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Introduction 
The generation of sound is important in the lives of numer-

ous marine organisms, as it plays a pivotal role in their surviv-
al, communication, and reproductive behavior. Large marine 
mammals like whales utilize sound for various purposes, in-
cluding avoiding predatory risks, orientation, and prey detec-
tion (Tyack 2008, Radford et al. 2011, Parks et al. 2014). Simi-
larly, several fish species incorporate sound production into 
their mating rituals, covering the courtship and mate selec-
tion processes (Lobel 1992, Schärer et al. 2014, Tellechea et al. 
2022, Popper et al. 2024). Evidence suggests that some marine 
bottom—dwelling species (i.e., crabs) use sound to defend their 
territories (Radford and Stanley 2023). Sounds are vital even 
in species that do not generate them directly. For instance, 
pelagic larvae of certain marine invertebrates, including cor-
als and crustaceans, rely on sounds to settle on appropriate 
substrates (Tolimieri et al. 2002, Simpson et al. 2008, Vermeij 
et al. 2010, Radford et al. 2011). These examples underscore 
the potential significance of sound in shaping the structure of 
marine populations and communities. 

Animal sounds are pervasive in marine ecosystems 
(Mooney et al. 2020, Lin et al. 2021). Consequently, under-
water soundscapes can offer valuable insights into the dynam-
ics and health of marine environments (Duarte et al. 2021, 
Williams et al. 2022). The study of marine underwater sounds 
has increased exponentially since the early 2000s, reflecting an 
increased focus on understanding the acoustic dimensions of 
aquatic ecosystems (Lindseth and Lobel 2018). To characterize 
marine bioacoustic environments, scientists have turned to us-
ing sound recorders or acoustic sensors, which can be deployed 

in the field for prolonged periods (Browning et al. 2017). This 
approach, known as Passive Acoustic Monitoring (PAM), is 
not only a non—invasive method for long—term monitoring, 
but because various organisms often produce sounds, it can 
also complement the measurement of marine biodiversity. 
In particular, PAM enhances the probability of detecting the 
presence of cryptic species that are often challenging to survey 
using traditional visual methods. Hence, the data generated 
through PAM can inform evidence—based management deci-
sions with the potential to contribute to preserving marine 
biodiversity (Nedelec et al. 2015).

In the Caribbean, several bioacoustics studies have been 
undertaken to characterize spatiotemporal variations in bio-
diversity (Freeman and Freeman 2016, Kaplan et al. 2018, La 
Manna et al. 2021, Lin et al. 2021), establish connections be-
tween the underwater soundscape and coral reef health (Piercy 
et al. 2014, Lamont et al. 2022) and assess how anthropogenic 
sounds, such as noise, affect the biology and ecology of coral 
reef communities (Simpson et al. 2016, Ferrier—Pagès et al. 
2021). Despite these efforts, a definitive pattern regarding the 
diel trends in sound production within coral reefs remains 
elusive, limiting the applicability of PAM for monitoring pur-
poses in the region.

While the innovative use of sounds as an alternative metric 
for evaluating coral reef diversity has gained attention, debate 
persists regarding the efficacy of PAMs in accurately reflect-
ing reef biodiversity (Mooney et al. 2020, Dimoff et al. 2021). 
Thus, before achieving widespread acceptance as a method 
for estimating biodiversity, several critical issues must be 
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Abstract: Once vibrant ecosystems, coral reefs are degrading at unprecedented rates due to natural and human—induced disturbances, 
necessitating immediate restoration and conservation efforts. Evaluating the success of these projects often involves assessing changes in reef 
biodiversity. Bioacoustics has emerged as a promising, non—invasive method for such evaluations, though its efficacy remains debated. This 
study aimed to determine whether the diurnal soundscapes of restored coral reefs are consistent across different time frames (months) and 
spatial scales (reefs), which is crucial for developing reliable monitoring tools for reef health. To achieve this, 2 commonly used acoustic indi-
ces, the Acoustic Complexity Index (ACI) and Mean Sound Pressure Level (SPL), were employed to describe the underwater soundscape of 
3 restored coral reefs in Culebra, Puerto Rico. The results showed that neither acoustic index followed a clear diurnal pattern, with consider-
able variation across studied locations and sampling days. The lack of consistent diurnal patterns across space and time suggests that ACI 
and SPL alone may not be ideal for comparing coral reef health, particularly as indicators of biodiversity. Instead, these sound metrics should 
complement other monitoring methods, such as visual and video census techniques, when evaluating the biodiversity of coral reef ecosystems.
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carefully considered. These encompass the interpretation of 
diverse sound sources, comprehension of potential variations 
in sound production driven by environmental changes, and 
the necessity for standardized analysis methods (Mooney et al. 
2020, Dimoff et al. 2021).

Determining whether bioacoustic signals show spatiotem-
poral consistency in restored coral reefs also holds significant 
implications for developing effective biodiversity monitoring 
protocols. For instance, if bioacoustic signals exhibit spatio-
temporal specificity, monitoring efforts could be concentrated 
during these periods, thereby maximizing the efficient al-
location of resources such as funding and manpower. Fur-
thermore, establishing a baseline for the diel patterns of reef 
soundscapes is a crucial reference point, not only for identify-
ing normal variations but also enabling the detection of abnor-
mal patterns that may indicate changes in the composition or 
behavior of marine organisms.

The primary objective of this study is to contribute to the 
existing body of knowledge on the spatiotemporal dynamics of 
coral reef soundscapes. Specifically, our investigation focused 
on determining whether patterns of biological sounds exhibit 
diurnal consistency across sampling days and reefs. While 
many bioacoustic studies emphasize crepuscular periods, 
acoustic activity during daylight hours can also reveal essen-
tial ecological dynamics on coral reefs. Diurnal fluctuations 
in sound production are shaped by processes such as grazing, 
invertebrate movement, predator—prey interactions, competi-
tion, and reproductive behaviors (Remage—Healey et al. 2006, 
Kennedy et al. 2010). Hence, capturing these intra—daily varia-
tions is particularly important when assessing the soundscape 
of restored reefs and evaluating their ecological function. 

We chose to concentrate on coral reefs because of their sta-
tus as highly productive and biodiverse ecosystems, offering 

crucial ecological services such as food provision, coastal pro-
tection, and employment opportunities. Despite their signifi-
cant contribution, coral reefs face severe threats and are among 
the most endangered ecosystems. Recent estimates indicate a 
staggering loss of 63% of global coral reef biodiversity since 
the 1950s (Eddy et al. 2021). To develop effective management 
and conservation strategies for these imperiled ecosystems, ac-
curate measurements of reef biodiversity are essential. 

The study was conducted in 3 reef areas within the island 
municipality of Culebra, Puerto Rico. Given the differences 
in reef geomorphology (i.e., topographic relief), we expected 
spatial variability in acoustic signals both within and across 
sites. Areas with greater structural complexity were anticipat-
ed to exhibit richer and more variable soundscapes, whereas 
reefs with comparable benthic composition and topography 
were expected to produce more uniform acoustic patterns. We 
also anticipated diurnal variability in soundscapes, as it is well 
established that many reef—associated organisms, including 
soniferous fishes, vary in acoustic activity throughout the day. 
In contrast, we did not expect significant differences in diurnal 
patterns across sampling days, as we assumed that community 
composition and abiotic conditions would remain relatively 
stable over the short duration of the study, particularly in the 
absence of major disturbances. We believe that the findings of 
our research will provide valuable insights into the use of coral 
reef bioacoustics surveys to describe the complex dynamics of 
coral reef soundscapes, contributing to the foundation for in-
formed conservation and management strategies. 

Materials and Methods
Study Sites
This study was performed at 9 substations across 3 coral 

reef sites along the western coast of the island municipality of 
Culebra, Puerto Rico (Figure 1). The 3 reef sites were Punta 

Maguey (MAG), Punta 
Melones (MEL), and 
Punta Tampico (TAM). 
At each site, and before 
the study started, popu-
lations of the threatened 

Figure 1. Study area. A. 
The study was conducted 
at 3 coral reef systems lo-
cated along the west coast 
of the Island municipality 
of Culebra, Puerto Rico.  B. 
Melones (MEL = red), Tam-
pico (TAM = green), and 
Maguey (MAG = blue). 
C. The 3 subareas used for 
the photography survey and 
hydrophones deployment 
at MEL (red dots), TAM 
(green dots) and Maguey 
(blue dots).
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coral species Acropora cervicornis and A. palmata were restored 
through the outplanting of nursery—reared colonies. These 2 
coral species provide habitat for multiple reef—dwelling organ-
isms, including fish (Hernández—Delgado et al. 2025). Hence, 
their presence could play a role in the soundscape dynamics 
of the studied sites. The density of coral outplants was similar 
across the 3 reef areas, averaging about one colony/m2. Prior to 
deploying the hydrophones, the benthic composition of the reef 
areas was described by photographic surveys using 1 m² quad-
rats. Each of the 3 reefs was surveyed at 3 replicate substations 
(Figure 1C), where the hydrophones were later deployed. The 
substations within each reef were spaced about 100 m apart. 
Images of the quadrats (n = 30—40 per site) were analyzed us-
ing the free software Coral Point Count with Excel Extension 
(CPCe; Kohler and Gill 2006). For each image, 100 random 
points were superimposed, and the benthic component beneath 
each point was identified. Percent cover was then calculated by 
dividing the number of points assigned to each category by 100 
and multiplying by 100. Rugosity of each substation was based 
on Santiago—Padua et al. (2023) (i.e., MEL) or calculated in—situ 
using the chain methodology (see Supplemental Table S1).

