis were 
based on hydrophone sensitivity (-180 dB), a gain of 39 dB, and an ADC voltage range 
of 3.535 V, with PSD values expressed in dB re 1 μPa²/Hz⁻¹. The PSD obtained in 
this study represents RMS values over the analyzed periods, which smooth short-term 
fluctuations and provide a more stable representation of overall energy distribution 
across frequency bands.

The Acoustic Complexity Index (ACI) (Pieretti et al., 2011) was applied to evaluate 
how tourism-related sound pollution factors (tourism season, tourism type, and 
exposure) relate to variations in acoustic patterns relevant to reef-fish biophony at the 
sampling sites. The ACI was selected because it measures the temporal variability of 
signal amplitude within frequency bands (Farina et al., 2011), making it suitable for 
comparing differences in reef-fish acoustic complexity across the analyzed factors. The 
index responds differently to continuous and intermittent sound sources: continuous 
anthropogenic sounds, such as boat engine noise, tend to exhibit low temporal variation 
and are generally bypassed in ACI calculation, whereas intermittent biological signals 
show greater temporal modulation and increase index values (Pieretti et al., 2011). In 
this study, the ACI was employed as a soundscape-level metric to investigate patterns 
associated with reef-fish biophony, rather than to isolate or quantify sound production 
of individual species mechanically; therefore, interpretations derived from it remain 
restricted to low-frequency biophony, where most sound production in reef fish is 
concentrated. The ACI was obtained using Kaleidoscope Pro v. 4.5.5 software (Wildlife 
Acoustics, 2019), with a sampling rate of 44.1 kHz, 16-bit stereo audio, an FFT size of 
2048 points, and a frequency resolution of 21.5 Hz (continuous temporal step). The 
analysis spanned the frequency range from 0.05 to 2 kHz, encompassing both fish sounds 
and sound pollution sources within this frequency range (Au, Hastings, 2008; Erbe et 
al., 2016). Based on the sampling conducted in the study, of the total 10 h of recordings, 
two hours were analyzed by calculating ACI in half-hour segments. Six min of audio 
were selected within each of the 30 min segments, specifically the first two-minute 
excerpt from each 10 min interval. These six min selections were then subdivided into 
36 sec audio windows, yielding 200 audio segments across the entire recording period 
at each sampling site and each tourism season. This approach enabled a more detailed 
analysis while maintaining temporal resolution over a prolonged recording duration.

https://www.ni.bio.br/
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Regarding the data from underwater visual censuses, the observed fish community 
was classified distinguishing between soniferous and non-soniferous species. For fish 
species without direct records or confirmed evidence of sound production, we used 
information from closely related taxa, such as species within the same genus or family 
documented in the literature as capable of producing sounds (based on Dobrin, 1947; 
Fish, Mowbray, 1970; Green, 1971; Tavolga et al., 2012; Tricas, Boyle, 2014; Buscaino 
et al., 2025; Dantzker et al., 2025). This classification was applied to estimate richness 
and diversity of species attributed as soniferous, which were based on true diversity 
measures (respectively based on 0Dα and 1Dα from Jost, 2006).

To evaluate whether water temperature and depth were correlated with ACI values, 
linear regression analyses were performed. As models adjusted for both metrics indicated 
no significant correlation (p < 0.05), abiotic factors were disregarded in the following 
analyses. The temperature and depth data are presented in the supplementary material 
(Tab. S2).

