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Abstract

Snapping shrimps produce snap sounds used for predation, defense, and reproduction. Despite their ecological
importance, only a few studies have described the acoustic properties of these sounds. This study aimed to
characterize the acoustic properties of snaps produced by Alpheus angulosus, A. carlae, and A. estuariensis. It also
evaluated their correlation with morphometric measurements under laboratory conditions. A total of 45 individuals
across all species were recorded, and 90 snaps were analyzed for each species. The snaps exhibited short durations
under 1 ms with peak frequencies predominantly ranging from 2 to 5 kHz. Peak-to-peak (SPL,, , ) sound pressure
level values reached up to 180 dB re 1 pPa. The power spectral density (PSD) values for snap sounds were more
consistent between 95 and 110 dB re 1 pPa?/Hz. Analyses revealed interspecific differences in sound parameters,
with A. angulosus showing the highest degree of differentiation. Although linear regressions indicated significant
relationships between morphometric measurements and sound parameters, their predictive power was limited.
The findings of this study are consistent with previous research on the characterization of acoustic properties,
while also highlighting variations in sound parameters among snapping shrimp species.

Keywords: acoustic properties, Alpheidae, bioacoustics, morphometrics, shrimps.

Resumo

Camaroes-de-estalo produzem sons de estalo utilizados para predacdo, defesa e reproducdo. Apesar de sua
importancia ecolégica, poucos estudos descreveram as propriedades actsticas desses sons. Este estudo teve
como objetivo caracterizar as propriedades actsticas dos estalos produzidos por Alpheus angulosus, A. carlae e
A. estuariensis. Também foram avaliadas suas correla¢des com medidas morfométricas em condicdes laboratoriais.
Um total de 45 individuos entre todas as espécies foi gravado, com 90 estalos analisados por espécie. Os estalos
apresentaram duragdes curtas, inferiores a 1 ms, com frequéncias de pico predominantemente entre 2 e 5 kHz.
Os niveis de pressdo sonora pico a pico (SPka_pk) atingiram até 180 dB re 1 pPa. Os valores de densidade espectral
de poténcia (PSD) dos estalos mostraram maior consisténcia entre 95 e 110 dB re 1 pPa?/Hz. As andlises revelaram
diferengas interespecificas nos parimetros sonoros, com A. angulosus apresentando o maior grau de diferenciagdo.
Embora as regressoes lineares tenham indicado relagdes significativas entre as medidas morfométricas e os
parametros acisticos, seu poder preditivo foi limitado. Os achados deste estudo estdo de acordo com pesquisas
anteriores sobre a caracteriza¢do das propriedades actsticas, ao mesmo tempo em que destacam variagdes nos
parametros sonoros entre as espécies de camardes-de-estalo.

Palavras-chave: propriedades actsticas, Alpheidae, bioacistica, morfometria, camardes.
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1. Introduction

Alpheid shrimps are widely distributed, inhabiting
environments from intertidal zones to deep waters,
and thrive in tropical and subtropical coastal habitats
(Anker et al., 2006). They are known for forming mutualistic
and commensal associations with fishes and invertebrates
(Boltafia and Thiel, 2001; Bauer, 2004; Anker et al., 2007).
As the second most speciose family among Caridea,
Alpheidae Rafinesque, 1815 includes over 700 species
across 52 genera. The genus Alpheus Fabricius, 1798, is
the largest, with 341 species, several of which are found
along the Brazilian coast (Soledade and Almeida, 2013; De
Grave et al., 2023; WoRMS, 2024). These shrimps exhibit
strong heterochely in their first pair of pereiopods: the
snapping claw is significantly more robust than the minor
claw and features a tooth-cavity mechanism that enables
both males and females to produce sounds known as
‘snaps’. This sound results from the collapse of a cavitation
bubble that is produced by the closure of the snapping
claw and the rapid release of a water jet (Versluis et al.,
2000; Lohse et al., 2001). It involves two crucial claw
structures: (i) the plunger, which is a molar-shaped tooth
that acts as the hammer of a pistol, and (ii) the dactylus,
which is the movable finger that closes rapidly during
snap production (Versluis et al., 2000). Before the snap
begins, muscles associated with the plunger contract,
pulling it backward to create a low-pressure area in the
claw (Ritzmann, 1974). This triggers the rapid entry of
water into the claw cavity (Herberholz and Schmitz, 1999;
Versluis et al., 2000), with the dactylus quickly moving
forward to generate a shockwave in the water, resulting in
the characteristic snap of Alpheus shrimps (Schein, 1975;
Schmitz and Herberholz, 1998).

Their claws are covered with various mechanosensory
setae, which are believed to help them detect and interpret
snaps from conspecifics (Herberholz and Schmitz, 1998).
In this context, the snaps primarily have an intraspecific
communication function (Nolan and Salmon, 1970;
Schein, 1975). However, the mechanism behind their
ability to acoustically detect the sound produced remains
unknown (Song et al., 2021). Both sexes use snap sounds
in agonistic interactions (intra- and intersexual), shelter
protection, predation, and during mating events (Nolan
and Salmon, 1970; Versluis et al., 2000; Mathews, 2002;
Mathews et al., 2002). Other putative purposes include
prey capture, rock perforation, excavation, and interaction
with commensal organisms (Ritzmann, 1974; Conover and
Miller, 1978). Additionally, snaps may serve as a territorial
defense mechanism, stunning predators or subduing prey
(Schmitz and Herberholz, 1998; Schultz et al., 1998).
Snapping shrimps are often found in large aggregations,
producing audible snaps when individuals engage in their
distinctive acoustic activities (Hazlett and Winn, 1962;
Lammers et al., 2008; Lillis et al., 2017). This acoustic
activity is a major component of soundscapes where
Alpheus shrimps are present (Lillis et al., 2014; Kaplan et al.,
2015; Lillis et al., 2017).

