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ABSTRACT 

Underwater noise from human activities is an increasing concern due to its potential ecological impacts. While knowledge on 
its effects on aquatic species is growing, responses of juvenile invertebrates remain poorly understood. This study investigated 
behavioral, cellular, and molecular responses to noise (1–20 kHz linear sweep) in juvenile Procambarus clarkii (Girard, 1852). 
Behavioral parameters (including movement, interactions, feeding, and tail flips) were recorded using overhead video and 
analyzed with BORIS software. Cellular assays measured esterase, alkaline phosphatase, glucose, total protein (TP), peroxidase, 
superoxide dismutase (SOD), and cytotoxicity. Additionally, gene expression of crustin, prophenoloxidase (proPO), Heat shock 
protein 70 (HSP70), Heat shock protein 90 (HSP90), caspase, SOD and catalase (CAT) was assessed via real-time PCR. Specimens 
exposed to underwater noise exhibited increased interactions and feeding, but no significant changes in movement were observed. 
Results of cellular analysis revealed elevated protein content, hydrolase, and antioxidant activity, while glucose and cytotoxicity 
levels decreased. Molecular analyses showed upregulation of immune and stress-related genes (crustin, proPO, HSP70, HSP90, 
and caspase) and downregulation of SOD and CAT, indicating potential oxidative stress. These findings suggest that even early 
life stages of invertebrates are sensitive to underwater noise disturbance, affecting the specimens at multiple interconnected 
levels. 
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 Introduction 

he increase in underwater noise due to human activities is a
rowing concern. From the 1950s to the 2000s, low-frequency
mbient sound levels have increased by approximately 3 dB per
ecade (Frisk 2012 ; McDonald et al. 2006 ). Moreover, climate
hange is expanding the areas affected by underwater noise,
nfluencing sound propagation through changes in salinity and
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ited. 
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temperature and by opening new shipping routes in polar regions
(Lancaster et al. 2021 ; Possenti et al. 2024 ). Natural underwater
soundscapes are continuously impacted by underwater noise
generated by vessel traffic, coastal infrastructure development,
offshore energy exploration, and production (Buscaino et al. 2019 ;
Ceraulo et al. 2018 ; Dahl et al. 2015 ; Duarte et al. 2021 ; Kunc et al.
2016 ). This growing pollution has been recognized as a global
threat by the World Health Organization ( 2011 ). In addition, the
its use, distribution and reproduction in any medium, provided the original work is properly 
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uropean Union’s Marine Strategy Framework Directive (MSFD)
as supported efforts to reduce underwater noise to achieve good
nvironmental status (Directive 2008 ). 

ound detection and production in aquatic organisms are medi-
ted by specialized anatomical features and neural mechanisms
Kasumyan 2008 ; Popper and Hawkins 2018 ; Reidenberg and
aitman 2010 ). However, these abilities also make them highly
ensitive to underwater noise, which can trigger behavior, cellu-
ar, and molecular alterations. Behaviorally, underwater noise can
ause changes in mobility parameters (Marley et al. 2017 ; Mauro
t al. 2020 ; Prawirasasra et al. 2022 ) and social relationships
Butler and Maruska 2020 ), reduce feeding success (Shafiei Sabet
t al. 2015 ), impair anti-predator responses (Price et al. 2023 ; Wale
t al. 2013 ), and alter habitat and shelter selections (Filiciotto
t al. 2016 ; Lecchini et al. 2018 ; Leiva et al. 2021 ; McLaughlin
nd Kunc 2015 ). These effects may lead to reduced reproductive
apacity, altered growth and offspring survival, and increased
usceptibility to diseases (El-Dairi et al. 2024 ). In the long term,
uch modifications can threaten population stability, disrupt
rophic networks, and contribute to the destabilization of aquatic
cosystems (Kunc et al. 2016 ). Physiological effects can influence
arious cellular, metabolic, enzymatic, and genetic parameters
Kight and Swaddle 2011 ): for example, changes in cortisol levels
Mills et al. 2020 ; Wysocki et al. 2006 ); alterations in energy
etabolism with variations in glucose levels (Smith et al. 2004 )
nd alterations in the activity of hydrolase-class enzymes (El-
airi et al. 2024 ; Vazzana et al. 2020a , 2020b ); modifications in
ntioxidant defense systems, affecting the activity of key enzymes
uch as superoxide dismutase (SOD) and glutathione peroxidase
GPx) (Ghezzi et al. 2018 ); changes in the expression levels of heat
hock proteins and cytotoxic activity (Ghezzi et al. 2018 ). These
hanges can compromise the growth, physiological well-being,
nd survival of aquatic organisms. 