To compare individual sound parameters among the different fish sound types, a 
Kruskal-Wallis test was applied using the ‘kruskal.test’ function, followed by Dunn’s 
post hoc test implemented with the ‘dunnTest’ function from the FSA package (Ogle 
et al., 2025), as the data did not conform to normality assumptions based on Q-Q plots 
and the Shapiro-Wilk test, and log-transformation of raw data did not yield normal 
distributions. Sounds with single pulses were excluded from the analysis of ‘number of 
pulses’ and ‘pulse period’, as these parameters are inapplicable to single-pulse sounds. 
To visualize patterns of similarity and separation among fish sound types, a non-metric 
multidimensional scaling (NMDS) analysis was performed using the ‘metaMDS’ function 
from the vegan package (Oksanen et al., 2025). Differences among groups were then 
tested with a PERMANOVA using the ‘adonis2’ function (vegan package), followed 
by pairwise comparisons using the ‘pairwise.adonis2’ function from the pairwiseAdonis 
package (Martinez, 2020), based on the four parameters shared by all fish sound types: 
sound duration, peak frequency, lowest frequency, and highest frequency. Since ACI 
values conformed to a normal distribution, we applied a nested ANOVA using the aov 
function from the stats package. This analysis was required because the predictors were 
not orthogonal: ‘Tourism type’ (seasonal or year-round) was nested within ‘Tourism 
season’ (peak or shoulder), and ‘Exposure’ (exposed or sheltered) was nested within 
‘Tourism type’. In the context of the ‘Exposure’ categories (exposed and sheltered), both 
an NMDS analysis and statistical comparisons of the sound parameters were conducted. 
The NMDS was performed to explore overall differences between the categories, and 
Mann-Whitney U tests using the ‘wilcox.test’ function from the stats package were 
used to investigate potential differences in sound parameter values. Reef fish richness 
and diversity were estimated from underwater visual census data using the true diversity 
expressed as Hill numbers (qD) (Hill, 1973). Diversity of order 0 was used to estimate 
species richness, disregarding species abundance, while q = 1 values were used to assess 
diversity, equivalent to Shannon entropy and based on the occurrence of common fish 
species, using the entropart package (Marcon, Hérault, 2015). Linear regressions were 
performed using the ‘lm’ function from the stats package. All statistical analyses were 
performed in R v. 4.1.3 (R Development Core Team, 2022).

https://www.ni.bio.br/
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RESULTS

Sound sources and fish sound differentiation. Nine types of fish sounds were 
identified within the analyzed sampling sites (Fig. 2). Fish sounds were classified as 
pulse series (sounds 1, 4, 6, 8, and 9), fast pulse trains (sound 5), single pulses (sounds 3 
and 7), and short sequences of 2–3 pulses (sound 2), with all nine sound types exhibiting 
durations of less than 1 second. Sound 1 exhibited the broadest bandwidth, ranging 
from 0.2 to 3.8 kHz. In contrast, sound 4 showed the narrowest bandwidth, ranging 
from 0.0–0.4 kHz. Sounds 2 and 3 also spanned a wide frequency range (0.1–2.4 kHz 

FIGURE 2 | A summary of the five tourism-related sound pollution sources recorded in the studied reef environments: jet skis, speedboats, 

powered paragliding, recreational activities by beachgoers, and fishing boats. The number of occurrences is shown separately for exposed 

and sheltered sites. Frequency bands of each sound pollution source are shown in blue, representing their overall frequency ranges, whereas 

reef fish sounds are shown in green, representing the frequency bands around the dominant frequencies reported for reef fishes.

https://www.ni.bio.br/
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FIGURE 3 | Oscillograms and spectrograms of fish sounds. A. Sound 1; B. Sound 2; C. Sound 3; D. Sound 4; E. Sound 5; F. Sound 6; G. Sound 7; 

H. Sound 8; I. Sound 9. For each sound type, an oscillogram with a series of sounds emitted is shown, from which a selected portion (indicated 

by a rectangle) is magnified to highlight the time structure of the signal.