The acoustic properties of snaps produced by snapping
shrimps are diverse, with frequencies that can exceed
200 kHz and source levels reaching up to 210 dB re 1 pPa
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(Au and Banks, 1998; Schmitz, 2002; Versluis et al.,
2000; Dinh and Radford, 2021; Song et al., 2021). These
snaps are characterized by time, pressure, and frequency
parameters, which may vary depending on the shrimp’s
morphological traits. For example, variations in claw
size have been correlated with changes in peak-to-peak
sound pressure level and peak frequency, indicating that
the emitter significantly affects the values of the sound
parameters (Knowlton and Moulton, 1963; Kim et al.,
2010; Lillis et al., 2017). However, in laboratory studies, the
accuracy of recorded sound parameters can be influenced
by methodological factors. Variables such as the size and
shape of the recording tank, often subject to resonance
and reverberation, the experimental setup, the distance
between the animal and the hydrophone, recording depth,
and sampling rate can influence the sound parameters
of the recorded signals (Kim et al., 2010; Jézéquel et al.,
2019, 2022).

Considering the influence of both morphological and
methodological factors on sound parameter variability,
it becomes essential to investigate how these aspects
shape sound production across different species. In this
context, exploring sound variation among snapping
shrimps under controlled conditions can offer valuable
insights into the mechanisms underlying their sound
parameters. In Brazil, 36 Alpheus species have been
documented, occurring in both shallow waters (less
than 100 m deep) and deeper regions, including marine
and estuarine zones (Christoffersen, 1984; Soledade and
Almeida, 2013; Soledade et al., 2019; Santos et al., 2024).
Alpheus angulosus McClure, 2002, A. carlae Anker, 2012, and
A. estuariensis Christoffersen, 1984 are commonly found in
tropical shallow waters ranging from the United States to
the Brazilian coast (Anker, 2012; Soledade and Almeida,
2013). Although studies analyzing the acoustic properties
of snapping sounds produced by Alpheus species have been
conducted in regions such as the United States (Au and
Banks, 1998; Song et al., 2021), China (Song et al., 2023),
and Ireland (Spiga, 2022), the acoustic characterization of
these shrimps along the Brazilian coast remains scarce,
despite their wide distribution and well-known snapping
capability. This gap hinders the precise identification
of the sounds produced by these species in marine and
estuarine soundscapes. Among the species that occur in
Brazil, A. angulosus, A. carlae, and A. estuariensis stand out
not only for their ecological relevance but also for the
potential insights they offer into the relationship between
morphology, taxonomy, and sound production.

It is noteworthy that A. angulosus and A. carlae are
more closely related taxonomically than A. estuariensis
(Williams et al., 2001; Anker, 2012; Silliman et al., 2021).
This relationship is also reflected in the morphology of the
snapping claw, as A. angulosus and A. carlae exhibit more
similar claw structures to each other than to A. estuariensis
(Anker, 2012; Nascimento et al., 2024). Considering the
influence of claw morphology on sound production, it
would be reasonable to expect that A. angulosus and
A. carlae exhibit more similar acoustic properties to each
other than to A. estuariensis. On the other hand, since the
former two species co-occur in sympatry, differences in
sound parameters may also arise as a mechanism to reduce
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acoustic overlap and facilitate intraspecific communication
(Herberholz and Schmitz, 1998). Additionally, in light of the
previously discussed methodological effects on laboratory
sound recordings, it becomes important to account for these
factors when interpreting observed differences in snapping
sounds. In this context, the objectives of this study were to:
(a) characterize the acoustic properties of snaps produced
by three Brazilian snapping shrimp species (A. angulosus,
A. carlae, and A. estuariensis) under laboratory conditions;
(b) identify the presence of interspecific differences in
snap sound parameters among the studied species; and
(c) investigate whether there is a correlation between
individual morphometry and the sound parameters of
the produced snaps.

2. Materials and Methods

2.1. Shrimp sampling and data collection

Specimens of A. angulosus, A. carlae, and A. estuariensis
were manually collected in October 2022 at two localities

1.500 m

Snapping sounds of Brazilian Alpheus shrimps

in Cabo de Santo Agostinho, Pernambuco, northeastern
Brazil (Figure 1). Alpheus angulosus and A. carlae were
collected at Praia do Paraiso (8°21'29.1”S 34°57°00.0"W,
Figure 1b)and A. estuariensis in mudflats at the Massangana
River (8°21°38.8”S 34°58'11.8"W, Figure 1c). A total of
45 individuals were sampled, with 15 belonging to each
species. All sampled specimens were fully developed adults,
minimizing potential variations in sound parameters due
to ontogenetic differences. The specimens of A. angulosus
and A. carlae were obtained during low tide by actively
searching under rocks in the emerging portion of the
intertidal zone and at the bottom of tide pools. Alpheus
estuariensis specimens were captured during low tide
using a PVC pump with a 50 mm diameter (see Costa-
Souza et al., 2014). The suction pump was positioned
over the burrow openings in muddy sediments, and the
negative pressure extracted all material from inside the
burrow, capturing the animals present. The pump was used
to collect the specimens from all visible burrow openings,
one individual at a time.