espite aquatic invertebrates being underrepresented in research
ompared to marine mammals and fish (Di Franco et al. 2020 ),
nowledge about the effects of underwater noise on invertebrates
s becoming increasingly significant (see Solé et al. 2023 for a
eview). Behavioral responses to underwater noise have been
bserved in bivalves (Day et al. 2017 ; Gigot et al. 2024 ; Ledoux
t al. 2023 ; Roberts et al. 2015 ), cephalopods (Fewtrell and
cCauley 2012 ; Jones et al. 2021 ), and many species of decapod
Carter et al. 2020 ; De Vita et al. 2023 ; Filiciotto et al. 2014 ;
ising et al. 2022 ; Sal Moyano et al. 2023 ; Snitman et al. 2022 ).
or example, altered mobility was observed in lobsters and
ommon prawns (Filiciotto et al. 2014 , 2016 ) and changes in
oraging interactions and food aggregation in crabs and shrimps
Azarm-Karnagh et al. 2023 ; Hubert et al. 2018 ; Wale et al. 2013 )
xposed to underwater noise. At the cellular level, enzymatic
nd cytotoxic responses to high-frequency noise were observed
n Arbacia lixula (Linnaeus, 1758) and Mytilus galloprovincialis
amarck, 1819 (Vazzana et al. 2020a , 2020b ), while Mauro et al.
 2024 ) observed increased levels of SOD, peroxidase, esterase,
lkaline phosphatase, and Heat shock protein 70 (HSP70) in
he peristomial membrane of A. lixula exposed to low-frequency
mpulsive watergun noise. At the molecular level, changes in
SP70 expression have also been documented in hemocytes
f Scylla paramamosain Estampador, 1950 (Zhou et al. 2018 )
nd in the hemolymph and nervous system of Onchidium
 reati
reevesii (Gray, 1850) (Tu et al. 2022 ) exposed to underwater
noise. 

Scientific studies evaluating the effects of noise on the early life
stages of invertebrates are limited and mostly focused on the
negative effects of underwater noise on hatching success and
embryonic development (de Soto et al. 2013 ; Nedelec et al. 2014 ;
Spankowski 2016 ; Stanley et al. 2010 ; Wilkens et al. 2012 ; Sal
Moyano et al. 2023 , 2024 ). The life cycle of approximately two-
thirds of aquatic invertebrates includes several pelagic phases
(Thorson 1950 ), often involving different metamorphic stages
depending on the species. Given the physical and ecological
changes that occur throughout development, it is plausible that
sensitivity to underwater noise varies across life stages (Snitman
et al. 2025 ). Supporting this hypothesis, Sal Moyano et al. ( 2021 )
found that motorboat noise (with higher energy from 100 Hz to
20 kHz) elicited a negative orientation response only in juvenile
crabs, but not in megalopae. 

To explore the effects of underwater noise on the juvenile life stage
of crustaceans, this study focused on Procambarus clarkii (Girard,
1852), an aquatic decapod crayfish. The red swamp crayfish is
an invasive freshwater species in Europe with a cosmopolitan
distribution (Faraone et al. 2025 ). Despite its high nutritional
value and economic importance for aquaculture (Lin et al. 2022 ),
these same traits also make it a successful invader with negative
consequences for native species and ecosystems (Souty-Grosset
et al. 2016 ). This crayfish is indeed characterized by great ecolog-
ical plasticity, high tolerance to environmental stress, generalist
feeding habits, and highly competitive and aggressive behavior
(Huner and Lindqvist 1995 ; Hanshew and Garcia 2012 ; Ren
et al. 2022 ). Given these characteristics, it has been considered
a suitable animal model to study the effects of environmental
stressors, such as underwater noise. Regarding the effects of
this pollutant, Celi et al. ( 2013 ) investigated the behavioral and
physiological effects of underwater noise on adults, showing
variations in hemato-immunological parameters as well as a
reduction in agonistic behavior. Studies about the vulnerability
of juveniles of this species to environmental stressors are limited
(see Lin et al. 2022 about oxidative stress and Zeng et al. 2024b for
pH stress), and they revealed that the development stages of this
species may be particularly vulnerable to such stressors. 

Given the complexity of organismal responses to underwa-
ter noise and the challenges in interpreting stress reactions,
this study aimed to assess behavioral, cellular, and molecular
responses in P. clarkii juveniles in order to obtain a more
comprehensive understanding of whole-organism reactions to
underwater noise exposure. The obtained results reveal that
underwater noise can interfere with the physiological and behav-
ioral processes of juvenile stages, with possible consequences on
growth, development, and survival. 