Acoustic Recordings
 At each substation, a recording unit consisting of an SQ26—

08 hydrophone (Cetacean Research Technology) paired with a 
Tascam DR—05X recorder was deployed (Supplemental Figure 
S1). The hydrophones were factory—calibrated with a frequency 
response up to ~100 kHz and a sensitivity of –193 dB re 1 V/
μPa. At each of the substations in MEL, hydrophones were de-
ployed in sand patches located about 2 m from the reef. Hydro-
phones were not placed directly on the reef structure because 
it is a shallow fringing reef with depths ranging from < 1 m to 
about 5 m. The reef is characterized by a gentle slope extending 
roughly 15 m from the shore. Given this shallow and variable 
bathymetry, placing hydrophones directly on the reef would 
have risked contact with the substrate. Instead, hydrophones 
were suspended at least 1 m above the seafloor to prevent them 
from striking corals, rocks, or other benthic structures. At the 
MAG and TAM sites, restoration efforts were conducted within 
delineated 100 m² areas (10 m × 10 m). We leveraged these 
predefined zones by deploying hydrophones near the center of 
each restored area to ensure proximity to coral outplants while 
avoiding contact with any benthic structures.

Because we did not have access to underwater housings that 
could protect the recorders from long—term submersion, they 
were placed in floating, waterproof casings (Supplemental Fig-
ure S1) anchored to the seafloor using paracord lines tied to 
cement blocks. A rebar was installed at each substation to mark 
the exact deployment location. The hydrophones, connected 
to the recorders inside the casings, were suspended about 1 m 
above the seabed. The cables were left with sufficient slack to 
allow free movement with water motion, minimizing the risk 
of tension—induced vibrations. The recorder units were labeled 
with unique identification numbers to ensure that the same 
unit was placed at its respective location during subsequent sur-
veys. Throughout the recording period, no strumming or vibra-
tion—induced noise was detected in the spectrograms. Spectro-

grams were reviewed for signs of vibrational artifacts (e.g., tonal 
bands or harmonic structures typical of line strumming), and 
none were observed.

Due to the considerable boat traffic in the study area, leaving 
surface—floating recording units unattended at night posed a 
significant risk of collision or interference. Therefore, deploy-
ments were conducted only during daylight hours on sunny 
and calm days to minimize noise from external metocean in-
fluences such as waves, wind, and rain. Recordings were con-
ducted from 7:00 a.m. to 5:00 p.m. in July 2022, August 2022, 
September 2022, and January 2023 (see Supplemental Table 
S2 for specific sampling dates). However, the January record-
ing for substation TAM—20 was lost when the recorder became 
submerged and damaged. Each site was recorded for one day 
during each sampling date, with all substations within a reef 
recorded on the same day.

The sampling rate was 96 kHz, enabling detection of acous-
tic signals up to 48 kHz (Nyquist frequency). All recorded reef 
sound data were subsampled to assess daily variability and dif-
ferences among sites. One minute representative subsamples 
were extracted from each recorded hour using a Fast Fourier 
Transform (FFT) window size of 2048 samples. The software 
Raven Pro was used to select one-minute sub-samples, which 
were subsequently analyzed acoustically following the methods 
described by Lamont et al. (2022). Each 1 min subsample was 
visually inspected and audited using spectrograms to identify 
and exclude segments containing anthropogenic noise. While 
we did not quantify the exact number of excluded samples, 
those showing clear signs of interference (e.g., boat engines or 
aircraft) were removed to ensure the analysis focused on bio-
logically relevant reef sounds. The first minute free of anthro-
pogenic noise was selected for analysis. 

Acoustic Complexity Index and Sound Pressure Level
Two of the most common acoustic indices (Acoustic Com-

plexity Index: ACI and Sound Pressure level: SPL) used to de-
scribe underwater soundscape were examined within 3 differ-
ent frequency bands (Pieretti and Danovaro 2020, Lamont et 
al. 2022). These included 1) the low—frequency band between 
20 and 1000 Hz, 2) the mid—range frequency band between 
2000 and 7000 Hz, and 3) the whole (i.e., full) frequency band, 
ranging from 20 Hz to 48000 Hz. To avoid aliasing, we limited 
our analysis to frequencies below the Nyquist limit, which for 
our 96,000 Hz sampling rate was 48,000 Hz (96,000 Hz/2 ​= 
48,000 Hz). The frequency bandwidths were specifically chosen 
because of their capacity to obtain information about ecosys-
tem functions and communities (Nedelec et al. 2015, Bertucci 
et al. 2016, Pieretti et al. 2017, Lamont et al. 2022). For example, 
fish vocalizations have been identified in the low—frequency 
band with sounds < 800 Hz (Tricas and Boyle 2014), while 
frequencies between 2000−7000 Hz are dominated by sounds 
produced by benthic invertebrates (i.e., shrimps, Nedelec et al. 
2015, Lamont et al. 2022).

The ACI is an algorithm designed to directly quantify com-
plex biotic sounds by assessing the variability of the intensities 
recorded in audio recordings, even amidst continuous human—
generated noise. The ACI is calculated following a series of 
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equations based on a matrix of sound intensity values that 
are extrapolated from sound spectrograms. From the matrix, 
the absolute differences between adjacent values in a frequen-
cy bin are calculated and then summed for specific time seg-
ments. This step is followed by dividing the resulting sum by 
the total intensity values for the specific segment. The ACI is 
then calculated by combining the values from all frequency 
bins for the entire recording (Pieretti et al. 2011). ACI values 
were obtained using the Soundecology R v.4.1.2 package, with 
a default j=60s cluster size (www.r—project.org/; Sueur et al. 
2008, Villanueva—Rivera et al. 2018). 

The SPL, the most ubiquitously employed acoustic metric, 
expresses the root—mean—square (RMS) sound amplitude 
within a given time window and frequency range as a single—
decibel (dB) level (Merchant et al. 2015, Pieretti et al. 2017). A 
Hamming Fast—Fourier Transform (FFT) window of 512 sam-
ples and 50% overlap was used for both computation analyses. 
The SPL was analyzed using the PAM Guide (Nedelec et al. 
2015). 

Data Analysis 
Following previous studies focusing on coral reef sound-

scapes (Ferguson et al. 2022, Lamont et al. 2022), we modelled 
the response variable (ACI, SPL) using a generalized linear 
mixed—effects model (GLMM). The GLMMs are well—suited 
for analyzing hierarchical (i.e., substations nested within reefs) 
data by accounting for random effects at multiple levels. More-
over, GLMMs provide a flexible framework for analyzing non—
normal data by relaxing traditional assumptions such as nor-
mality and homoscedasticity (Bolker et al. 2009, Bolker 2015). 
This framework also allows for the comparison of alternative 
models using information—theoretic criteria such as AIC.

The GLMMs were fitted using a Gamma distribution with a 
log link, implemented via the glmmTMB package in R (Brooks 
et al. 2017). Although lme4 can also fit Gamma GLMMs, glm-
mTMB was selected because it offers greater 
flexibility for non—Gaussian models and of-
ten provides more stable estimation for com-
plex model structures, including those with 
multiple random effects or interaction terms. 
Additionally, glmmTMB allows more explicit 
control over dispersion and model specifica-
tion, which can be advantageous for continu-
ous, positively skewed acoustic metrics. We 
also used the glmmTMBControl function 
to increase the maximum number of itera-
tions (iter.max = 10000, eval.max = 10000) 
to ensure model convergence given the model 
structure (Brooks et al. 2025). Fixed effects in-
cluded Substation and Hour, while Sampling 
Date (i.e., date of data collection) was included 
as a random intercept to account for repeated 
measures across sampling days.

We focused our spatial analysis at the sub-
station level rather than at the broader reef 
scale because we expected that microhabitat 
features such as depth, rugosity, and benthic 

composition would influence acoustic variation. As noted 
above, we anticipated spatial heterogeneity even within indi-
vidual reefs. Therefore, we considered “Substation” to be the 
more appropriate spatial unit for testing predictive capability 
in our models.

We fitted several candidate models to evaluate the influ-
ence of substation, hour, and their interaction on the response 
variables (Table 1). Model selection was based on Akaike’s In-
formation Criterion corrected for small sample size (AICc), 
using the AICcmodavg package (Mazerolle 2017). The model 
with the lowest AICc and highest Akaike weight was consid-
ered the best—supported model. 