During collection, the individuals were placed separately
in containers filled with water from the sampling site.
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Figure 1. Sampling sites of Alpheus shrimps in Pernambuco, northeastern Brazil. (a) location of the sampling sites; (b) view of the
Massangana river mangrove (8°21'38.8”S 34°58'11.8"W), where A. estuariensis was collected; (c) view of Praia do Paraiso (8°21'29.1"S

34°57°00.0"W), where A. angulosus and A. carlae were collected.
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Additionally, each container was provided with continuous
aeration and contained a piece of rocky substrate to provide
a hiding place for the shrimp. After collection, the shrimp
were transported to the laboratory, kept alive, and housed
individually in water tanks with constant aeration and
daily feeding.

To record the snapping sounds, each individual was
isolated in a glass tank with dimensions of 18 cm in height,
11.5 cm in width, and 20 cm in length, with a volume of
3 L, ensuring the identification of each recorded snap. All
individuals were subjected to the same conditions, ensuring
the standardization of sound parameter acquisition and
comparability of the data obtained between the studied
species. Tanks were filled with seawater at 25°C or
brackish water at 26°C, reflecting the habitat conditions
of each species.

During the recording sessions, the tank was placed
on a level laboratory table measuring 2.0 m x 1.0 m. This
setup minimized potential variations in the laboratory
environment, such as mechanical vibrations, surface
resonance, and uneven sound reflections that could affect
the consistency of the recorded sounds. To avoid external
sound interference, the recordings were conducted in
a closed, windowless room, where the presence was
restricted to a maximum of two researchers per session.
Silence was maintained during the recordings, with all
electronic equipment that could generate noise turned
off, ensuring that only the snapping sounds of the shrimp
were recorded. Recordings were performed using an

underwater system consisting of an H2A hydrophone
(Aquarian Audio, WA, USA), with an effective frequency
range of <10 Hz to >100 kHz and a sensitivity of -180 dB
re 1 V/uPa, and a Zoom H2N digital recorder operating
in 16-bit stereo WAV format, sampling at 44.1 kHz, with
plug-in power supply (2.5 V).

During the recordings, the hydrophone was positioned
10 cm away from the individual and 8 cm above the tank
bottom. Before each recording session, each animal was
placed in the tank and given a 10-minute acclimation
period. The shrimp were positioned in the pre-selected
location of the tank using anti-static ESD tweezers. The
stimulus for snap production was applied by touching the
snapping claw with the tweezers (based on Au and Banks,
1998). Recording sessions were conducted continuously for
each organism and ended only after obtaining a minimum
of 15 snaps per individual, with durations ranging from
1 to 5 minutes.

After the recordings, the individuals were euthanized
by cooling and preserved in 70% ethanol. Subsequently,
the following morphometric variables were measured:
carapace length (CL, Figure 2a), propodus length, height
(PL and PH, Figure 2b), and width (PW, Figure 2c) of
the snapping claw. The location of the propodus within
the snapping claw structure is shown in Figure 2d. The
morphometric variables of the propodus were measured
using a digital caliper with 0.1 mm precision. Carapace length
was measured from the distal end of the rostrum to the
posterior dorsal margin of the carapace using a Leica EZ4E

(d)
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\ 4
\ /

\
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Figure 2. Measurements of morphological characters and structures associated with the production of snaps from the snapping claw.
(a) CL = Carapace Length; (b) PL = Propodus Length and PH = Propodus Height; (c) PW= Propodus Width; and (d) detail of the snapping
claw, showing plunger, dactylus, socket, and propodus). An individual of Alpheus angulosus was used in the illustrations.
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stereomicroscope. All these parameters were measured in
millimeters (mm) and are available in the Supplementary
material. The shrimp specimens used in this study were
deposited in the Crustacean Collection of the Department
of Zoology at the Federal University of Rio Grande do Sul,
Brazil (DZ/UFRGS), under the catalog numbers: 7063 (A.
angulosus), 7064 (A. carlae), 7065 (A. estuariensis). The
collection and recording of animals were conducted in
accordance with the ethical standards in force in Brazilian
federal laws. These activities were carried out under official
authorization number 82961-1 MMA/ICMBIo/SISBIO, and
by the permanent license granted to MT under reference
62356 MMA/ICMBIio/SISBIO - Government of Brazil.

2.2. Sound and statistical analyses

Considering the potential resonance and reverberation
effects caused by the recording tank size, specific
methodological measures were adopted to minimize
acoustic distortions. From the snaps recorded for each
individual, only those exhibiting a high-fidelity profile
were selected for analysis. These were defined as signals
that reflected the characteristic structure of a snap (Au
and Banks, 1998), including a low-amplitude precursor
linked to the initial formation of the cavitation bubble and
a high-amplitude pulse corresponding to bubble collapse.
Accordingly, six snaps out of a total of 15 recorded per
individual were selected for sound and statistical analyses.
To ensure signal accuracy, the waveform segments selected
for analysis (i.e., analysis windows) were defined based on
the characteristic shape of a typical snap (Au and Banks,
1998). Each snap was considered to begin at the initial
pulse peak and extend through its decay phase.