2 Materials and Methods 

2.1 Experimental Plan 

An ovigerous P. clarkii (30.48 g) was collected from the Rosama-
rina Dam in Caccamo, Sicily (Italy) and transported to the
Integrative Zoology, 2026
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aboratory. The organism was housed individually to allow for the
atching of juvenile crayfish and was fed with a commercial feed
Tongwei Agricultural Development Co., Ltd., Sichuan, China).
fter 1 week, the larvae began hatching. Once the larvae were
etached from the parent, the adult crayfish was removed from
he tanks and the larvae were fed twice per day with the same
ommercial feed. The water temperature was maintained at 24◦C
 0.38◦C, and the photoperiod followed the natural light–dark
ycle (12 h:12 h). Dissolved oxygen and pH levels were measured
aily, with dissolved oxygen recorded at 7.8 mg/L ± 0.4 mg/L and
H at 7.5 ± 0.05. Forty healthy juvenile crayfish of similar size
0.140 g ± 0.07 g) were selected for the experimental procedures
nd housed individually in plastic tanks. The experimental phase
onsisted of 20 trials, 10 without underwater noise emission
Control Trials—CTRL) and 10 trials with underwater noise
mission (Test Trials—TEST). Twenty specimens were used for
ellular analyses (10 specimens for TEST and 10 specimens for
TRL trials) and 20 for molecular analyses (10 specimens for
EST and 10 specimens for CTRL trials). The specimens were
asted for 48 h before the start of the experiments. During the
rials, a natural photoperiod was maintained. For each trial, two
pecimens were randomly paired and moved into the experimen-
al tank (35.6 cm × 23.4 cm × 22.8 cm). The choice to use only two
ndividuals per tank was made to reduce the complexity of social
nteractions and to allow for a precise and controlled analysis of
ndividual behavioral responses to noise. This setup also enables a
etailed examination of direct confrontation dynamics, reflecting
he natural tendency of crustaceans to exhibit agonistic behaviors
rimarily in pairs (Zulandt et al. 2008 ). Considering the small
ize of the juveniles’ specimens compared to the experimental
ank, they were confined inside a cage made up of elastic tissue
alls of 13.5 cm × 12.5 cm × 17 cm, to monitor the behavior
f the specimens during the trials. Each trial began after a 5-
in acclimation period, followed by the introduction of food,
nd it lasted 30 min. The trial’s duration was chosen to assess
he short-term effects of underwater noise and to follow the
ame methodology used by Celi et al. ( 2013 ) when testing adults
f the same species. During each trial, the behaviors of the
rayfish were recorded using a camera positioned above the
xperimental tank. In the TEST trials, underwater noise was
enerated, emitting a stimulus consisting of a linear sweep from
 to 20 kHz, lasting 1 s and repeated for the duration of the
rial (Figure 1 ). It was generated by a signal generator (Agilent
3210A, USA) and played back by an underwater loudspeaker
Model UW30, Lubell, Columbus, Ohio, USA). This stimulus was
reviously used by Celi et al. ( 2013 ) when testing adult specimens,
nd it was selected because it covers the frequency band of sounds
mitted by this species both in air (Favaro et al. 2011 ) and in
ater (Buscaino et al. 2012 ), as well as the frequencies mainly
roduced by vessel traffic (Erbe et al. 2019 ). The emission started
imultaneously with the introduction of food. The underwater
oise and the background tank noise was monitored during both
EST and CTRL trials using a hydrophone (model 8104, Bruel
 Kjaer, Naerum, Denmark) connected to a recording system
USGH416HB Avisoft Bioacoustics, Berlin, Germany), set with a
0 dB preamplification and managed via the Avisoft Recorder
oftware and a sampling frequency of 100 kHz, resolution of 16
it. The median sound pressure level ( Lprms, see ISO 18405:2017
or details) during 30 min of trials was 133.8 dB re1 µPa for TEST
nd 119.9 dB re1 µPa for CTRL. The power spectrum of the sweep
timulus is shown in Figure 1 . 
ntegrative Zoology, 2026
2.2 Behavioral Analysis 

For supervised classification of the specimens’ behaviors, videos
were scored with Behavioral Observation Research Interactive
Software (BORIS) (Friard and Gamba 2016 ), and the following
behaviors were manually annotated: moving, not moving, inter-
action, tail flip, and feeding. A description of each behavior is
reported in Table 1 . 

Considering the size of the specimens and location of the camera,
some blind points of video recordings were noted; when the
animals were located here, the data were excluded from the
observations analysis, so the total duration of each state was
normalized for the total duration of the observations. 

2.3 Cellular and Molecular Analysis 

2.3.1 Sampling 

At the end of each test and control trial, the specimens were
sampled, weighed, and euthanized on ice. A total of 20 spec-
imens (10 CTRL and 10 TEST) were preserved dry at − 20◦C
for the assessment of esterase, alkaline phosphatase, glucose,
total protein (TP), peroxidase, SOD, and cytotoxicity levels. For
the evaluation of these parameters, each specimen was thawed,
homogenized in RIPA (Radio-ImmunoPrecipitation Assay) Lysis
buffer 1 × (prepared using RIPA Lysis Buffer 10 ×, 20–188 Mil-
lipore), supplemented with protease inhibitor at a 1:200 ratio,
sonicated for 60 s, and centrifuged at 4000 rpm for 10 min at 4◦C.
The resulting supernatant was used for cellular assays. 