and 0.1–2.1 kHz, respectively), though narrower than sound 1. These were followed by 
sounds 5 (0.9–2.0 kHz), 6 (0.1–1.9 kHz), and 7 (0.2–2.0 kHz), which had intermediate 
ranges. Sounds 8 and 9 had narrower ranges, between 0.2–1.5 kHz and 0.2–0.9 kHz, 
respectively. Regarding the analyzed fish sound parameters, significant differences were 
detected across all variables according to the Kruskal–Wallis test (p < 0.001). Means, 
standard deviations and significance levels for the pairwise comparisons are provided 
in Tab. S3. In general, sound duration was longest in sound 4 (62.1 ± 18.5 ms) and 
shortest in sound 7 (8.0 ± 0.6 ms). The number of pulses was highest in sound 5 (25.3 
± 3.1) and lowest in sound 2 (2.5 ± 0.5). Pulse period was longest in sound 4 (6.2 ± 0.3 
ms) and shortest in sound 5 (0.7 ± 0.1 ms). Peak frequency was highest in sound 5 (1.5 
± 0.2 kHz) and lowest in sound 4 (0.2 ± 0.0 kHz). The lowest frequency was highest in 
sound 5 (0.9 ± 0.1 kHz), while most other types remained close to 0.1 ± 0.0 kHz. The 
highest frequency was greatest in sound 1 (3.8 ± 0.3 kHz) and lowest in sound 4 (0.4 ± 
0.0 kHz) (Fig. 3; Tab. S4).
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Five tourism-related sound pollution sources were identified in the analyzed sampling 
sites: jet skis, speedboats, powered paragliding, recreational activities by beachgoers, 
and fishing boats. All of these sources produced sounds with frequency ranges that 
overlapped the dominant frequency components of fish sounds, which typically 
occurred between 0.05 and 2 kHz. Jet skis and speedboats extended to the highest 
frequency bands, reaching from 0.05 up to 8 kHz and 5 kHz, respectively. Powered 
paragliding, recreational activities by beachgoers, and fishing boats, with frequencies 
extending up to 4 kHz (Fig. 4).

Overall, sites that had higher numbers of fish sounds had fewer instances of sound 
pollution records. This was more evident in the sheltered sites, where fish sounds 
were the most frequent, whereas exposed sites showed greater occurrence of sound 
pollution sources (Fig. 4; Tab. 1). Among the identified fish sound types, sound 8 was 
the most frequently recorded, with a total of 560 occurrences, whereas sound 2 was the 
least frequent, with 42 occurrences. Regarding sound pollution sources, recreational 
activities by beachgoers were the most common, with 157 occurrences in exposed sites, 
while fishing boats were the least frequent, with 16 occurrences across exposed and 
sheltered sites. 

FIGURE 4 | Distribution of sound parameters measured across nine distinct fish sound types. Boxplots represent the median (line), interquartile 

range (box), and range excluding outliers (whiskers), with individual data points overlaid and mean values indicated by diamonds. Parameters 

shown are: (A) sound duration (ms), (B) number of pulses, (C) pulse period (ms), (D) peak frequency (kHz), (E) lowest frequency (kHz), and (F) 

highest frequency (kHz). Superscript letters indicate statistically significant differences among sound types for each parameter. For sound 

types 3 and 7, which consist of a single pulse, the parameters “number of pulses” and “pulse period” are not measurable.
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The NMDS of sound parameters showed a clear separation of the nine sound types, 
suggesting individualization among these sounds according to their sound parameters 
(Fig. 5). These patterns were corroborated by the PERMANOVA results (main test R² 
= 0.899, Pseudo-F = 4819.36, and p = 0.001), which showed on pairwise comparisons 
that all sound types differed significantly from one another (Tab. S5).