To further investigate whether there were consistent diur-
nal patterns (i.e., by hour) in acoustic indices, we conducted 
pairwise correlation comparisons (p—values adjusted using 
Holm’s method for multiple comparisons) between all 4 sam-
pling dates at each substation using Spearman’s rank correla-
tion. This non—parametric method was chosen because it does 
not assume linear relationships and is robust to non—normal 
data distributions. By evaluating the strength and significance 
of these pairwise correlations, we assessed the temporal co-
herence of acoustic index values (e.g., ACI, SPL) throughout 
daylight hours. This approach allowed us to identify whether 
soundscape activity followed predictable diurnal (i.e. hourly) 
patterns or exhibited irregular fluctuations, particularly in cas-
es where more complex time series analyses were not feasible 
due to limited temporal replication. 

To ascertain a potential relationship between mean coral 
cover and mean ACI and SPL values, Pearson linear correla-
tion analyses were conducted for the full, mid—range, and 
low—frequency bands. For these analyses, all data across space 
and time were combined. The coefficient of variation (CV) was 
calculated for each location to visually assess intraday variabil-
ity at each site.
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TABLE 1. Summary of the models evaluated using Generalized Linear Mixed Models (GLMM) 
for Sound Pressure Levels (SPL) and Acoustic Complexity Index (ACI). The table lists model 
names, their parameter structures, and a brief description of what each model tests. All models 
include a random intercept for Sampling Date to account for variability across sampling dates.

Model	 Parameters evaluated	 Description

Full Model	 ~ Hour * Site + (1 | Sampling date)	 Tests the main effects of Hour and 
		  Site and their interaction, accounting  
		  for random variation by Date.

Model 1	 ~ Hour + Substation + 	 Tests additive effects of Hour and Site 	
	 (1 | Sampling date)	 without Interaction, accounting for 	
		  Date variability

Model 2	 ~ Hour + (1 | Sampling date)	 Tests effect of Hour alone, accounting 	
		  for Date Variability.

Model 3	 ~ Substation + (1 | Sampling date)	 Tests effect of Site alone, accounting 	
		  for Date Variability.

Null Model	 ~ (1 | Sampling date)	 Null model with only random Date 	
		  effect, no fixed predictors
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Results
Study Site Coral Cover
At MEL, the percentage of coral cover varied between 

3.66% and 6.67% (Supplemental Table S3), with Porites porites 
and P. astreoides identified as the most common species. Of 
the 3 substations within MEL, the substrate at Substation—71 
(= Mel—71; rugosity index = 1.17, Supplemental Table S1) was 
mostly covered by dead coral, sand, and rocks. Substation —73 
(=Mel—73; rugosity index = 1.24, Supplemental Table S1) and 
Substation—3 (= Mel—3; rugosity index = 1.19, Supplemental 
Table S1) were dominated by octocorals, primarily the sea fan 
coral Gorgonia ventalina. Across the 3 substations, Dictyota spp. 
and turf, composed of mixed filamentous algae and cyanobac-
teria, were the most common non—animal groups, though 
Dictyota’s presence fluctuated over time (personal observation).

The TAM reef was characterized by a hardbottom habitat 
with a common presence of Orbicella annularis boulders and 
no adjacent seagrass or sand, at depths ranging from 5− 8 m. 
The benthic community was dominated by macroalgae, turf 
algae complex, Ramicrusta spp., and Dictyota spp. None of the 
3 substations within TAM (TAM—20, TAM—37, TAM—39) 
exceeded 6.5% coral cover (Supplemental Table S3), with the 
most common species being the endangered star coral, O. an-
nularis. The rugosity index was 1.53, 1.36, and 1.62 for TAM—

20, TAM—37, TAM—39, respectively (Supplemental Table S1).
The MAG reef was characterized by a coral cover varying 

between 2.38% and 7.15% (Supplemental Table S3), with P. as-
treoides and P. porites being the most common species. Similar 
to TAM, the reef substrates at the 3 substations (MAG—38, 
MAG—48, MAG—RS1) were characterized by hardbottom 
habitat with several rocks and dead coral boulders. The rugos-
ity index was 1.63, 1.48, and 1.49 for MAG—38, MAG—48, 
MAG—RS1, respectively (Supplemental Table S1). The substa-
tions were mostly covered by turf algae complex and Ramicrus-
ta spp. Depths ranged from about 4−8 m.

Sound Pressure Levels
The SPL measured across substations ranged from 126−156 

dB in the full frequency band, with mid—range and low—fre-
quency bands exhibiting slightly lower ranges of 120−150 dB. 
No consistent diurnal patterns were observed in any frequency 
band; rather, SPL peaks occurred at varying hours throughout 
the day without a clear trend (Figure 2). Substations at MEL 
reef exhibited the greatest diurnal variability across survey 
times, with its mean diurnal coefficient of variation (CV) be-
ing 2 to 2.5 times higher than that at MAG and TAM for the 
full frequency band, 2−3 times higher in the mid—range band, 
and 6−7 times higher in the low—frequency band (Figure 3). 
Substations at MEL reef also showed the greatest within—reef 
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Figure 2 Diurnal patterns in Sound Pressure Levels (SPL) across 3 acoustic frequency bands (Full, Mid, and Low) for 9 substations across 3 coral reef 
sites in Culebra, Puerto Rico. Each panel represents a specific substation and frequency band combination, with SPL values (in dB) on the y—axis and hour 
of day on the x—axis. Data are color—coded by survey time (Time 1 to Time 4), corresponding to different sampling days. Mag−Maguey; Mel−Melones; 
Tam−Tamarindo. For specific survey time (i.e., dates) see Supplemental Table S2.
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heterogeneity in SPL intensity, followed by MAG and TAM, 
particularly in the mid— and low—frequency bands.

Model selection using AICc revealed that spatial variation 
(i.e., substations) was the strongest predictor of SPL across all 
frequency bands (Table 2A, B, C). For the full frequency band, 
the model including only Substation received overwhelming 
support (AICc weight = 0.99), with all other models, including 
those with temporal predictors (Hour or Substation × Hour 
interaction), showing less support (ΔAICc > 10). Similarly, for 
the mid— and low—frequency bands, Substation—only models 
were favored (AICc weights 0.99 and 1.00, respectively). These 

results indicate that spatial differences among Substations 
were primarily structured SPL patterns, while the factor Hour 
had minimal influence. However, no single substations consis-
tently exhibited significantly higher or lower SPL values across 
sampling dates, suggesting that while substations strongly in-
fluence SPL, temporal variability within them may be high and 
inconsistent (Figure 2).

Of the 51 pairwise correlations tested in the full frequency 
band, 10 comparisons (19.6%, Supplemental Table S4) were 
positive and significant at p < 0.05, indicating that only a mi-
nority of the substations exhibited consistent SPL patterns 
throughout the daylight hours (0700–1700, Figure 4). Based 
on correlation strength and significance, the substations can 
be grouped into 3 general clusters. That most locations either 
lacked daylight structure or showed erratic acoustic fluctua-
tions, suggests that full—band SPL values do not show diurnal 
periodicity. 

Full—frequency band cluster 1. High diurnal coherence in 
which MEL—3 and MEL—71 exhibited multiple strong and sta-
tistically significant correlations, suggesting strong diurnal co-
herence in SPL values (Supplemental Table S4). For instance, 
MEL—3 showed high correlations between 11 September 2022 
and 24 September 2022 (ρ = 0.945, p = 0.0001), 11 September 
2022 and 24 January 2023 (ρ = 0.800, p = 0.0124), and be-
tween 24 September 2022 and 24 January 2023 (ρ = 0.855, p = 
0.0040). Similarly, MEL—71 exhibited significant correlations 
among most pairs of sampling dates. At this site, only when 
comparing 24 September 2022 vs. 24 January 2023 (ρ = 0.610 
p = 0.0730) and 4 November 2022 vs. 24 January 2023 (ρ = 
0.633, p = 0. 0730) the correlations were not significant. 

Full—frequency band cluster 2. Isolated significance in which 
MAG—RS1 and MEL—73 displayed a combination of strong 
and weak correlations, with a few significant results (Supple-
mental Table S4). MAG—RS1 showed significant correlations 
between 12 September 2022 and 28 September 2022 (ρ = 
0.870, p = 0.0030) and 28 September 2022 and 25 January 
2023 (ρ = 0.829, p = 0.0080). Correlations at MEL—73 in-
cluded a strong significant correlation between 24 September 
2022 and 24 January 2023 (ρ = 0.874, p = 0.0026), with other 
moderately high but non—significant values likely affected by 
multiple comparison correction.

Full—frequency band cluster 3. Lack of coherence in which 
Substations MAG—38, MAG—48, TAM—20, TAM—37, and 
TAM—39 showed weak, non—significant, or negative corre-
lations between sampling dates (Supplemental Table S4). In 
some cases, correlations were near zero (e.g., MAG—48: 26 July 
2022 vs. 28 September 2022, ρ = –0.073, p = 1.00). In the case 
of TAM—20 (27 July 2022 vs. 14 September 2022, ρ = 0.678, p 
= 0.0654) and TAM—39 (27 July 2022 vs. 14 September 2022, 
ρ = –0.715, p = 0.0801) moderately strong correlations were 
observed, but none reached statistical significance. Overall, 
these results indicate high variability and a lack of predictable 
diurnal patterns at these substations.