The remaining 20 specimens (10 CTRL and 10 TEST) were
preserved at − 80◦C in RNA later solution for molecular analyses.
Gene expression of crustin, prophenoloxidase (proPO), HSP70,
Heat shock protein 90 (HSP90), caspase, SOD, and catalase (CAT)
was assessed via real-time PCR. For these analyses, after thawing,
RNA from each individual was extracted using the RNAqueous
Total RNA Isolation Kit (Invitrogen). 

2.3.2 Glucose and Protein Concentration Analysis 

Glucose levels were assessed using the Accutrend GC kit
instrument (Roche), quantified against glucose standards, and
expressed as mg/dL. Protein concentration was determined
according to the Bradford method ( 1976 ) using bovine serum
albumin (BSA) as the standard curve reference using a spec-
trophotometer (Glomax Promega Corporation, USA) at 595 nm,
and results were expressed as µg/mL. 

2.3.3 Cytotoxin Essay 

Cytotoxic activity was evaluated using sheep red blood cells as tar-
get cells. The assay is based on the measurement of hemoglobin
released into the supernatant as a result of red blood cell lysis.
In detail, sheep red blood cells were washed three times in PBS
and suspended at 1% ( ≈ 8 × 106 cells) in ISO–Ca2 + buffer (0.5 M
NaCl, 20 mM Tris-HCl, 10 mM CaCl2 ; pH 7.4). Aliquots of the red
cell suspension (100 µL) were mixed with 100 µL of each sample
3
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FIGURE 1 On the top: waveform and spectrogram of one sweep signal (FFT 1024, Hamming window, sampling frequency 50 kHz). Above: power 
spectrum of one sweep (blue line) and background (orange line) from a CTRL trial (FFT 1024, Hamming window, sampling frequency 50 kHz). 

TABLE 1 Description of the state and event behaviors analyzed. 

Behavior Type Description Parameter 

Moving State The focal subject moves into the cage Duration (s) 
Not moving State The focal subject does not move into the cage Duration (s) 
Interaction State The subjects are face-to-face, touching each other with antennae 

or appendages 
Duration (s) 

Event Number of interactions 
Feeding State The focal subject eats or touches the food Duration (s) 

Event Number of feeding events 
Tail flip Event The focal subject rapidly flexes the extended abdomen leading to a 

new position (Buscaino et al. 2012 ) 
Number of tail flips 
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reati
nd incubated for 1 h at 37◦C. Subsequently, the tubes were
entrifuged at 1500 rpm for 10 min at 4◦C, and the hemoglobin
as quantified spectrophotometrically at 540 nm. For this assay,
wo controls were used: spontaneous release (negative control)
sing cells incubated in ISO–Ca2 + buffer alone; complete release
positive control) using cells incubated in distilled water to obtain
otal lysis. The percentage of hemolysis was calculated using the
ormula: 

Hemolysis ( %) = [ ( Measured release − Spontaneous release ) ∕

( Complete release − Spontaneous release ) ] × 100 
v

2.3.4 Alkaline Phosphatase and Esterase Assays 

Alkaline phosphatase and esterase activities were measured
according to Ross et al. ( 2000 ) by incubating equal volumes
of sample and buffer. In detail, the buffers for the two enzy-
matic assays were: for esterase, 0.4 mM p-nitrophenyl myristate
substrate in 100 mM ammonium bicarbonate buffer containing
0.5% Triton X-100, pH 7.8, 30◦C; for alkaline phosphatase, 4 mM
p-nitrophenyl phosphate in 100 mM ammonium bicarbonate con-
taining 1 mM MgCl2 , pH 7.8, 30◦C. After incubation, in both cases
the optical density (OD) was measured spectrophotometrically
at 405 nm in 96-well plates, with readings recorded every 5 min
Integrative Zoology, 2026
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TABLE 2 Primers for the differential evaluation of genes by qRT- 
PCR. 

Genes Primers 

SOD F: CGCCGATGTAAGACTGGGACG 

R: CTCCAGGTAAACACGGCTTCCAT 
Crustin F: CTCTGACTGCCAGGTGTTT 

R: TGCGAGCTGTGATGGTTAG 

CAT F: TCCTGTGAACTGTCCCTATCGTG 

R: AACCCAGTCTTCTTACAATCAACG 

proPO F: GCACAAGTTTGTGGACGACGTC 

R: GTCCATCTCAGCCCAGAGGAG 

Caspase F: AGGCACTTTTGAACAAACCA 

R: CGAGATGAGGCAGTCACTCT 
HSP90 F: GCACGAAGGAGAACCAGAAGCACA 

R: TGAACGCAGTATTCGTCGATGCGT 
HSP70 F: GTTGACCAAGATGAAGGAGAC 

R: CTGACGCTGAGAGTCGTTG 

18S F: GTCAGGTCATCACCATCGGCA 

R: CGGTCTCGTGAACACCAGCA 
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reati
or 1 h. The enzymatic activities were expressed in U/ µg and
alculated as: 

{ ( Abs∕min ) × ( 1000∕ 𝐸𝑏 ) × ( 𝑉f ∕𝑉i ) } 

here: 

bs/min: absorbance for each sample 

b : A constant value, 18.4 for the alkaline phosphatase and 16.4
or the esterase assay. 

f : Final volume in each well. 

i : Initial volume in each well 

ne unit of enzyme activity corresponds to the amount of enzyme
equired to release 1 µmol of p-nitrophenol per minute. 