Reef fish acoustic responses to tourism noise. Across the sampled sites, two main 
sound energy peaks were observed in the RMS PSD analyses, between 0.4–0.5 kHz 
and 1.6–2 kHz, both associated with fish sounds (Fig. 6). These sound energy peaks 
were more prominent during the shoulder tourism season, particularly at sheltered sites 
in both the year-round and seasonal tourism areas. In contrast, the exposed site in the 
seasonal area showed lower energy levels with some fluctuations at lower frequencies. 
During the peak tourism season, both energy peaks occurred only at the sheltered site in 
the seasonal area, while the other sites showed only the higher-frequency energy peak. 
In this context, the RMS-PSD values showed flatter spectral shapes and higher energy 
levels at 0.05–0.3 kHz., suggesting the influence of sound pollution. At the exposed site 
in the year-round area, PSD started at ~110 dB re 1 µPa²/kHz⁻¹ and decreased to ~100 
dB (0.05–0.3 kHz), lacking the lower-frequency peak but showing a mild rise to 95 
dB at higher frequencies. Conversely, at the sheltered site during the shoulder season, 
values began at ~75 dB, with two well-defined peaks at 95 and 100 dB, consistent with 
fish sound activity.

The nested ANOVA results indicated that exposure was the only factor with a 
statistically significant effect on the ACI within the 0.05–2 kHz frequency range (F = 
804.33, p < 0.001). In contrast, tourism season and tourism type did not significantly 
influence ACI values (Tab. 2). Overall, ACI values were consistently lower in exposed 
sites and during the peak season, particularly in year-round tourism area, with the 
lowest mean recorded at exposed sites within year-round tourism area during the peak 
season and the highest at sheltered sites within seasonal tourism area during the shoulder 
season (Tab. 3).

TABLE 1 | Classification of fish sound types and their occurrences at exposed and sheltered sites, 

considering year-round and seasonal tourism areas during peak and shoulder seasons.

Sound types

Peak Shoulder 

Year-round Seasonal Year-round Seasonal

Exposed Sheltered Exposed Sheltered Exposed Sheltered Exposed Sheltered

Sound 1 108 16 63 59 55

Sound 2 15 11 4 8 4

Sound 3 113 40 200 96

Sound 4 44 17 14 11

Sound 5 85 14 61 24 83 79 170

Sound 6 36 26 69

Sound 7 75 54 29 42 119

Sound 8 107 7 84 12 142 93 117

Sound 9 58 37 45 44 57
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FIGURE 5 | Non-metric multidimensional scaling ordination based on sound parameters of the nine 

identified fish sound types. Small colored dots represent individual sounds, grouped within polygons 

that outline the multivariate space occupied by each sound type. Large black-edged circles indicate the 

centroids of each group. 

FIGURE 6 | Power spectral density (root-mean-square values) denoting the spectral distribution of sound energy across different frequencies 

at the analyzed sites, in peak and shoulder tourism seasons. P1 and P2 represent the most prominent frequency peaks identified in the 

recordings.
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When evaluating the potential effects of exposure on the sound parameters of fish 
sounds, no statistically significant differences were found between sheltered and exposed 
sites (Mann-Whitney U test, p > 0.05 for all sound parameters; Tab. S6). However, 
differences were observed in the composition and occurrence of fish sound types 
between these two exposure categories. Considering that exposure was the only factor 
influencing ACI values, the NMDS analyses also revealed differences in the composition 
of fish sounds between levels of this factor (Fig. 7). All nine sound types occurred in 
sheltered sites, whereas sounds 3, 4, and 6 were absent in exposed sites. Sound 3 is 
characterized by a single short-duration pulse, with a low peak frequency and a broad 
frequency bandwidth. Sound 4 consists of a long pulse series, with a high number 
of pulses and a narrow frequency bandwidth restricted to low frequencies. Sound 6 
corresponds to a short pulse series, with few pulses and a broad frequency bandwidth. 
Among these, sounds 4 (86 occurrences) and 6 (131 occurrences) were among the 
rarest in the dataset, whereas a similar pattern was not observed for sound 3, which 
was relatively frequent (449 occurrences). A decline in the occurrence of other sound 