When considering SPL values in the mid frequency band, 
7 comparisons (13.7%, Supplemental Table S5) were positive 
and statistically significant at p < 0.05, indicating that only 

Figure 3. The coefficient of variation (CV, mean ± se) in Sound Pressure 
Levels (SPL) of 9 substations across 3 coral reef sites in Culebra, Puerto 
Rico, grouped by acoustic frequency band (Full, Mid—Range, and Low). 
The CV was calculated by combining data from all hours of the day and 
all survey times, capturing overall spatiotemporal variability in each site's 
soundscape, and is a standardized measure of variability (standard devia-
tion divided by the mean). The x—axis lists the site names. MAG−Maguey; 
MEL−Melones; TAM−Tamarindo. 
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a minority of substations exhibited consistent SPL patterns 
throughout the daylight hours (Figure 4). Following the de-
scription above, the substations can likewise be grouped into 
3 general clusters. The results indicate that when considering 
SPL in the mid frequency band, there is no consistent diurnal 
pattern in SPL. Instead, temporal coherence in reef sound-
scapes was highly site—specific, and often limited to isolated 
time events.

Mid—frequency band cluster 1. High diurnal coherence. Sub-
stations MEL—71 and MEL—73 exhibited relatively strong and, 
in several cases, statistically significant correlations between 
multiple sampling dates pairs (Supplemental Table S5). For 
example, MEL—71 showed significant correlations between 
11 September 2022 and 24 September 2022 (ρ = 0.929, p = 
0.0002), 11 September 2022 and 24 January 2025 (ρ = 0.961, 
p = 0.0000), and 23 September 2022 and 24 January 2025(ρ 
= 0.913, p = 0.0003), indicating a more consistent temporal 
coherence in SPL than the other sites. Substation MEL—73 
also demonstrated significant coherence when comparing be-
tween 11 September 2022 and 24 January 2025 (ρ = 0.742, p 
= 0.0447) and 24 Septemberm2022 and 24 January 2025 (ρ 
= 0.952, p = 0.0000), with several other comparisons nearing 
significance. 

Mid—frequency band cluster 2. Isolated significance; MAG—
RS1 and TAM—37 showed mostly weak or non—significant 

correlations, but each had one strong 
and statistically significant comparison 
(Supplemental Table S5). MAG—RS1 
exhibited a significant positive correla-
tion between 28 September 2022 and 
25 January 2023 (ρ = 0.832, p = 0.0089), 
while TAM—37 showed a significant 
correlation for the same time pair (ρ = 
0.773, p = 0.0314). Substation TAM—
20 showed a single significant negative 
correlation (14 September 2022 vs. 
25 September 2022: ρ = –0.708, p = 
0.0443). The rest of the comparisons 
at these sites were relatively weak and, 
in some instances, negative.

Mid—frequency band cluster 3. Lack 
of coherence. Despite occasionally 
strong correlations in MAG—38 and 
MEL—3, which were not statistically 
significant, the majority of correlations 
across these two substations, as well as 
at MAG—48, TAM—3, and TAM—39, 
were weak, non—significant, or even 
negative across time pairs (Supplemen-
tal Table S5), highlighting the overall 
lack of coherent temporal patterns. 
Substation TAM—20 showed a single 
significant correlation, but it was nega-
tive (14 September 2022 vs. 25 Septem-
ber 2022: ρ = –0.708, p = 0.0443).

When considering SPL values in the 
low frequency band, only one comparison (1.96%, Supplemen-
tal Table S6) was positive and significant at p < 0.05, indicating 
a very limited presence of consistent low frequency SPL pat-
terns throughout the day (Figure 4). Thus, only 2 substation 
clusters were evident. The results suggest that temporal coher-
ence in the low—frequency component of reef soundscapes 
was largely absent or highly variable across sites. The lack of 
significant correlations in most locations, combined with the 
presence of negative or near—zero coefficients, indicates that a 
clear or consistent diurnal pattern in low—frequency SPL was 
generally not evident. 

Low—frequency band cluster 1. Isolated significant coherence 
at MEL—73, the only site that showed a significant correla-
tion, with a strong positive relationship between 11 September 
2022 and 24 January 2023 (ρ = 0.765, p = 0.0363; Supplemen-
tal Table S6), suggesting a potential diurnal signal at this site. 
However, the remaining correlations at MEL—73 were weak, 
negative, or non—significant, indicating that this coherence 
was not sustained throughout the daylight hours. 

Low—frequency band cluster 2. Generally weak and non—sig-
nificant patterns. Most sites, including MAG—38, MAG—48, 
MAG—RS1, MEL—3, MEL—71, TAM—20, TAM—37, and 
TAM—39, displayed predominantly weak, negative, or non—
significant correlations across sampling date pairs (Supplemen-
tal Table S6). For instance, all 6 comparisons at MAG—38 were 

A. Full Frequency Band

Model	 Parameters evaluated	 AICc	 Delta_AICc	 AICcWt	 Cum.Wt	 LL
Model 3	 ~ Substation 	 2098.51	     0.00	 0.99	 0.99	 -1037.90
Model 1	 ~  Substation + Hour	 2108.74	    10.23	 0.01	 1.00	 -1032.10
Null	 ~ (1 | Sampling date)	 2256.63	    158.13	 0.00	 1.00	 -1125.29
Model 2	 ~ Hour	 2270.25	    171.74	 0.00	 1.00	 -1121.63
Full Model	 ~ Hour * Site	 2338.70	    240.19	 0.00	 1.00	 -1031.95

B. Mid Frequency Band

Model	 Parameters evaluated	 AICc	 Delta_AICc	 AICcWt	 Cum.Wt	 LL
Model 3	 ~ Substation 	 2155.02	     0.00	 0.99	 0.99	 -1066.15
Model 1	 ~  Substation + Hour	 2164.10	     9.08	 0.01	 1.00	 -1059.78
Full Model	 ~ Hour * Site	 2392.95	    237.93	 0.00	 1.00	 -1059.07
Null	 ~ (1 | Sampling date)	 2446.08	    291.07	 0.00	 1.00	 -1220.01
Model 2	 ~ Hour	 2461.36	    306.35	 0.00	 1.00	 -1217.19

C. Low Frequency Band

Model	 Parameters evaluated	 AICc	 Delta_AICc	 AICcWt	 Cum.Wt	 LL
Model 3	 ~ Substation	 2284.21	    0.00	 1	 1	 -1130.75
Model 1	 ~  Substation + Hour	 2303.64	    19.43	 0	 1	 -1129.55
Null	 ~ (1 | Sampling date)	 2468.63	    184.42	 0	 1	 -1231.28
Model 2	 ~ Hour	 2488.13	    203.92	 0	 1	 -1230.58
Full 	 ~ Hour * Site	 2495.02	    210.81	 0	 1	 -1110.11
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TABLE 2. Summary of the results of the Generalized Linear Mixed Model (GLMM) model selection 
for Sound Pressure Levels (SPL) across frequency bands using key model selection metrics. AICc is 
the corrected Akaike Information Criterion, which penalizes model complexity to avoid overfitting. 
Delta AICc represents the difference in AICc between each model and the best-performing one. 
AICcWt indicates the relative likelihood of each model being the best among the set, while Cum. 
Wt shows the cumulative weight across models. LL refers to the log-likelihood, with higher values 
indicating better model fit. A. Full Frequency Band. B. Mid frequency band. C. Low frequency band.

https://aquila.usm.edu/cgi/viewconte70nt.cgi?filename=16&article=1742&context=gcr&type=additional&preview_mode=1
https://aquila.usm.edu/cgi/viewconte70nt.cgi?filename=16&article=1742&context=gcr&type=additional&preview_mode=1
https://aquila.usm.edu/cgi/viewconte70nt.cgi?filename=16&article=1742&context=gcr&type=additional&preview_mode=1
https://aquila.usm.edu/cgi/viewconte70nt.cgi?filename=15&article=1742&context=gcr&type=additional&preview_mode=1
https://aquila.usm.edu/cgi/viewconte70nt.cgi?filename=15&article=1742&context=gcr&type=additional&preview_mode=1
https://aquila.usm.edu/cgi/viewconte70nt.cgi?filename=15&article=1742&context=gcr&type=additional&preview_mode=1


Velázquez-Alvarado et al.

78

non—significant, including several negative values (e.g., 26 July 
2022 and 12 September 2022: ρ = –0.694, p = 0.1069). Simi-
larly, MEL—3 and MEL—71 had uniformly low correlation co-
efficients with no discernible temporal coherence. Substations 
TAM—20 and TAM—37 exhibited several moderate—to—strong 
negative correlations (e.g., TAM—20: 27 July 2022 and 25 Sep-
tember 2023: ρ = –0.688, p = 0.0579), but none were statisti-
cally significant. 