.3.5 Peroxidase and SOD Assays 

eroxidase activity was measured by modifying the method
f Quade and Roth ( 1997 ). In detail, 50 µL of the sample
as incubated for 30 min with 100 µL of TMB (3,3’,5,5’-
etramethylbenzidine) (Sigma, Italy). The reaction was stopped
ith 50 µL of 2 M sulfuric acid (H2 SO4 ). OD was read spec-
rophotometrically at 450 nm. Peroxidase activity was expressed
n units (U/ µg). One unit of activity was defined as the amount of
nzyme required to release 1 µmol of substrate per minute. SOD
ctivity was determined spectrophotometrically using a commer-
ial SOD Assay Kit (Sigma-Aldrich), following the manufacturer’s
nstructions. Absorbance was measured at 450 nm in a 96-well
icroplate, and activity was expressed as (U/mL). 

.3.6 Molecular Assay: qRT-PCR 

NA concentration and purity were assessed using a Nanodrop
pectrophotometer (Thermo Fisher). RNA purity was evaluated
ased on the A260/A280 absorbance ratio, with acceptable values
anging between 1.8 and 2.1. To assess RNA integrity, samples
ere subjected to electrophoresis on a 1% MOPS-denaturing
garose gel. The RNA obtained from each specimen was used
o synthesize cDNA (High-Capacity cDNA Reverse Transcription
it, Applied Biosystems). Differential gene expression was per-
ormed using qRT-PCR, the SYBR-Green method, the Applied
iosystems StepOne Plus system, and the specific primer sets
Table 2 ). A 25 µL PCR mix was used as follows: 2 µL cDNA
synthesized from 250 ng total RNA), 300 nM forward and
everse primers, and 12.5 µL Power SYBR-Green PCR Master
ix (Applied Biosystems). Quantification was performed using
he 2 − ΔΔCt method. Relative changes in gene expression were
nalyzed as described in Applied Biosystems User Bulletin #2
part number 4303859). Transcript levels were normalized to 18S
RNA to correct for variations in the amount of starting RNA.
elative expression was calculated by dividing the normalized
alue of each specimen’s target gene by that of the control sample.
ntegrative Zoology, 2026
2.4 Statistical Analyses 

All behavioral (normalized duration of states and total number
of events), cellular, and molecular CTRL and TEST data were
compared using the Wilcoxon Mann–Whitney U test. Differences
were considered significant for p < 0.05. The statistical analysis
was carried out using the R software (R 4.4.0). 

3 Results 

3.1 Behavioral Data 

Data about behavioral state and events showed a significant
increase in interactions during TEST trials, both in the number
of events ( Z = − 2.209, p < 0.05) and in the time spent in them
( Z = − 2.164, p < 0.05). Also, the number of feeding events
significantly increased during TEST trials emission ( Z = − 2.132, p
< 0.05), but not the duration of time spent eating (Figure 2 ). The
mobility parameters did not change between the TEST and CTRL
trials. 

3.2 Cellular Data 

Significant changes were observed in TP, glucose, and cytotox-
icity levels in the tested specimens compared to controls. In
particular, TP levels showed a significant increase ( Z = − 3.63,
p < 0.001), while a significant decrease was recorded in both
glucose levels ( Z = − 3.099, p < 0.001) and cytotoxicity ( Z = − 3.55,
p < 0.001). 

In detail, TP levels (Figure 3A ) were 606.8 µg/mL ± 155.3 µg/mL in
CTRL specimens and 980.5 µg/mL ± 91.30 µg/mL in tested speci-
mens. Glucose levels (Figure 3B ) were 160.1 mg/dL ± 38.3 mg/dL
5
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FIGURE 2 Boxplots of normalized duration of feeding, interaction, moving, and not moving states (A) and number of feeding, interaction, and 
tail flip events (B). The line indicates the median, the box indicates the 25th–75th percentile, the buffers indicate the non-outlier range, and the dots 
indicate outliers. Light gray boxplots indicate the CTRL group; dark gray boxplots indicate the TEST group. Significant differences between groups are 
indicated with * p < 0.05. 
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n controls and 90.2 mg/dL ± 41.05 mg/dL in tested specimens.
inally, cytotoxicity levels (Figure 3C ) were 38.03% ± 4.70% in
TRL specimens and 28.78% ± 3.24% in tested specimens. 