Factor Df Sum Sq Mean Sq F value p-value

Tourism season 1 551116.52 551116.52 6.64  0.12

Tourism type (within tourism season) 2 165881.96 82940.98 0.37  0.71

Exposure (within tourism type) 4 906564.89 226641.22 804.33 < 0.001

Residual 1592 448585.73 281.77

Tourism 
seasons

Tourism type Exposure
ACI values (0.05–2 kHz)

Mean ± Standard 
deviation

Minimum – maximum

Peak

Year-round
Exposed 104.2 ± 4.4 96–117.3

Sheltered 152.3 ± 11.2 164.2–182.8

Seasonal
Exposed 122.9 ± 13.3 105.1–182.6

Sheltered 161.5 ± 10.1 115.3–217.5

Shoulder 

Year-round
Exposed 128.6 ± 3.6 120.7–138.5

Sheltered 190.9 ± 31.3 131–250

Seasonal   
Exposed 161.5 ± 28.3 133.2–188.6

Sheltered 203.4 ± 5.4 173.2–217.7

TABLE 2 | Results of the nested ANOVA assessing the effects of tourism season, tourism type (nested 

within tourism season), and exposure (nested within tourism type) on the Acoustic Complexity Index 

within the 0.05–2 kHz frequency range. Reported values include degrees of freedom (Df), sum of squares, 

mean squares, F statistics, and significance levels (p ≤ 0.05).

TABLE 3 | Mean, standard deviation, minimum, and maximum values of the Acoustic Complexity Index 

within the 0.05–2 kHz frequency range, obtained from each sampling site during peak and shoulder 

tourism seasons.
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types was also observed at exposed sites. However, sound 1 had the highest number of 
occurrences in these exposed sites. This sound corresponds to a long-duration pulse 
series, with an intermediate number of pulses and the broadest frequency bandwidth 
among the recorded sounds. In the total dataset, sound 1 was among the most frequent 
sound types, with 301 occurrences.

Underwater visual censuses revealed similar patterns between total and soniferous 
fish assemblages, as most observed species were soniferous. The total species richness 
across sites ranged from 18 to 23, while the number of soniferous species ranged from 
17 to 21 (Tab. S7). A spatial divergence in soniferous fishes total richness and abundance 
was observed, with the highest number of species (21) and individuals (1,368) being 
registered at the exposed site of the year-round tourism area. Richness (⁰Dα) of soniferous 
fishes was also higher in the year-round tourism area, at the exposed site (13 ± 2.7). In 
contrast, diversity (¹Dα) varied little across sites, ranging from 5.0 ± 3.2 to 6.4 ± 1. A 
descriptive comparison with ACI values shows patterns that did not correspond with 
the distribution of soniferous fish among sites; despite presenting the highest richness 
of soniferous species, the year-round tourism area at the exposed site showed the lowest 
mean ACI values in both peak and shoulder seasons. Oppositely, the seasonal tourism 
area at the sheltered site showed the highest ACI values in both seasons while having 
intermediate richness of soniferous species (Fig. 8).

FIGURE 7 | Non-metric multidimensional scaling (NMDS) ordinations of the nine identified fish sound types at sheltered and exposed sites. 

Small colored dots represent individual sounds, grouped within polygons that outline the multivariate space occupied by each sound type. 

Large black-edged circles indicate the centroids of each group. Stress values were 0.031 for sheltered sites and 0.046 for exposed sites.
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DISCUSSION