Sound analyses were conducted manually using Raven
Pro version 1.6.5 (Bioacoustics Research Program, 2014),
with each snap individually evaluated for each species. The
parameters used for the analyses were snap duration (ms),
peak frequency (kHz), and peak-to-peak sound pressure
level (SPL, .+ dBre 1pPa). These parameters were selected
for their compatibility with the frequency resolution and
temporal precision provided by the recording conditions,
ensuring reliable and comparable measurements across
samples. The time (snap duration) and frequency (peak
frequency) properties were defined based on Spiga (2022),
Song et al.(2023), and Au and Banks (1998), respectively.
Time parameters were measured from oscillograms,
considering the first to the last oscillation of what was
defined as the representative properties of the snap sound
signal. Frequency parameters were obtained from power
spectra (sampling rate: 44.1 kHz, 16 bits per channel, ‘Hann’
window type, 1024-point Fast Fourier Transform (FFT), and
50% overlap window). Peak frequency was defined as the
frequency with the highest amplitude within the power
spectrum of the analyzed signal. Peak-to-peak sound
pressure level was obtained using the PAMGuide tool in
Matlab 2016 (Merchant et al., 2015), considering the 0.1 m
distance adopted in our study. The hydrophone sensitivity
used for calibration was -180 dB, with a gain of 39 dB and
an ADC of 3.535 V. The calculation followed the logic of
converting the electrical signal captured by the hydrophone
into sound pressure levels (dB re 1 pPa), accounting for
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the recording system’s response (Merchant et al., 2015).
Initially, the voltage values were corrected based on the
hydrophone sensitivity and preamplifier gain and then
converted into sound pressure levels using the system'’s
calibration relationship.

Power Spectral Density (PSD) analyses were performed
to visualize the distribution of sound energy across
different frequency bands over time, aiming not only to
characterize the acoustic properties of the snaps recorded
inour setup but also to serve as a reference for comparisons
with the properties of alpheid snaps recorded in natural
environments. This approach is particularly relevant
given the well-known influence of tank resonance,
reverberation effects, and the specific acoustic properties
of the experimental setup on laboratory recordings, as it
provides a means to assess the fidelity of the recorded
signals by highlighting potential differences in sound
parameters between laboratory snaps and those produced
in nature (based on Song et al., 2021). To achieve this, we
calculated mean PSD values for both the recording tank
without snapping sounds (i.e., background laboratory noise)
and for the snaps produced within the tank (“laboratory
snaps”), thereby identifying potential spectral distortions
introduced by the recording environment and evaluating
the extent to which such distortions may affect the
interpretation of the sound parameters. These analyses
were conducted using the PAMGuide tool in MATLAB
2016 (Merchant et al., 2015).

To compare individual sound parameters from snaps
produced by the three Alpheus species, we performed
ANOVA tests followed by Bonferroni-corrected pairwise
t-tests to identify differences in mean values between pairs
of species. Since our data did not conform to the normality
assumptions according to Q-Q plots and Shapiro-WilK’s tests,
raw data were log-transformed before these parametric
tests. Next, a stepwise forward model selection using
Wilk’s lambda criterion was performed to select sound
parameters significant for species distinction. Parameters
from Alpheus snaps were included from the highest Wilk’s
lambda values (i.e., with the most significant contribution
to species differentiation) to the lowest, until p-values were
non-significant. These analyses were performed using aov
and pairwise.t.test from the stats package version 4.4.0 (R
Core Team, 2022) and the greedy.wilks function from the
klaR package version 1.7.3 (Weihs et al., 2005) in R software
version 4.4.0 (R Core Team, 2022).

To evaluate the ability of the selected parameters to
correctly assign individual snaps to one of the Alpheus
species studied, we tested each class (species) for its
specificity, sensitivity, and precision, according to
the framework delineated by Zhou et al. (2011) and
Irigoien et al. (2016). For each species class (k), the
number of true positives (TP, snaps of class k correctly
classified as class k), the false negatives (FN, snaps of
class k misclassified as other classes), the false positive
(FP, snaps of other classes misclassified as units in class k),
and the true negative (TN, snaps of other classes correctly
classified as other classes), were estimated. Sensitivity for
class kis defined as the ability of the sound parameters to
correctly classify snaps belonging to class k, thus equaling
TP/TP+EFN. Specificity is the ability of the sound parameters
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to correctly exclude a unit from class k when it belongs to
another class, TN/TN+FP. Precision (or positive predictive
value) is the probability that a classification of a snap as
the class k is correct, i.e., TP/TP+FP. A weighted distance-
based discriminant analysis (WDB-Discriminant) was
applied to perform the supervised classification of snaps,
using a Euclidean distance matrix, cross-validated by the
leave-one-out method, and the results were plotted as
a confusion matrix. The distance matrix was obtained
with the ‘vegdist’ function from the vegan package, and
classification tests were performed with the WeDiBaDis
package (Irigoien et al., 2016), both in the R software
version 4.4.0 (R Core Team, 2022).

Simple linear regressions were fitted to evaluate whether
there were significant relationships between individual
morphometric measurements and snap sound parameters.
Before fitting the linear models, we tested morphometric
measures for collinearity using Pearson’s correlation
coefficient, considering values of p > 0.7 (either positive
or negative) to indicate high collinearity. We found all
snapping claw measures to be highly positively correlated
(p ~0.9), and we chose to proceed with regressions using
propodus length as a proxy for all snapping claw measures.
Regressions were fitted with the Im function from the stats
package version 4.4.0 (R Core Team, 2022).