nzymes of the hydrolase and antioxidant classes all showed
ignificant increases in tested specimens compared to controls.
egarding hydrolase enzymes, alkaline phosphatase and esterase
evels (Figure 4 ) in the CTRL group were 0.002 U/ µg ± 0.004 U/ µg
rotein and 0.017 U/ µg ± 0.005 U/ µg protein, respectively, while
n the TEST group were 0.031 U/ µg ± 0.006 U/ µg protein ( Z =
 2.94, p < 0.001) and 0.03 U/ µg ± 0.006 U/ µg protein ( Z = − 2.87,
 < 0.001). Regarding antioxidant enzymes, peroxidase and SOD
evels in the controls were 7.68 U/ µg ± 1.68 U/ µg protein and 9.39
/ µg ± 0.87 U/ µg, while in the test specimens were 6.04 U/ µg
 2.25 U/ µg protein ( Z = − 3.78, p < 0.001) and 25.6 U/ µg ± 1.40
/ µg ( Z = − 3.78, p < 0.001). Notably, SOD levels were higher than
eroxidase levels (Figure 4 ). 
 

reativ
3.3 Molecular Data 

The relative quantification values obtained through qRT-PCR
(Figure 5 ) revealed significant increases in the tested specimens
compared to the controls in the expression levels of HSP70 ( Z =
− 3.781, p < 0.01), HSP90 ( Z = − 3.781, p < 0.01), crustin ( Z = − 3.782,
p < 0.01), proPO ( Z = − 3.78, p < 0.01), and caspase ( t = − 10.623, p
< 0.01). On the other hand, significant decreases in the expression
levels of SOD ( Z = − 3.781, p < 0.01) and CAT ( Z = − 3.780, p < 0.01)
were observed in the tested specimens compared to the controls
(Figure 5 ). 

4 Discussion 

The physiological and behavioral effects of underwater noise in
decapods have started to be assessed for many species. Anyway,
the studies carried out on early life stages are still limited. Early
Integrative Zoology, 2026
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FIGURE 3 Total proteins (TP) (A), glucose (B), and cytotoxicity (C) in TEST specimens compared to CTRL. Data are expressed as mean ± standard 
deviation. Light gray boxplots indicate the CTRL group; dark gray boxplots indicate the TEST group. Significant differences between groups are indicated 
with * p < 0.05. 

FIGURE 4 Alkaline phosphatase (A), esterase (B), peroxidase (C), and superoxide dismutase (SOD) (D) in TEST specimens compared to CTRL. 
Data are expressed as mean ± standard deviation. Light gray boxplots indicate the CTRL group; dark gray boxplots indicate the TEST group. Significant 
differences between groups are indicated with * p < 0.05. 
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evelopmental stages such as eggs, embryos, larvae, and juveniles
ay show different sensitivities to noise compared to adults
Sal Moyano et al. 2021 , 2024 ). These differences could be due
o the ability to detect sound (Kunc et al. 2016 ), differences in
ound transmission through body tissues (Weilgart 2018 ), and
ntegrative Zoology, 2026
distinct metabolic, physiological, or genomic activity. Exposure
to underwater noise during these critical stages can cause detri-
mental effects on individual development and survival, poten-
tially impacting population dynamics and altering ecosystem
structure. 
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FIGURE 5 Relative quantification values obtained through qRT-PCR in TEST specimens compared to CTRL. Data are expressed as mean ± 

standard deviation. Significant differences between each variable and CTRL are indicated with * p < 0.05. 

T  

j  

n  

p  

n  

m  

i  

s  

s  

s  

h  

F  

t  

t  

h  

t  

e  

l  

d  

2  

s  

t  

n  

t  

o  

h

A  

p  

p  

m  

t

4

C  

s  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8

 17494877, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1749-4877.70093 by C

ochraneItalia, W
iley O

nline L
ibrary on [01/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reativ
his work aimed to evaluate the underwater noise effects on
uveniles of P. clarkii , a species where the effects of underwater
oise on adults were already investigated both for behavioral and
hysiological aspects, expanding the evaluation of underwater
oise impacts, exploring the effects at behavioral, cellular and
olecular levels. In this study, experiments were performed
n a controlled tank environment, selecting the same sweep
timulus previously used to assess noise effects in adults of the
ame species. This choice enables direct comparison between life
tages, ensuring methodological consistency for understanding
ow sensitivity to noise may change throughout development.
rom an ecological point of view, the linear sweep emitted in
his study (1–20 kHz) encompasses the frequency range of noise
ypically associated with anthropogenic activities in freshwater
abitats (Rountree et al. 2020 ), providing a realistic proxy for
he type of broadband stimulus that juveniles are likely to
ncounter in their natural habitat. With regard to sound pressure
evels instead, it was chosen to fit the range of source levels
ocumented for small vessels in natural waters (Parsons et al.
021 ). Even if the measured values may appear relatively high
ince they are directly related to the proximity of the animals
o the sound source, they are comparable to those encountered
ear motorized boats and other recreational watercraft, making
he tested exposure levels ecologically plausible for juveniles
ccurring in proximity to noise-emitting vessels in freshwater
abitats. 

lthough particle motion is known to play a key role in sound
erception in invertebrates, it could not be quantified in the
resent study. Future work should incorporate particle motion
easurements to better contextualize these findings and refine
he ecological interpretation of our results. 