Our results revealed nine distinct fish sound types in coastal reefs of northeastern Brazil, 
and tourism-related sound pollution showed indications of overlap with the frequency 
bands in which these sounds occur, suggesting potential interference with their 
detectability and with soundscape-level patterns of biophony. Fish sounds generally 
have dominant frequencies between 0.05 and 2 kHz (Carriço et al., 2019; McCordic 
et al., 2021; this study), and tourism-related sound pollution occurs within similar 
frequency bands, which may influence their detectability or expression within the 
soundscape. Behaviorally, fish produce sounds in various contexts, including territorial 
defense, courtship, mating, feeding, predation, and predator detection (Bertucci et al., 
2014; Van Oosterom et al., 2016; Ladich, 2019; Amorim, 2023; Banse et al., 2024a; 
Azofeifa-Solano et al., 2025), and their suppression may result in alterations in these 
behaviors, potentially affecting their population dynamics (Fonseca, Amorim, 2019; 
Popper, Hawkins, 2019). Our results also showed that, although areas under greater 
influence of tourism-related sound pollution supported a high diversity of soniferous 
reef fishes, the frequency of their acoustic records was reduced, and some sound types 
were not detected in the soundscape, suggesting reduced detectability under noisier 
conditions. Fish sounds that were still recorded in these more impacted environments did 

FIGURE 8 | Boxplots of the Acoustic Complexity Index (ACI) at each sampling site during peak and shoulder tourism seasons. Boxplots show 

the median (line), interquartile range (box), whiskers excluding outliers, and individual data points; diamonds indicate mean values. Species 

richness (⁰D) and true diversity (¹D) of soniferous fishes obtained from underwater visual censuses are also shown as mean ± SD.
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not show changes in the characteristics of their sound parameters; still, their occurrence 
was substantially reduced. Future studies quantifying signal-to-noise ratios, noise levels 
within relevant frequency bands, detectability thresholds, and sound presence under 
controlled noise conditions would help elucidate the mechanisms driving reduced 
biophony in noisy environments. 

Among the nine distinct types of fish sounds, sound 1 exhibited similarities with 
the grunts produced by the family Haemulidae (3 to 9 pulses, duration between 28 
and 100 ms, peak frequency between 0.2 and 1.9 kHz; Xavier et al., 2024). Sound 2 
was consistent with the pop sounds emitted by the family Pempheridae (1 to 7 pulses, 
duration between 7 and 9 ms, peak frequency of approximately 405 Hz; Radford et al., 
2015). Sounds 3 and 8 had characteristics that corresponded with two sound patterns 
of the family Pomacentridae: single-pulse pops (duration < 50 ms, peak frequency near 
0.5 kHz) associated with agonistic and territorial defense behaviors (sound 3), or multi-
pulse chirps (sound 8), with duration ranging from less than 50 ms to over 100 ms, 
and peak frequency below 1 kHz, which is produced during courtship and territory 
maintenance (Fish, Mowbray, 1970; Santiago, Castro, 1997; Maruska et al., 2007; 
Parmentier et al., 2016). Sound 4 exhibited characteristics typical of grunts from the 
family Batrachoididae, presenting 8 to 15 pulses, a duration of 50 to 150 ms, and a peak 
frequency of 0.1 to 0.2 kHz (Bohnenstiehl, 2023). Sounds 7 and 9 showed attributes 
similar to two sound types produced by the family Holocentridae: single-pulse knocks 
(duration between 7 and 12 ms, peak frequency 340 to 410 Hz; sound 7), or multi-pulse 
grunts (3 to 9 pulses, duration between 17 and 60 ms, peak frequency 271 to 342 Hz; 
sound 9), both associated with conspecific chasing (Banse et al., 2024b). Sounds 5 and 
6 did not show strong affinities with the characteristic sounds of specific groups, but 
can feasibly be associated with the families Ophidiidae and Batrachoididae, respectively, 
based on pulse count and acoustic characteristics, although further investigation is needed 
(Parmentier et al., 2010; Fine, Waybright, 2015). Overall, these associations are tentative 
and reflect plausible acoustic affinities based on available bioacoustic descriptions and 
phylogenetic proximity. Other taxa with poorly characterized acoustic repertoires may 
also contribute to these sound types, and species-specific measures would be necessary 
for definitive attribution of sounds to fish species.