Acoustic Complexity Index
The ACI varied markedly across frequency bands, with val-

ues ranging from 191−244 for the full spectrum, 20−48 in the 
mid—frequency range, and 3−9 in the low—frequency band 
(Figure 5). In general, ACI did not follow a consistent daylight 
pattern across all substations, as peak values occurred at dif-
ferent hours of the day and fluctuated within sampling dates. 
However, some substations showed higher diurnal variability 
than others. For instance, substations within the MEL reef ex-
hibited the highest hourly fluctuations (all sampling dates and 
hours combined) in ACI for the full—band signal, with mean 
CV 1.17−1.25 times greater than those observed at MAG and 
TAM, respectively (Figure 6). In the mid—frequency band, no 
consistent diurnal trends were observed across sites; rather, 

variability appeared to be specific to individual substation. For 
example, MAG—RS1 and TAM—39 showed the lowest CVs 
(~2.2), while MAG—38 and TAM—37 were among the highest 
(CV ~2.7). A similar substation—specific pattern was observed 
in the low—frequency band, where MAG—RS1 showed the 
greatest diurnal variability (CV = 5.0), followed by MEL—71 
(CV = 4.9) and TAM—20 (CV = 4.6), whereas MAG—48 (CV = 
3.2) and MEL—73 (CV = 3.6) had the lowest. 

Model selection based on AICc supported these observa-
tions and revealed distinct acoustic patterns across frequency 
bands. For the full frequency band, the additive model in-
cluding both Substation and Hour had the strongest support  
(AICcWt = 0.96; Table 3A), indicating independent contribu-
tions of spatial and temporal factors to ACI. In the mid—fre-
quency band, the model including only Substation was best 
supported (AICcWt = 1.00; Table 3B), suggesting that spatial 
differences among reefs drove most of the acoustic variation, 
with minimal diurnal influence. In contrast, in the low—fre-
quency band, the model with Substation × Hour interaction 
had the highest support (combined AICcWt = 0.98; Table 3C), 
reflecting that diurnal ACI patterns were site—dependent. 
These results confirm that diurnal variability in ACI exists.

Figure 4. Pairwise Spearman’s rank correlations (ρ) of Sound Pressure Level (SPL) between survey times for each of the 9 study substations across 3 coral 
reef sites in Culebra, Puerto Rico, separated by frequency bands (Full, Mid, and Low). Each subplot represents one substation within a frequency band. 
Axes show pairwise comparisons between Survey Times (T1–T4). Circle color indicates the direction and strength of correlation. Green−positive correla-
tion; Purple−negative correlation. Circle size indicates the magnitude of correlation (|ρ|), with larger circles reflecting stronger associations. MAG−Ma-
guey; MEL−Melones; TAM−Tamarindo. For specific survey time (i.e., dates) see Supplemental Table S2.
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Of the pairwise correlation tests performed when consider-
ing ACI values in the full band, 6 comparisons (11.7%, Supple-
mental Table S7) were positive and statistically significant at p < 
0.05, indicating that only a small proportion of the substations 
exhibited consistent diurnal patterns in ACI values (Figure 5). 
Three clusters were evident. Taken together, the results suggest 
that no consistent diurnal trend in ACI values was observed 
across sites and time when considering the full band.

Full—frequency band cluster 1. High hourly—scale coherence 
where MAG—48 exhibited consistently strong and statistically 
significant correlations across all sampling dates, including 
very strong correlations between 12 September 2022 and 28 
September 2022 (ρ = 0.945, p = 0.0001, Supplemental Table 
S7) as well as 28 September 2022 and 25 January 2023 (ρ = 
0.864, p = 0.0031). All other comparisons at this substation 
were significant, although less strong. This suggests a relatively 
stable diurnal coherence in ACI dynamics at MAG—48 in the 
full—band frequency. 

Full—frequency band cluster 2. Isolated significance at MEL—
73 which showed a significant, but a negative correlation be-
tween 24 September 2022 and 24 January 2023 (ρ = –0.818, p 
= 0.0125). 

Full—frequency band cluster 3. Except for MAG—48 (all pairs) 
and MEL—73, which showed one instance of a significant cor-
relation, all other substations displayed weak, non—significant, 

and sometimes negative correlations 
(Supplemental Table S7). For example, 
at MEL—3, 5 of the 6 pairwise com-
parisons were negative (e.g., 11 Sep-
tember 2022 vs. 24 January 2023, p 
= –0.427). Only 2 correlations in this 
cluster were strong and marginally sig-
nificant: MAG—38 when comparing 26 
July 2022 with 28 September 2022 (ρ = 
0.727, p = 0.0672), and MEL—3 when 
comparing 24 September 2022 with 4 
November 2022 (ρ = 0.718, p = 0.0768); 
indicating that these 2 sites may exhibit 
partial or intermittent diurnal struc-
ture, but the evidence remains incon-
sistent.

Of the pairwise correlation tests 
performed when considering ACI 
values in the mid—frequency band, 3 
comparisons (5.9%) were positive and 
statistically significant at p < 0.05, indi-
cating that only a small proportion of 
sites exhibited consistent diurnal pat-
terns in mid—range ACI values (Figure 
5). Based on these significant relation-
ships, 3 main substation—level clus-
ters were evident. Taken together, the 
results indicate that significant mid—
range hourly—scale ACI coherence 
was highly restricted both temporally 
(i.e., Sampling—date) and spatially (i.e., 
Substation), with only isolated cases of 

consistent acoustic structure observed across the surveyed reef 
sites.

Mid—frequency band cluster 1. High hourly—scale coherence 
was observed exclusively at MAG—48, which exhibited two sig-
nificant and strong correlations (Supplemental Table S8), be-
tween 12 September 2022 and 28 September 2022 (ρ = 0.791, 
p = 0.0187) and 28 September 2022 and 25 January 2023 (ρ = 
0.891, p = 0.0014). 

Mid—frequency band cluster 2. Isolated positive significant 
coherence included only TAM—20 (Supplemental Table S8), 
where a single significant positive correlation was observed be-
tween 14 September 2022 and 25 September 2022 (ρ = 0.736, 
p= 0.0293), indicating localized or short—duration diurnal 
structure in ACI dynamics at TAM reef. Substation MEL—73 
could also be included in this cluster as it showed a strong and 
significant correlation between 24 September 2022 and 24 Jan-
uary 2023 although the relationship was negative (ρ = —0.845, 
p = 0.0063, Supplemental Table S8). 

Mid—frequency band cluster 3. Generally weak and non—sig-
nificant patterns as all other substations (Supplemental Table 
S8) did not exhibit any significant correlations. These substa-
tions likely reflect high variability or lack of structured diurnal 
patterns in mid—frequency acoustic complexity. 

When considering ACI values in the low frequency band, 

A. Full Frequency Band

Model	 Parameters evaluated	 AICc	 Delta_AICc	 AICcWt	 Cum.Wt	 LL
Model 1	 ~  Substation + Hour	 2503.86	     0.0	 0.96	 0.96	 -1229.66
Model 3	 ~ Substation	 2510.42	     6.57	 0.04	 1.0	 -1243.86
Full	 ~ Hour * Site	 2674.69	   170.83	 0.0	 1.0	 -1199.94
Null	 ~ (1 | Sampling date)	 3031.63	   527.78	 0.0	 1.0	 -1512.79
Model 2	 ~ Hour	 3046.02	   542.16	 0.0	 1.0	 -1509.52

B. Mid Frequency Band

Model	 Parameters evaluated	 AICc	 Delta_AICc	 AICcWt	 Cum.Wt	 LL
Model 3	 ~ Substation	 2200.23	    0.0	 1.0	 1.0	 -1088.76
Model 1	 ~  Substation + Hour	 2221.65	    21.42	 0.0	 1.0	 -1088.55
Null	 ~ (1 | Sampling date)	 2361.67	    161.44	 0.0	 1.0	 -1177.8
Model 2	 ~ Hour	 2382.32	    182.1	 0.0	 1.0	 -1177.67
Full 	 ~ Hour * Site	 2615.66	    415.44	 0.0	 1.0	 -1170.43

C. Low Frequency Band

Model	 Parameters evaluated	 AICc	 Delta_AICc	 AICcWt	 Cum.Wt	 LL
Full 	 ~ Hour * Site	 805.73	    0.0	 0.49	 0.49	 -265.46
Model 3	 ~ Substation	 812.67	    6.94	 0.02	 1.0	 -394.98
Model 1	 ~  Substation + Hour	 832.52	    26.8	 0.0	 1.0	 -393.99
Null	 ~ (1 | Sampling date)	 918.4	   112.67	 0.0	 1.0	 -456.17
Model 2	 ~ Hour	 937.88	   132.15	 0.0	 1.0	 -455.45

TABLE 3. Summary of the results of the Generalized Linear Mixed Model (GLMM) model selection 
for Acoustic complexity Index (ACI) across frequency bands using key model selection metrics. AICc 
is the corrected Akaike Information Criterion, which penalizes model complexity to avoid overfitting. 
Delta AICc represents the difference in AICc between each model and the best-performing one. 
AICcWt indicates the relative likelihood of each model being the best among the set, while Cum. 
Wt shows the cumulative weight across models. LL refers to the log-likelihood, with higher values 
indicating better model fit. A. Full frequency band. B. Mid frequency band. C. Low frequency band.

https://aquila.usm.edu/cgi/viewconte70nt.cgi?filename=14&article=1742&context=gcr&type=additional&preview_mode=1
https://aquila.usm.edu/cgi/viewconte70nt.cgi?filename=14&article=1742&context=gcr&type=additional&preview_mode=1
https://aquila.usm.edu/cgi/viewconte70nt.cgi?filename=13&article=1742&context=gcr&type=additional&preview_mode=1
https://aquila.usm.edu/cgi/viewconte70nt.cgi?filename=13&article=1742&context=gcr&type=additional&preview_mode=1
https://aquila.usm.edu/cgi/viewconte70nt.cgi?filename=13&article=1742&context=gcr&type=additional&preview_mode=1
https://aquila.usm.edu/cgi/viewconte70nt.cgi?filename=13&article=1742&context=gcr&type=additional&preview_mode=1
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only one comparison (1.96%) was positive and significant at p 
< 0.05, indicating very limited diurnal consistency in ACI Low 
values (Figure 5). Thus, only 2 substation clusters were evident.