3. Results

Alpheid snaps, in general, exhibit short-duration
properties, reflecting their transient and high-energy
nature. These sound signals are characterized by a low-
amplitude precursor, followed by a high-amplitude main
pulse, which concentrates most of the sound energy of

v)v 7
9/9 ! Alpheus angulosus

the event. The waveform shows an oscillatory tail with
rapid attenuation after the peak, indicating a process of
sound energy dissipation. Although this general pattern is
conserved, the waveforms reveal subtle variations between
the species analyzed, particularly in the shape and relative
amplitude of the main pulse, suggesting possible species-
specific sound signatures (Figure 3).

The sound parameters showed some degree of overlap
among species (Table 1, Figure 4). Snap durations differed
significantly among all species (p < 0.001), with A. angulosus
exhibiting the longest snaps (mean + SD: 0.8 + 0.14 ms),
followed by A. carlae (0.7 + 0.18 ms), and A. estuariensis,
which had the shortest snaps (0.6 + 0.1 ms). Regarding
peak frequency, A. angulosus and A. carlae did not differ
significantly from each other, while both differed from
A. estuariensis (A. angulosus vs. A. estuariensis, p < 0.001;
A. carlae vs. A. estuariensis, p < 0.001). The highest mean
peak frequency was recorded in A. carlae (mean % SD:
3.7 £1.64 kHz), followed closely by A. angulosus (3.6 + 1.94
kHz), whereas A. estuariensis exhibited the lowest values
(2.5 £ 1.58 kHz). Peak-to-peak sound pressure level (SPL)
values also differed significantly, with A. angulosus showing
significant differences compared to both A. carlae (p <
0.01) and A. estuariensis (p < 0.01), although no significant
difference was found between the latter two. The highest
mean SPL was observed in A. estuariensis (mean * SD:
189 +3.88dB re 1 puPa), followed by A. carlae (188.9 + 2.8
dB re 1 pPa) and A. angulosus (187.3 + 3.32 dB re 1 pPa).

For morphometric measurements, mean carapace length
(mean £ SD) was 9.4 + 0.9 mm (range: 7.86-10.92 mm) in
A. estuariensis, 9.1 £ 0.75 mm (range: 8.35-10.83 mm) in
A. angulosus, and 8.3 £ 0.9 mm (range: 6.64-9.98 mm) in
A. carlae. Mean propodus length (mean + SD) was 12.7
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Figure 3. Acoustic properties of snap sounds produced by Alpheus angulosus, A. carlae, and A. estuariensis. (a) Spectrogram showing a
sequence of six snaps from each species. (b) Oscillogram showing a sequence of six snaps from each species. (c) Oscillogram of a single
snap, highlighting its low-amplitude precursor and high-amplitude pulse.
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Table 1. Mean and standard deviation of sound parameters across snaps produced by three species of Alpheus shrimps. Minimum
and maximum values are presented inside parentheses. Superscript letters indicate homogenous groups for each sound parameter

according to ANOVA pairwise tests.

Species
Sound parameters
Alpheus angulosus Alpheus carlae Alpheus estuariensis
Snap duration (ms) 0.8 £0.14 0.7 +0.1% 0.6 +0.1¢
(0.5-1.2) (0.5-1.2) (0.4-0.9)
Peak frequency (kHz) 3.6 +19" 3.7+16° 2.5+1.5°
(1.2-7.6) (1.2-6.8) (1.2-7)
SPL,,., (dBre 1 puPa) 187.3 £3.34 188.9 +2.8° 189 +3.8°

(175.6-196.1)

(179.7-196.7) (181.6-197.2)

Snap duration (ms) Peak frequency (kHz) Sound pressure level (dB re 1 yPa)
1.2
° 195
1.0 61 :
op e 190 *e?
> @ooe Y 3
o L oo X
0.8 o I ) .
N 1 185
of ® &
2 7S ,:d o °
o o0 o o% -
o ofe
0.6 & : KN
—— 180
oSt e -
(}’. % 2 d -.-
0.4 ﬁit ?: | ° .i Cab.
’ 175
N e & o N e &
o §o° 03‘\6 o 3 §° @ a(.\eo o 3 @ e
o \© SV P W2 9 0 Nl
® §© e o X e © \d e
e e o® (@ 3 i @ W o®
w® e w A" i S

Figure 4. Sound parameters in the snaps produced by Alpheus angulosus, A. carlae, and A. estuariensis. Each box plot displays the distribution
of the data for all sound parameters. The boxes represent the interquartile range, with the median indicated by a horizontal line and
the means denoted by diamonds. Individual points represent single measurements obtained for each parameter.

1.4 mm (range: 10.32-15.86 mm) in A. estuariensis, 12.1 +
1.8 mm (range: 9.53-14.21 mm) in A. angulosus, and 11.45 +
2.2 mm (range: 8.43-16.76 mm) in A. carlae.