.1 Behavioral Level 

onsidering behavioral response to underwater noise, our results
howed that the juveniles of P. clarkii under TEST conditions
significantly increase specimen interactions and feeding events,
while no changes were observed for mobility and total time spent.

Agonistic encounters in crayfish serve to establish domi-
nance hierarchies and involve complex sequences of behavioral
responses (Bovbjerg 1953 , 1956 ; Issa et al. 1999 ; Sato and Nagayama
2012 ; Minami et al. 2016 ). In P. clarkii , agonistic behavior has
been widely documented in the context of competition for habitat,
mates, shelter, and food (Bergman and Moore 2003 ; Buscaino
et al. 2012 ; Figler et al. 1999 ). This behavior can be influenced by
environmental stressors, such as pollution (Mamdouh et al. 2022 )
or rising water temperatures (Gherardi et al. 2013 ). 

The influence of underwater noise on social interaction in
invertebrates was demonstrated in many species (Fewtrell and
McCauley 2012 ; Hubert et al. 2018 ; Hudson et al. 2022 ; Regnault
and Lagardere 1983 ). In crayfish and shrimps, an increase of ago-
nistic behavior under the emission of underwater noise stimulus
was observed for Crangon crangon (Linnaeus, 1758) (Lagardère
1982 ), Cherax destructor Clark, 1836, and Cherax quadricarinatus
(von Martens, 1868) (De Vita et al. 2025 ). In adults of P. clarkii ,
instead, a reduction of fights and encounters was recorded
(Celi et al. 2013 ). In this study, the video resolution combined
with the small dimension of specimens made it impossible to
establish if the interactions were due to social or competitive
motivations. Anyway, the general behavior described for this
species (Bergman and Moore 2003 ; Buscaino et al. 2012 ) and the
short duration of interactions suggest an agonistic/competitive
interaction. The different response compared to adults could
be due to the different experimental conditions (number of
specimens involved, dimension of tank, presence/absence of
food) or a different response due to the development stages.
Aggressive behavior in crayfish is generally considered to be
ritualized, functioning to minimize the risk of potentially fatal
injuries and to establish social hierarchies. As highlighted by
Hudina and Hock ( 2012 ), agonistic interactions are shaped by a
sequence of strategic decisions (such as whether and when to
initiate, escalate, or withdraw from a contest) guided by a cost–
Integrative Zoology, 2026
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enefit balance. These decisions give rise to ritualized conflict
esolution strategies that reduce the energetic and physical costs
ssociated with repeated escalated confrontations. The results of
his study might indicate that in size-matched juveniles, where
he risk of injury is minimal, increased stress levels may disrupt
he ritualized pattern promoting direct physical confrontations.
his behavioral change may reflect a generalized arousal state
n which animals become more reactive without necessarily
xperiencing chronic stress. The increase in interactions may be
unctionally linked to the rise in SOD and peroxidase activity,
uggesting activation of physiological pathways involved in stress
egulation. Although this does not prove causation, the parallel
rends indicate that noise exposure influenced both behavioral
eactivity and cellular responses. Similar trends were reported
y Mamdouh et al. ( 2022 ) under elevated zinc concentrations.
hese enzymatic changes may influence glucose consumption,
ossibly contributing to the reduction in glucose concentration
nd suggesting potential effects on overall metabolic activity. 

his reaction, together with an increase in the number of
ood approaches without a corresponding rise in total feeding
uration, could suggest that underwater noise acts as a stressor
or these individuals. The perception of environmental risk, such
s the presence of a predator, can influence foraging behavior
epending on factors like individual size and energetic needs.
reisser and Bolnick ( 2008 ) highlight how predation risk can act
s a stressor that modifies prey foraging behavior, with potential
onsequences for life-history traits and population dynamics. In
his study, interruptions in feeding caused by perceived threats
ay negatively impact individual growth. However, as specimens
ature and become better equipped to cope with predation risk,
heir behavioral responses may progressively adapt. Nevertheless,
he possibility that feeding interruptions are also related to social
nterference cannot be excluded (Ahvenharju and Ruohonen
007 ), suggesting that in crayfish, social interactions during
ommunal rearing may inhibit individuals’ ability to consume
ood, potentially limiting intake despite food availability. 

hile laboratory experiments provide valuable control over
nvironmental variables, the extent to which observed behaviors
eflect natural conditions can be influenced by the experimental
etup. In this study, crayfish were housed in small containers,
hich may have introduced some constraints on their natural
ovement and interactions. However, this controlled setting
llowed for consistent observation of individual responses, offer-
ng important insights under standardized conditions that need
o be further explored. 