Low—frequency band cluster 1: Isolated positive significant co-
herence. Substation MEL—3 was the only site to exhibit a posi-

tive significant intraday correlation (Supplemental Table S9): 
11 September 2022 and 24 September 2022 (ρ = 0.773, p = 
0.0318). Interestingly, when relating 11 September 20221 vs. 4 
November 2022 there was a significant correlation but in the 
opposite direction (ρ = –0.745, p = 0.0423, Supplemental Table 
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Figure 5. Diurnal patterns in Acoustic Complexity Index (ACI) across 3 acoustic frequency bands (Full, Mid, and Low) for 9 substations across 3 coral reef 
sites in Culebra, Puerto Rico. Each panel represents a specific substation and frequency band combination, with SPL values (in dB) on the y—axis and hour 
of day on the x—axis. Data are color—coded by survey time (Time 1 to Time 4), corresponding to different sampling days. MAG−Maguey; MEL−Melones; 
TAM−Tamarindo.
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Figure 6. The coefficient of variation (CV; 
mean ± se) in Acoustic Complexity Index 
(ACI) of 9 substations across 3 coral reef 
sites in Culebra, Puerto Rico, grouped by 
acoustic frequency band (Full, Mid—Range, 
and Low). The CV was calculated by com-
bining data from all hours of the day and all 
survey times, capturing overall spatiotem-
poral variability in each site's soundscape, 
and is a standardized measure of variability 
(standard deviation divided by the mean). 
The x—axis lists the site names.  MAG−Ma-
guey; MEL−Melones; TAM−Tamarindo.

https://aquila.usm.edu/cgi/viewconte70nt.cgi?filename=11&article=1742&context=gcr&type=additional&preview_mode=1
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S9), suggesting a possible shift in acoustic activity through the 
daylight hours. Additionally, MEL—73 showed a marginally sig-
nificant negative correlation between 24 September 2022 and 
4 November 2022 (ρ = –0.745, p = 0.0507, (Supplemental Table 
S9), which may reflect irregular fluctuations rather than a con-
sistent diurnal trend. 

Low—frequency band cluster 2: The remaining substations 
showed mostly weak or non—significant correlations, and in 
many cases, correlations were close to zero or negative. These 
results suggest that ACI in the low frequency band did not ex-
hibit strong or predictable diurnal patterns across reef sites or 
survey times. 

Methodological Constraints
It is important to note that several pairwise correlations 

showed relatively high correlation coefficients but did not reach 
statistical significance after correcting for multiple compari-
sons. This pattern likely reflects the limited sample size and the 
strict correction methods applied to reduced statistical errors. 
Consequently, significant relationships may have been masked, 
despite their apparent strength (i.e., relatively high ρ). However, 
the fact that many substations showed weak, non—significant, 
or even negative correlations suggests that, beyond method-
ological constraints, there is an overall lack of a clear and con-
sistent diurnal pattern in both SPL and ACI across sites and 

survey times. While methodological constraints such as limited 
sample size and multiple comparison corrections may have re-
duced statistical power, the overall pattern points to consider-
able variability or a lack of pronounced diurnal acoustic signals 
across the studied reefs.

 Relationship Between Coral Cover and Acoustic Indexes
 The results of the correlation analyses indicate that SPL 

was not correlated with coral cover when considering the full 
bandwidth or low—frequency band. However, a weak negative 
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Figure 7:  Pairwise Spearman’s rank correlations (ρ) of Acoustic Complexity Index (ACI) between survey times for each of the 9 study substations, sepa-
rated by frequency bands (Full, Mid, and Low). Each subplot represents one substation within a frequency band. Axes show pairwise comparisons between 
Survey Times (T1–T4). Circle color indicates the direction and strength of correlation. Green−positive correlation; Purple−negative correlation. Circle size 
indicates the magnitude of correlation (|ρ|), with larger circles reflecting stronger associations.

TABLE 4. Results of the correlation analyses between coral cover and 
acoustic metrics (Sound Pressure Level (SPL) and Acoustic Complexity 
Index (ACI)) by frequency band. The r value represents the correlation 
coefficient, which measures the strength and direction of the linear 
relationship between the 2 variables. p < 0.05 indicates significance 
(in bold).

	 Full	 Mid	 Low

SPL	 r = -0.27	 r = -0.38	 r = 0.075
	 p = 0.69	 p = 0.14 	  p = 0.036

ACI	 r = 0.57	 r = 0.57	 r = 0.36 
	 p < 0.001	 p < 0.001	 p = 0.048

https://aquila.usm.edu/cgi/viewconte70nt.cgi?filename=11&article=1742&context=gcr&type=additional&preview_mode=1
https://aquila.usm.edu/cgi/viewconte70nt.cgi?filename=11&article=1742&context=gcr&type=additional&preview_mode=1
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correlation was found when considering frequencies between 
2000 and 7000 Hz (mid—range frequency band; Table 4). The 
ACI was positively correlated with coral cover across the 3 band 
frequencies considered, but in the case of the low frequency, 
the relationship was weak and barely significant (Table 4).

Discussion
Outplanting nursery—reared coral colonies into deterio-

rated coral reefs is widely recognized as a potential tool for 
facilitating ecological recovery (Bowden—Kerby 2001, Hernán-
dez—Delgado et al. 2014). In this context, various metrics have 
been employed to evaluate the success of restoration initiatives, 
with post—restoration changes in biodiversity being a poten-
tial indicator (Calle—Triviño et al. 2020, Goergen et al. 2020). 
Given the integral role of biophony in the ecological functions 
of coral reef habitats, assessing spatiotemporal variations in 
soundscape dynamics could complement traditional visual 
surveys and video censuses to evaluate the efficacy of restora-
tion actions in enhancing reef biodiversity. However, before it 
is widely adopted as a reliable monitoring tool, it is imperative 
to recognize the strengths and weaknesses of passive acoustic 
monitoring. Indeed, there is ongoing debate regarding the ef-
ficacy of the distinct acoustics parameters to accurately reflect 
reef biodiversity (Nedelec et al. 2015, Carriço et al. 2020, Di-
moff et al. 2021, Raick et al. 2023). 

We used the Acoustic Complexity Index (ACI) and Sound 
Pressure Level (SPL) not to validate acoustical signals against in—
situ biodiversity observations, but rather to determine whether 
reef soundscapes exhibited notable diurnal patterns across dif-
ferent locations (i.e., reefs and reef—substations) as previously 
found in Florida and Australia (Locascio and Mann 2008, Mc-
Williams et al. 2017). If the soundscape shows consistent diur-
nal biophony patterns, acoustic monitoring on restored coral 
can be more effective. Fieldwork, for instance, can be scheduled 
for those times of day that show the highest acoustic diversity. 
In this context, our GLMM results indicate that “Hour” does 
not exert a statistically significant effect on ACI or SPL when 
modeled across all substations and survey periods as a random 
factor. However, this should not be interpreted as evidence of a 
lack of diurnal variability. Instead, the absence of a fixed effect 
suggests that diurnal acoustic patterns are not consistent, they 
vary idiosyncratically depending on substations and survey pe-
riod. This interpretation is strongly supported by visual inspec-
tion of raw acoustic data, which reveals that peaks in acoustic 
activity shift across the daylight hours of the day and differ 
markedly between reefs, substations, and sampling dates and 
by the correlation analyses which statistically highlighted that 
diurnal acoustic periodicity were mostly absent. It is possible 
that diurnal patterns may exist, but they may not be predictable 
or uniform. Thus, limiting acoustic sampling to a single time 
risks missing important ecological patterns and may reduce the 
reliability of ACI and SPL as indicators of reef biodiversity. 