The PSD analyses demonstrated a similarity in the
energy distribution across the frequency range for both
background laboratory noise and laboratory snaps (Figure 5).
For all three species, the energy in background laboratory
noise was higher at lower frequencies (0.1-0.3 kHz), with
PSD mean values ranging from 45 to 65 dB re 1 pPa?/Hz. In
the remaining frequency bands, the PSD values gradually
decreased toward the upper frequency limit, reaching levels
close to 20 dB re 1 1Pa?/Hz. In the laboratory snap properties,
higher energy levels were predominantly observed in the
initial frequency ranges (2-5 kHz), with mean values of
approximately 110 dB re 1 pPa?/Hz. Across the remaining
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frequency range, the mean PSD values gradually decreased
toward the upper frequency limit, reaching levels below
100 dB re 1 pPa?/Hz.

The snap duration, peak frequency, and peak-to-peak
sound pressure level were significant in discriminating
species according to Wilk’s Lambda model (Table 2). The
WDB-Discriminant analysis (Figure 6a) revealed variability
among species in terms of specificity (the ability to
exclude a snap that does not belong to that species, i.e., not
incorrectly attributing snaps to that species), sensitivity
(the ability to correctly identify a snap as belonging to that
species, i.e., not misidentifying snaps from that species
as belonging to others), and precision (the proportion
of snaps correctly attributed to that species). Regarding
classification performance, A. carlae exhibited the highest
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Figure 5. Power Spectral Density (PSD) mean levels of sound snaps produced by Alpheus angulosus, A. carlae, and A. estuariensis. The
black line represents the PSD levels of laboratory snaps, while the gray line represents the laboratory background noise levels.

Table 2. Stepwise forward model selection using Wilk’s Lambda criterion for sound parameter values of three species of Alpheus shrimp.
F and p values are shown for the overall model with the variable being included. The order of the parameters in the table, also reflects

their importance in differentiating the species.

Sound parameters Wilks’ Lambda F Sig. (p)

Snap duration 0.656 69.902 <0.001

Peak Frequency 0.458 57.440 <0.001
Peak-to-peak sound pressure level 0.373 30.158 <0.001

specificity and precision, while A. angulosus showed the
highest sensitivity. A. estuariensis presented intermediate
values for specificity and sensitivity but had the lowest
precision among the three species. The cross-validation
test indicated that 55.18% of snaps produced by the
45 individuals pooled across all species were correctly
attributed to the emitter species, totaling approximately
149 correct assignments out of 270 snaps. The assignment
tests revealed that 58.9% of A. angulosus snaps, 55.1% of
A. carlae, and 55.6% of A. estuariensis were correctly assigned
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to their emitters (Figure 6b). Alpheus angulosus was most
frequently misclassified as A. estuariensis (36.7%), while
A. carlae also showed a high rate of misclassification as
A. estuariensis (25.6%).

Linear regressions fitted between the species
morphometric measurements and sound parameters
yielded significant relationships across species. However,
the low R? values in all instances indicated a low proportion
of variance explained in sound parameters (Table 3).
In A. angulosus, carapace length showed a negative
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Figure 6. Weighted distance-based discriminant analysis and assignment test, demonstrating the species-specific character of three
species of Alpheus shrimps, based on sound parameters. (a) Plot of WDBD analysis with specificity, sensitivity, and precision values derived
from individuals’ snaps of each species. Specificity values are shown in the outermost circles, sensitivity in the middle circles in gray,
and precision in the inner circles. (b) Confusion matrix indicating the percentage of successful identification of snaps (n = 270, 90 per
species) to the correct species and the proportion that were misclassified based on the selected sound parameters in the WDBD analysis.

correlation with snap duration. In A. carlae, carapace
length was positively correlated with peak frequency.
For A. estuariensis, carapace length exhibited positive
relationships with both snap duration and sound pressure
level. A. angulosus showed a positive correlation between
propodus length and snap duration, while in A. carlae,
propodus length was positively correlated with sound
pressure level. Alpheus estuariensis also exhibited positive
correlations between propodus length and both snap
duration and sound pressure level. Among all these
significant relationships, the strongest were observed
in A. estuariensis, specifically between propodus length
and snap duration (R?=0.2371, p < 0.0001) and between
carapace length and snap duration (R?=0.1178, p = 0.0009).

4. Discussion

The results of this laboratory study show that the acoustic
properties of snaps produced by A. angulosus, A. carlae, and A.
estuariensis conform to the characteristic profile of snapping
shrimp signals, featuring a low-amplitude precursor followed
by a high-amplitude main pulse, a structure that represents
the acoustic signature of snapping shrimps. Power spectral
density analysis revealed that snap energy was concentrated
between 2 and 5 kHz, whereas background laboratory noise
showed higher levels at lower frequencies (< 0.3 kHz),
indicating that the recorded signals reflected snapping
shrimp emissions. Significant interspecific differences were
observed in snap duration, peak frequency, and SPL,,
parameters, suggesting species-specific acoustic signatures.
Discriminant analysis showed that sound parameters
effectively differentiate species, demonstrating varying
levels of specificity, sensitivity, and precision. Furthermore,
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although significant correlations were identified between
morphometric measurements and sound parameters, the
low R? values suggest these relationships account for only
a limited proportion of the observed variation, indicating
that other factors likely explain the remaining variability.