Most of the reef fish sounds recorded in this study can be associated withthose 
produced by damselfishes (sounds 3 and 8, with 449 and 560 records, respectively), 
one of the most abundant families registered in the visual censuses. This predominance 
reflects both their abundance in reef habitats and their strong contribution to the marine 
biophony (Chaves et al., 2021; Lessa et al., 2025). Their high number of detections 
may also be related to recurrent diurnal behaviors, such as territory defense and algal 
garden maintenance, which often involve acoustic signaling (Parmentier et al., 2016; 
Weimann et al., 2018). Conversely, sounds similar to those generated by pempherids 
(sound 2, with only 42 records) showed the fewest detections, possibly reflecting their 
nocturnal habits and a tendency to remain sheltered and less active during the day 
(Radford et al., 2015). Intermediate numbers of records were observed for other groups, 
such as those associated with Haemulidae (sound 1, with 301 records), which are sounds 
normally emitted during social contact, disturbance, or feeding events (Moulton, 1958; 
Tavolga, 1965; Bertucci et al., 2014), and with Holocentridae (sounds 7 and 9, with 319 
and 241 records, respectively). The latter, although primarily nocturnal, also engage in 
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diurnal social spacing interactions that may favor sound detection (Banse et al., 2024a,b). 
Sounds associated with Batrachoididae (sound 4, with 86 records) were detected even 
though no individual was registered in visual censuses, showing that passive acoustic 
monitoring can reveal the presence of cryptic species with sporadic vocal activity 
(Picciulin et al., 2019; Wirth, Warren, 2020). Although these behavioral and ecological 
aspects partly explain the variation in sound occurrence among groups, environmental 
factors, particularly those related to sound pollution sources, may also influence the 
detectability and temporal dynamics of reef fish sounds.

In this context, when evaluating how sound pollution sources relate to the sounds 
emitted by reef fishes, differences were observed between exposed and sheltered sites: 
sounds 3, 4, and 6 were absent in exposed areas, and sound occurrences were generally 
lower. Although naturally low occurrences of particular species or differences in acoustic 
activity periods cannot be completely ruled out, the consistency of the results among 
sites suggests that noise associated with tourism activities may contribute to these 
patterns.. In this context,, three main mechanisms may explain the absence of some fish 
sounds: (1) masking, in which emitted sounds are covered by sound pollution sources 
(Popper, Hawkins, 2019), reducing their detectability both for natural receivers and for 
passive acoustic monitoring; (2) temporary suppression of sound emission, when fishes 
reduce or cease their vocalizations under high levels of sound pollution sources, such as 
that produced by boat engines (Alves et al., 2021); and (3) displacement of individuals 
to acoustically more favorable habitats, as previously reported for larger fishes leaving 
noisy areas (Weilgart, 2018). The latter mechanism, however, seems less likely in the 
context of this study, since sites more exposed to noise showed greater richness and 
abundance of soniferous species. Thus, the first two mechanisms are the most plausible 
and may act simultaneously; nevertheless, additional studies, especially those employing 
species-specific approaches, are needed to elucidate better the effects of sound pollution 
on the sound emissions of reef fishes.

Analyses of the effects of sound pollution sources on reef fish sounds, using PSD 
and ACI metrics, supported the influence of tourism and site exposure at the sampled 
locations. PSD analyses revealed two main peaks of sound energy at frequencies typically 
associated with fish sounds, between 0.4–0.5 kHz and 1.6–2 kHz, as also reported by 
Jarriel et al. (2024). Still, these peaks may have been distorted in contexts with high levels of 
tourism-related sound pollution. During peak tourism season, the lower-frequency peak 
was absent at most sites, and RMS PSD values were comparably elevated and flattened 
at low frequencies (0.05–0.3 kHz), a range commonly dominated by sound pollution 
sources such as boat traffic (Kaplan, Mooney, 2015). Conversely, at sites with lower noise 
conditions (e.g., sheltered sites during the shoulder season), both energy peaks were more 
prominent, indicating higher fish acoustic activity in the soundscape. Similarly, ACI 
values were lower at exposed sites, reflecting reduced acoustic complexity under higher 
noise conditions. These patterns collectively indicate an association between tourism-
related sound pollution and reduced detectability and acoustic complexity of fish sounds 
(Bertucci et al., 2016; Picciulin et al., 2022; Duane et al., 2024).