The lack of consistent patterns in the timing of ACI peaks 
contrasts with the observations of Bertucci et al. (2016) in 
Moorea, French Polynesia and Pieretti et al. (2017) in the Adri-
atic Sea, who reported higher ACI values either during the 

day or night in coral reef ecosystems. It is important to note 
that in these studies, the authors grouped hours into day or 
night, potentially obscuring diurnal variability. An alterna-
tive explanation lies in the categorization of sound frequen-
cies. Pieretti et al. (2017) classified frequencies below 250 Hz as 
low—frequency sounds and those from 620−3500 Hz as high—
frequency sounds. In contrast, our study defined the low—fre-
quency band from 20−1000 Hz and the mid—range—frequency 
band from 2000−7000 Hz, in alignment with Nedelec et al. 
(2015) and Lamont et al. (2022). The broader frequency range 
defined for the low—frequency band in our study may have 
captured sounds produced by snapping shrimp and other ben-
thic invertebrates. Previous studies have shown that snapping 
shrimp produce sounds across a wide frequency range, typically 
from 2000−20,000 Hz (Pieretti et al. 2017, Lillis and Mooney 
2018), and that their acoustic activity can vary significantly 
over hour—long intervals (Pieretti et al. 2017). This temporal 
variability may have contributed to the patterns observed in 
our results. The discrepancy in the resulting acoustic patterns 
when employing distinct frequencies underscores the necessity 
of standardizing the frequency bands when employing ACI to 
describe underwater soundscapes (Carriço et al. 2020, Dimoff 
et al. 2021). Indeed, several authors have recommended cau-
tion when using ACI to characterize the acoustic environment 
of coral reefs due to many discrepancies in the daily periodic-
ity (Bohnenstiehl et al. 2018, Bolgan et al. 2018, Carriço et al. 
2020, Dimoff et al. 2021).

 Compared to more dynamic indices like ACI, SPL has been 
regarded as a more stable and site—specific metric in coral reef 
bioacoustics, with values that tend to reflect persistent envi-
ronmental features such as reef structure or fish biomass. This 
perceived consistency has led some researchers to recommend 
SPL as a preferred tool for assessing reef soundscapes (Bertucci 
et al. 2016, Kaplan et al. 2018). However, our findings caution 
against overreliance on this recommendation. Like ACI, SPL 
values also varied considerably throughout daylight hours, espe-
cially in the mid—range and low frequencies, generally lacking 
regularity in their occurrence throughout daily intervals. The 
SPL values also varied among coral reefs and across substation 
within coral reef, which agrees with the results of La Manna et 
al. (2021) in a study during July 2020, at Capo Caccia—Isola Pi-
ana Marine Protected Area (Italy, Western Mediterranean Sea). 
These findings suggest that while SPL can be useful for describ-
ing broad acoustic trends, it may not consistently reflect short—
term biological dynamics and should be interpreted alongside 
complementary indices such as ACI to fully characterize reef 
soundscapes.

Since SPL provides a general assessment of soundscape am-
plitude (i.e., loudness), it may be more influenced by constant 
biological factors (e.g., fish abundance, Kaplan et al. 2018, 
Carriço et al. 2020). Indeed, studies have shown that SPL is 
positively correlated with the abundance of soniferous fish and 
snapping shrimp (Kaplan et al. 2018). If this were true for our 
study locations (i.e., substations), one would anticipate higher 
SPLs at substations with greater fish abundance. Interestingly, 
our results did not meet this expectation. For instance, fish 

82



Diurnal Trends in Reef Acoustics

abundance, biomass, and diversity are significantly higher at 
TAM—20 compared to TAM—35 and TAM—39 (Hernández—
Delgado et al. 2025). The same is true when comparing MAG—
48, with higher fish diversity than MAG—38 (Hernández—Del-
gado et al. 2025). Given that recordings within substations at 
each reef location were conducted simultaneously and under 
comparable environmental conditions (e.g., reef structure, 
depth, and benthic composition), these discrepancies likely re-
flect the limitations of SPL as a proxy for biological richness. 

The SPL captures overall sound intensity but does not dif-
ferentiate between sound sources or account for the acoustic 
behavior of specific taxa, which may vary independently of 
abundance, diversity, or biomass. Nonetheless, we acknowledge 
that behavioral rhythms, such as feeding aggregations, can vary 
even within short spatiotemporal scales and may not be fully 
captured by our sampling approach. Thus, it remains unclear 
why reef substations with higher fish diversity, abundance, and 
biomass did not consistently exhibit a higher SPL. A plausible 
explanation may lie in the assertion by Carriço et al. (2020) that 
SPL may not be a reliable metric when fish abundance is low. 
However, determining what constitutes low or high fish abun-
dance within the context of reef biophony remains an open 
question, warranting further investigation. 

The findings that biophony (i.e., low—frequency band) 
presents distinct diurnal patterns within sites (i.e., intra—site 
sampling substations) on the same sampling date underscore 
the complexity and variability inherent in coral reef acoustics. 
While such small—scale spatial variability could suggest the 
presence of localized acoustic or biodiversity “hotspots,” our 
findings do not support this as a consistent pattern. Higher 
ACI and SPL values were not repeatedly associated with any 
single substation; instead, peak values shifted across substation 
and sampling dates. This suggests that, rather than being driv-
en by stable substation—level biological variables such as coral 
cover, or physical characteristics such as depth and reef topogra-
phy, the acoustic environment may be more strongly influenced 
by transient local factors, such as the temporary presence of 
vocalizing species or day (and site)—specific hydrodynamic con-
ditions. For instance, wave—induced water movement has the 
capability to modify fish trajectory across the seascape (Webb 
et al. 2010). In this context, it is reasonable to consider each 
substation as acoustically independent. 

Given that substations can be considered acoustically inde-
pendent, accounting for fine—scale spatial variability is critical 
to improving reef soundscape assessments. This highlights the 
importance of increasing spatial resolution in acoustic monitor-
ing and designing studies that account for fine—scale ecological 
variability. Specifically, increasing the number of hydrophones 
within a site is essential for better describing the site—specific 
dynamics of coral reef soundscapes. Determining the appropri-
ate number and spatial arrangement of hydrophones to accu-
rately characterize reef soundscapes, however, remains a major 
challenge in the field. This difficulty stems from the inherent 
spatial heterogeneity of reef habitats and the variability of bio-
logical sound sources, which makes a universal solution un-
likely. By emphasizing the importance of spatial resolution, our 

study contributes to ongoing efforts to refine acoustic monitor-
ing methodologies and supports the development of standard-
ized, high—resolution frameworks for reef soundscape assess-
ments.

Reefs with high coral cover promote biodiversity through 
complex framework structures that reduce competitive interac-
tions and predation risk (Almany 2004, Grabowski 2004). Ac-
cordingly, it could be expected that, when compared to coral—
depleted reef zones, reef areas with a high percentage of coral 
cover would show higher ACI and SPL. Such a contention is 
supported by various authors who have found a relationship 
between these acoustic metrics and coral cover (Kaplan et al. 
2015, Bertucci et al., 2016, 2020). However, the relationship 
between coral cover and soundscapes remains far from being 
solved. Kaplan et al. (2018) found that mid—range—frequency 
SPL, but not low—frequency SPL, could be related to coral cov-
er. Our results contribute to the ongoing uncertainty surround-
ing the relationship between coral cover and soundscape met-
rics. For instance, we did find a significant correlation between 
the mid—range SPL and coral cover, but such a relationship was 
weak and in the opposite direction (i.e., negative). One possible 
explanation for the unexpected mid—frequency pattern is the 
contribution of snapping shrimp, which are known to produce 
prominent mid—frequency sounds and are often associated 
with non—coral benthic organisms such as sponges (Ríos and 
Duffy 2007, Butler et al. 2017). While we recognize this pos-
sibility, sponges comprised only a small fraction of the benthic 
assemblage at our study sites. Therefore, we consider it unlikely 
that sponge—related shrimp activity played a dominant role in 
shaping the observed acoustic patterns. In contrast, and con-
sistent with Kaplan et al. (2018), no relationship between coral 
cover and SPL in the low and full—frequency bands was found. 

In the case of ACI, this study identified a positive and signifi-
cant correlation with coral cover in the full, mid—range, and 
low ranges, although in the latter frequency the relationship 
was weak and marginally significant. These results diverge from 
those of Bertucci et al. (2016), who did not find a relationship 
between the ACI and coral cover in 8 coral reefs on Moorea 
Island, South Pacific. These contrasting results raise questions 
regarding the applicability of ACI and SPL as metrics of the 
overall health (i.e., coral cover and biodiversity) of shallow—wa-
ter coral reef ecosystems as previously argued by Raick et al. 
(2023). An important aspect to consider when comparing these 
results with previous studies is the coral cover range. Culebra’s 
coral reefs are categorized as “poor” since coral cover does not 
exceed 10%, whereas in other studies, coral cover was as high 
as > 80% (Kaplan et al. 2018, Lamont et al. 2022). Notably, pre-
vious studies have shown, in disagreement with our findings, 
that acoustic metrics (e.g., ACI and SPL) exhibit less variability 
in reefs with low coral cover (< 15%) compared to those with a 
high percentage of coral cover (Elise et al. 2019). This disparity 
between coral soundscape research underscores the importance 
of considering specific coral cover ranges when interpreting 
acoustic metrics in the context of coral reef health assessments. 
It also cautions against directly extrapolating soundscape pat-
terns from high—cover Pacific reefs to degraded Caribbean 
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sites. Instead, interpreting acoustic data must be grounded in 
the local ecological context, particularly coral cover, to ensure 
accurate assessments of reef condition. 