Regarding the sound parameters recorded in this study,
the laboratory values align with those previously reported for
snapping shrimp species. Previous studies have documented
similar snap durations for Synalpheus paraneomeris Coutiére,
1905 (Au and Banks, 1998), A. heterochaelis Say, 1818, and A.
angulosus (Song et al., 2021). In this study, snap durations
measured primarily ranged from 0.5 to 1 ms. Concerning
peak frequencies, previous studies reported mean values
ranging up to 5 kHz (Au and Banks, 1998; Song et al.,
2021), consistent with the results obtained for the species
analyzed in this study. Specifically, A. angulosus, A. carlae,
and A. estuariensis showed mean peak frequencies of 3.6,
3.7, and 2.5 kHz, respectively. Regarding sound pressure
parameters, the meanSPL , | recorded in this study ranged
from 187 to 189 dB re 1 pPa. These values are comparable
to those reported by Au and Banks (1998), who measured)
183 to 190 dB re 1 pPa, and by Song et al. (2021), who
reported mean values between approximately 190 and
195 dBre 1 pPa) at distances of 0.2 m and 0.5 m. Our results
are according to field recordings of snap sounds in natural
environments, such as those presented by Song et al. (2023),
who reported mean snap durations between 0.3 and 0.6 ms
and peak frequencies ranging from 2 to 6 kHz.

While our results are comparable to previous studies,
itis important to consider potential limitations associated
with the sampling rate used in this study. The high
import costs and limited availability of higher-capacity
equipment in Brazil limited the choice of a 44.1 kHz
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Table 3. Results of regression linear models using morphometric measurements of three species of Alpheus shrimps: Carapace Length
(CL) and Propodus Length (PL), as independent variables, and each sound parameter used as a dependent variable relationship in bold

denote statistically significant models (p < 0.05).

Carapace Length
Alpheus angulosus Intercept Slope R? P
Snap duration 1.2230 -0.0485 0.0586 0.0215
Peak frequency 6.5148 -0.3262 0.0162 0.2323
Sound pressure level 193.3058 -0.6608 0.0210 0.1728
Alpheus carlae
Snap duration 0.5659 0.0117 0.0066 0.4466
Peak frequency -0.1753 0.4633 0.0688 0.0125
Sound pressure level 188.3188 0.0722 0.0006 0.8247
Alpheus estuariensis
Snap duration 0.1614 0.0445 0.1178 0.0009
Peak frequency 2.5648 -0.0024 0.0000 0.9903
Sound pressure level 177.9751 1.1762 0.0693 0.0122
Propodus Length
Alpheus angulosus Intercept Slope R? P
Snap duration 0.4785 0.0253 0.0900 0.0041
Peak frequency 2.0245 0.1269 0.0138 0.2694
Sound pressure level 182.7729 0.3761 0.0385 0.0639
Alpheus carlae
Snap duration 0.5628 0.0088 0.0199 0.1846
Peak frequency 2.6329 0.0915 0.0144 0.2603
Sound pressure level 185.1586 0.3286 0.0623 0.0177
Alpheus estuariensis
Snap duration 0.0891 0.0385 0.2371 0.0000
Peak frequency 41791 -0.1288 0.0133 0.2794
Sound pressure level 179.4115 0.7549 0.0766 0.0083

sampling rate. Nevertheless, snapping shrimp generally
produce fundamental frequencies in the lower range of
their acoustic signals (2-5 kHz) (Spiga, 2022; Song et al.,
2023). These frequencies fall well within the detectable
range of the sampling rate adopted in our analysis, making
it suitable for capturing the main acoustic properties of
the snaps. However, higher sampling rates, such as the
300 kHz per channel used by Au and Banks (1998) and
Song et al. (2021), provide greater frequency resolution
and allow the detection of higher-frequency components
(Charif et al., 2010; Merchant et al., 2015), including
harmonics and broadband energy often present in snap
sounds. Although our recordings may not capture these
high-frequency details, the chosen sampling rate was
sufficient to achieve the study objectives and support
comparisons with previous work focused on the main
acoustic properties of snapping shrimp snaps.

It is important to consider that laboratory recording
conditions can influence sound parameter values. In
small tanks, resonance, reverberation, and confinement
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can artificially modify the signals by altering spectral
characteristics such as frequency and amplitude
(Akamatsu et al.,2002; Jones et al., 2019; Rogers et al., 2016;
Jézéquel et al., 2022). Moreover, these sounds are often
elicited by tactile stimuli, potentially causing differences
compared to signals produced in natural environments
(Song et al., 2021). The PSD analyses illustrate how these
conditions can affect recorded snaps. Comparing the
sound energy levels obtained in this study with recordings
from a coastal marine environment by Song et al. (2023),
similarities were observed in certain frequency ranges,
both for background noise (45 to 65 dB re 1 pPa?/Hz)
and for snaps (90 to 110 dB re 1 pPa?/Hz). However, the
background noise in our experiment showed a higher
concentration of energy at low frequencies (0.1 to 0.3 kHz),
gradually decreasing across the spectrum. In contrast,
Song et al.(2023) reported varying energy concentrations
between locations, with greater energy concentration up
to 1 kHz. Regarding snaps, we observed an increase in
average PSD levels predominantly between 2 and 5 kHz,
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a pattern also identified by Song et al. (2023), followed
by a progressive decrease. In this context, considering the
inherent limitations of laboratory environments, the results
obtained exhibit that the chosen methodology permitted
a valid characterization of the recorded snaps, although
caution is needed when interpreting these parameters.