Although the results obtained are relevant, it is important to consider certain 
limitations. The application of ACI, for example, may pose constraints for monitoring 
reef fish communities, as its calculation can vary depending on the software, parameters, 
and analysis protocols used, leading to differences between studies and study areas 
(Bolgan et al., 2018). In addition, this index is sensitive to the specific characteristics 
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of each reef soundscape; factors such as habitat complexity, reef morphology, seasonal 
variability, and the intensity of biological and anthropogenic sound sources can 
influence its values (Lindseth, Lobel, 2018). Importantly, the effects of anthropogenic 
noise on ACI are not uniform, as this metric responds differently to sound sources 
depending on their temporal structure. As ACI appraises changes in modulation across 
time snippets, continuous sounds with low variability, such as those produced by boat 
engines and motors, the most common component of sound impacts in our study area, 
tend to reduce ACI values. Conversely, temporally more modulated sounds, such as 
biologically produced sounds, tend to increase them (Pieretti et al., 2011). This distinction 
aligns with the conceptual basis of ACI and with classical distinctions between hi-fi 
and lo-fi soundscapes (Schafer, 1977), in which the nature of anthropogenic inputs 
determines whether acoustic complexity increases or decreases. Despite this potential 
bidirectionality, our results showed an consistent decrease in ACI values in more 
exposed sites, supporting a scenario in which continuous noise overlaps with and masks 
lower-frequency biophonic components. The monitoring period employed in this 
study was adequate to evaluate associations between tourism-related sound pollution 
and variation in reef fish biophony; however, long-term monitoring could provide 
a deeper understanding of such dynamics, revealing temporal trends and cumulative 
effects that may complement and expand the evidence presented here. Nevertheless, the 
patterns observed represent an important foundation for understanding how tourism-
associated noise may influence reef fish sound production and the structure of marine 
reef soundscapes.

Building on these findings, assessing the influence of tourism-related sound 
pollution on reef fish biophony is essential to understanding and protecting the 
ecological functions associated with these signals. Measuring how such disturbances 
affect the communication and sound production of these fish is vital for maintaining 
vital processes, such as reproduction, territorial defense, and social interactions (Van 
Oosterom et al., 2016; Ladich, 2019; Amorim, 2023; Azofeifa-Solano et al., 2025). These 
evaluations are even more critical in areas such as the northeastern coast of Brazil, where 
coral reefs are often located just a few meters from the shoreline (Leão et al., 2016) and 
are therefore particularly vulnerable to human activities, especially tourism (Ferreira, 
Maida, 2006). In this context, our results highlight the need to integrate data on reef 
fish sounds into the management plans of marine protected areas, thereby supporting 
the creation of measures such as regulating visitation schedules, defining acceptable 
noise levels, identifying the most harmful sound sources, and restricting activities that 
generate these impacts. Such actions could help mitigate the effects of tourism-related 
sound pollution and support the ecological functions sustained by reef fish sounds.In 
addition, the incorporation of new techniques, such as high-sensitivity hydrophones, 
real-time remote monitoring systems (Noble et al., 2024; Indeck et al., 2025), and 
machine learning approaches for the classification of fish sounds (Minier et al., 2025), 
may further expand the monitoring capacity in the future. This will provide even more 
robust information to support management measures, such as the creation of acoustic 
protection zones, the limitation of vessel traffic during critical reproductive periods, and 
the implementation of guidelines for low-impact recreational activities (McCloskey et 
al., 2020; Bosi et al., 2023). Such initiatives are vital to increase the resilience of reef 
ecosystems in the face of growing sound pollution sources pressures.
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