We acknowledge several important limitations that should 
be considered when interpreting our findings. First, acoustic 
data were collected only during daylight hours. As a result, our 
recordings do not capture crepuscular (dawn and dusk) or noc-
turnal acoustic activity, periods during which many reef organ-
isms are most vocally active (Nedelec et al. 2015, Ferguson et 
al. 2022, Lillis et al. 2023). This limitation has likely led to 
the underrepresentation of certain species and behaviors in 
our dataset. However, our focus on daylight hours still provides 
valuable insights into the bioacoustics dynamics of restored 
coral reefs. Diurnal acoustic activity, though often overlooked 
in bioacoustic studies, reflects important ecological processes 
such as herbivory, invertebrate foraging, predator—prey inter-
actions, competition, reproductive dynamics, and changes in 
animal behavior due to human disturbances (e.g., boat traf-
fic) (Remage—Healey et al. 2006, Kennedy et al. 2010). These 
daytime activities contribute meaningfully to reef soundscapes 
and may exhibit distinct spatiotemporal signatures that need 
to be described to fully comprehend site—specific soundscape 
dynamics. 

Second, each site was sampled on a single day per sampling 
time, as we were unable to conduct consecutive—day recordings. 
This limited our ability to account for short—term (between 
days) temporal variability. We also acknowledge that averaging 
acoustic metrics over several consecutive days would likely re-
duce the influence of between days variability and provide a 
more robust characterization of each site’s soundscape. The way 
we collected our data, however, is consistent with several previ-
ously published studies in reef bioacoustics. For example, Pier-
etti et al. (2017) recorded only twice, with an 8—week interval 
between deployments; Bertucci et al. (2016) sampled 3 times 
between March and June 2015 at different locations, with 3—
week intervals; and Kaplan et al. (2015) conducted 2 sampling 
events separated by 3 months. These examples demonstrate 
that monthly sampling remains a common practice in the field, 
especially in studies constrained by logistical or environmental 
challenges. Therefore, although limited, our approach aligns 
with established methodologies in the literature. 

We fully recognize that long—term and higher—frequency 
acoustic monitoring efforts are essential for capturing temporal 
variability more comprehensively and improving our under-
standing of reef soundscape dynamics over time. While the 
limitations of our study may have contributed to the variabil-
ity observed, we believe that the absence of nocturnal data or 
multi—day sampling does not undermine our main conclusion: 
bioacoustic signals (ACI and SPL) recorded during daylight 
hours exhibit considerably variations within sites (i.e., substa-
tions), across sites (i.e., coral reefs), and sampling days. First, 
our primary objective was not to characterize complete diel 
biodiversity patterns or to validate acoustical signals against 
in—situ biodiversity observations, but rather to evaluate whether 
soundscapes exhibit consistent diurnal patterns during day-
light hours. Identifying predictable periods of elevated acoustic 

activity or complexity during daylight could inform the design 
of cost—effective monitoring strategies, particularly in situa-
tions where continuous or overnight recordings are not fea-
sible, a limitation commonly faced by scientists working in un-
derfunded regions. In this context, focusing on daylight hours 
may offer a practical and ecologically meaningful approach to 
reef monitoring and habitat assessment. Second, even if acous-
tic patterns were more consistent at night or across consecutive 
days, the observed daytime fluctuations alone raise concerns 
about the reliability of these metrics as standalone indicators 
of reef condition or biodiversity. The variability highlights the 
need for cautious interpretation and supports the use of bio-
acoustic metrics in combination with other ecological monitor-
ing tools.

 
Conclusions

The ecological restoration of degraded coral reefs, that is, 
coral outplanting, requires significant human and financial re-
sources. Therefore, determining the potential success of coral 
restoration projects to promote coral reef recovery is crucial for 
securing continuous financial support. Various monitoring—
based metrics have been developed for this purpose, including 
coral outplant demographic performance (Mercado—Molina et 
al. 2015), coral recruitment rates (Montoya—Maya et al. 2016, 
Mercado—Molina and Suleimán—Ramos 2023), and changes 
in fish biodiversity (Calle—Triviño et al. 2020, Goergen et al. 
2020). However, monitoring itself is resource intensive. Pas-
sive acoustic monitoring using underwater hydrophones has 
been suggested as a potentially cost—effective tool; however, its 
utility remains debatable. Our results indicate that patterns of 
ACI and SPL values can vary considerably throughout the day, 
among sites, within sites, and across sampling dates at the same 
site. This variability led us to align with previous studies that 
cautioned against its sole use for monitoring coral reef health. 
Instead, ACI and SPL can serve as complementary tools along-
side visual and video census methods. 

Our results and conclusion may be challenged by the argu-
ment that the spatiotemporal variability we documented in 
ACI and SPL is to be expected, given the inherent ecologi-
cal complexity of coral reef systems. However, our study was 
guided by the expectation that reef—associated soniferous or-
ganisms typically exhibit regular and predictable diel acoustic 
behaviors, as supported by previous work (e.g., Staaterman et 
al. 2017, Kaplan et al. 2018). In fact, this expectation is foun-
dational to the use of passive acoustic monitoring: if acoustic 
activity were inherently erratic and unpredictable across time 
and space, the ecological utility of soundscape metrics such as 
ACI and SPL would be fundamentally undermined. That we 
observed inconsistent diurnal patterns within reefs, as well as 
across reefs and months calls into question the general stability 
of these metrics, particularly in degraded or actively restored 
habitats.

We, however, recognized that coral reef bioacoustics is still a 
relatively young field and that we are in a steep learning phase 
regarding the proper application and interpretation of the pro-
posed indexes. Continued research is essential to better under-
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stand how ACI, SPL, and other indices can reliably reflect reef 
biodiversity across temporal and spatial scales. For instance, 
identifying reef fish sounds as types or per species and related 
phonic richness to variations in AIC and SPL are vital. In this 
context, emerging AI—based tools that enable species—level 
detection and classification of reef—associated sounds offer a 
promising complement to existing indices. Although still in 
early development, such technologies could significantly im-
prove the ecological resolution of acoustic monitoring in coral 
reefs. In the case of SPL, it is important to note that our analy-
sis focused on the root—mean—square (RMS), computed by the 
PAM—Guide algorithm, which is a metric that represents an 
average over multiple short time windows within the recording 
period. This averaging process, while useful for summarizing 
overall sound levels, may mask important short—term acoustic 
variability. Such variability often reflects ecologically meaning-
ful phenomena, including transient biological sounds (e.g., fish 
calls, snapping shrimp bursts) and anthropogenic noise events, 
which could provide insights into reef health, biodiversity, or 
organism behavior. Future studies would benefit from incorpo-
rating additional acoustic metrics that capture variability (i.e., 
standard deviation, coefficient of variation, or SPL percentiles) 
to better resolve these finer—scale temporal dynamics. Incorpo-
rating these measures may improve the detection of ecological 
patterns that mean SPL alone cannot fully reveal. 

We also acknowledge that future research should explicitly 
examine the environmental and ecological drivers of spatio-
temporal variability in reef soundscapes to refine the utility of 
bioacoustics as a monitoring tool. Geophonic sources such as 

tidal movements, wave action, and sea state can substantially 
influence soundscape metrics, particularly in shallow reef sys-
tems. Thus, variation in SPL and ACI across sampling periods 
may also reflect changes in these physical drivers. Future moni-
toring programs should therefore incorporate concurrent mea-
surements of tidal conditions, current direction, and weather 
to better disentangle biological from geophysical contributions 
to reef soundscapes.

In addition to physical drivers such as tides and sea state, 
biological rhythms also contribute to temporal variability in 
reef soundscapes. Seasonal changes in fish and invertebrate be-
havior can influence acoustic activity, as many species exhibit 
distinct reproductive, foraging, or territorial patterns that vary 
across months, even in tropical systems. We acknowledge that 
shifts in community behavior across seasons likely contribute to 
the observed acoustic variability. Incorporating known behav-
ioral cycles of key sound—producing taxa into future analyses 
would improve interpretation of acoustic indices and enhance 
the ecological resolution of long—term monitoring programs.

While our understanding of the utility of bioacoustics for 
monitoring reef health continues to evolve, we recommend 
caution in interpreting metrics such as ACI and SPL. In cases 
where the ACI and SPL are chosen, we recommend deploying 
multiple hydrophones within the same reef and conducting re-
peated deployments. As the methodology becomes standard-
ized, we recognize that PAM can evolve into a valuable tool for 
monitoring coral reefs. This study aims to contribute to these 
ongoing efforts.
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