The acoustic properties of the recorded snaps revealed
variations in the sound parameters among the analyzed
species, suggesting species-specific sounds. These differences
may be related to their distinct habitats, as A. angulosus
and A. carlae inhabit marine environments, whereas A.
estuariensis occurs in estuarine environments (Costa-
Souza et al., 2019). In this context, habitat differences may
help explain the observed acoustic divergence, with the
marine species being more similar to each other than to
the estuarine species. Accordingly, A. angulosus and A. carlae
share similar snapping claw morphologies, especially
regarding the profile of the tooth-cavity mechanisms (Anker,
2012), when compared to A. estuariensis, suggesting similar
sound emissions. However, our data did not support this
pattern, raising the hypothesis that different species living
in sympatry may exhibit differentiated sound emissions to
enhance intraspecific communication. Literature shows that
snaps produced by alpheid shrimps are associated with
intraspecific interactions (Herberholz and Schmitz, 1998),
including agonistic behavior, shelter defense, predation,
and during mating events (Nolan and Salmon, 1970;
Versluis et al., 2000; Mathews, 2002; Mathews et al., 2002).
In this context, it is suggested that by differentiating their
sound parameters, these species minimize interspecific
interference, potentially increasing territorial defense and
reproductive success. Thus, closely related Alpheus shrimps
may exhibit intraspecific plasticity, segregating their signals
either through character displacement, occurring specifically
in sympatric populations, or as a permanent evolutionary
trait, present even in allopatric conditions. These hypotheses,
however, warrant further studies for better elucidation.

Variation in snapping shrimp sound parameters has been
linked in the literature to morphological traits, particularly
in the structure of the snapping claw (Versluis et al., 2000).
In our study, linear regressions between propodus and
carapace lengths with sound parameters revealed several
significant relationships; however, none of the models
had good explanatory power (Table 3). Results diverge
across studies and sound metrics, with propodus length
influencing SPL,_ inS. paraneomeris (Au and Banks, 1998)
and peak frequency in A. lobidens De Haan, 1849 (Kim et al.,
2010), while in A. heterochaelis and A. angulosus significant
relationships between sound parameters and morphological
traits were also detected, although with similarly
low explanatory power (Song et al.,, 2021). Although
A. heterochaelis and A. angulosus also showed a significant
relationship between sound parameters and morphological
traits (Song et al., 2021), the explanatory power in those
cases was similarly low, as in the present study.

These disparities might be associated with differences
in the range of propodus lengths reported across studies.
However, when comparing the available data from the
cited studies, no clear pattern emerges linking propodus
length range and the significance or strength of these
correlations. For instance, studies reporting significant
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correlations documented propodus length ranging from
5 to 8 mm for S. paraneomeris (Au and Banks, 1998) and
6to 15 mm for A. lobidens (Kim et al., 2010). By contrast, the
study with limited explanatory power reported propodus
lengths ranging approximately from 10.2 to 15.8 mm
for A. heterochaelis and 7.7 to 10.3 mm for A. angulosus
(Song et al., 2021). In our study, we recorded propodus
lengths similar to those observed in Song et al. (2021):
9.5 to 14.2 mm for A. angulosus, 6.6 to 10 mm for A. carlae,
and 7.9 to 10.9 mm for A. estuariensis.

These findings suggest that the relationship between
propodus length and sound parameters may vary among
snapping shrimp species, potentially reflecting species-
specific patterns, non-linear associations, or the influence
of additional factors such as behavioral context, muscle
morphology, or individual condition. Given the limited
scope of current evidence, further studies are necessary
to clarify the extent and nature of this relationship across
the group.

5. Conclusion

Our results provide new, comparative data on alpheid
snap sounds in a laboratory environment. By analyzing 270
snap events and 180 morphometric measurements, we
identified distinct properties of snap sound emissions among
three species (A. angulosus, A. carlae, and A. estuariensis), as
well as varying degrees of correlation between morphometric
traits and sound parameters. All analyzed sound parameters
significantly differentiated the species, with approximately
55% of snaps correctly assigned to their emitters. Notably,
despite their morphological similarity and shared habitats,
A. angulosus and A. carlae did not produce more similar snaps
than A. estuariensis, which inhabits a different environment.
This indicates that sympatric species may differentiate their
sounds to reduce interference and improve communication,
likely influencing behaviors such as territorial defense
and mating. Thus, acoustic variation in Alpheus reflects
ecological adaptation and possible evolutionary character
displacement, highlighting an area that warrants further
study. Although some significant correlations between
morphometric measurements and sound parameters
were observed, the relatively low R? values indicate that
these traits have limited predictive power. These results
are consistent with previous studies on snapping shrimp
species (A. heterochaelis and A. angulosus), where similarly
low R? values were reported. This highlights the need for
cautious interpretation of such associations and suggests
that other factors, such as behavioral context, muscle
morphology, or individual condition, may better explain
the observed variability.

Our data contributes to refining current knowledge
on the acoustic properties of Alpheus snaps. Nonetheless,
a comprehensive understanding of snapping shrimp
sound patterns requires additional research, particularly
regarding the interactions between sound parameters and
morphological traits. In addition, methodological aspects,
such as laboratory recording conditions, must also be taken
into account, as they can influence the characterization
and interpretation of acoustic data. Such efforts will be
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essential to clarifying inter- and intraspecific acoustic
differentiation and its potential roles in communication,
reproduction, and social behavior.
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Table S1. Mean, standard deviation, minimum and maximum values of morphometric measurements from
Alpheus angulosus, A. carlae and A. estuariensis. Minimum and maximum values are presented inside parentheses.

This material is available as part of the online article from https://doi.org/10.1590/1519-6984.295882
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