.2 Cellular Level 

iming to provide a comprehensive overview of cellular
esponses induced by underwater noise, six parameters were
valuated for the first time in whole-body extracts of juvenile P.
larkii : (1) TP, (2) glucose concentrations, (3) cytotoxic activity, (4)
evels of hydrolytic enzymes (esterase and alkaline phosphatase),
nd (5,6) antioxidant enzymes (SOD and peroxidase). 

egarding TP concentration, a significant increase was observed
n specimens involved in TEST trials. Consistent results were also
eported by Vazzana et al. ( 2016 ), who observed an increase in TP
ntegrative Zoology, 2026
in the plasma of M. galloprovincialis after 30 min of underwater
noise exposure. The same result was also observed by Ruiz-
Ruiz et al. ( 2019 ) in Rhynchocinetes typus H. Milne Edwards,
1837 exposed to boat noise, although for different time intervals.
However, the trend of TP levels in aquatic organisms exposed
to underwater noise can be variable. In fact, Celi et al. ( 2013 )
reported no significant changes in TP levels in the hemolymph
of adult P. clarkii exposed to the same stimulus used in this study.
Similar results were found by Vazzana et al. 2020a , 2020b) in the
protein content of the digestive gland of M. galloprovincialis or
in the coelomic fluid of A. lixula after 3 h of higher frequency
(from 100 to 200 kHz) underwater noise exposure. This could
result from the modulation of TPs that can be influenced by
the characteristics of the acoustic stimulus, the exposure time,
and the species tested. Coeurdacier et al. ( 2011 ) have highlighted
that the frequency and duration of the signal can modify its
extent. For example, Chromis chromis (Linnaeus, 1758) shows a
significant increase in plasma proteins when exposed to 300 Hz,
but not to 200 Hz (Vazzana et al. 2017 ). The comparison with Celi
et al. ( 2013 ) using the same acoustic methodology suggests that
juvenile organisms may activate more pronounced physiological
protective and repair responses when exposed to underwater
noise, likely due to their sensitive growth phase. Conversely,
adults may already possess more established homeostatic mech-
anisms, which could result in less pronounced variations in
TP concentrations under similar stress conditions. It is also
important to consider that our results derive from the analysis
of the whole organism, while the cited study mostly focuses
on specific tissues or fluids. This broader approach may have
helped to more clearly detect the overall physiological response
to underwater noise. 

Regarding glucose levels, a significant decrease in specimens
involved in TEST trials was observed. These results are consistent
with what was reported by Vazzana et al. 2020a ) in M. galloprovin-
cialis , where a similar reduction in glucose levels was observed
in the digestive gland after 3 h of high-frequency underwater
noise exposure. However, they are not consistent with what was
reported by Celi et al. ( 2013 ) and Vazzana et al. ( 2016 ), who
highlighted an increase in glucose levels in the hemolymph of
adult P. clarkii and M. galloprovincialis exposed to low-frequency
stimuli. An increase was also reported by Ruiz-Ruiz et al. ( 2019 )
in the hemolymph of R. typus exposed to boat noise; by Hudson
et al. ( 2022 ) in Homarus americanus H. Milne Edwards, 1837 and
Callinectes sapidus Rathbun, 1896 exposed to 4 kHz simulated
sonar; and by Cui et al. ( 2024 ) in Larimichthys crocea (Richardson,
1846), with a peak observed at 630 Hz. However, all these studies
followed different methodological procedures, so the different
responses could be attributed to variations in the developmental
stage of the organisms, the type of frequency tested, the type of
tissue analyzed, and the timing of exposure. Focusing on develop-
ment stages, underwater noise could favor a rapid consumption of
energy reserves in juveniles, determining a reduction in available
glucose, probably linked to an increase in energy metabolism
and glycolysis. In adults, however, the stress response may be
dominated by energy mobilization mechanisms, with an increase
in circulating glucose mediated by the crustacean hyperglycemic
hormone (Lorenzon et al. 1997 ; Webster 1996 ). 

The third parameter analyzed was cytotoxicity, a key component
of innate immunity. It relies on the action of lytic molecules
9
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resent in body fluids or on the membranes of effector cells,
ith the aim of neutralizing foreign agents (Arizza et al. 2007 ;
ammarata et al. 2000 ; Parrinello and Arizza 1992 ; Vazzana et al.
018 ). This activity is mediated by the release of lysines, which
s calcium-dependent (Arizza et al. 2007 ; Canicatti and Seymour
991 ; Pagliara and Canicattì 1993 ) and characterized by a rapid and
ffective response, even against tumor cells (Arizza et al. 2007 ).
n this study, specimens exposed to underwater noise showed
 significant decrease in cytotoxic activity. This reduction could
eflect a dysregulation of cellular functions and a weakening of
he immune response, as well as suggesting that individuals are
ble to sustain a state of high behavioral activation without incur-
ing significant cellular damage. This result is consistent with
hose observed by Vazzana et al. ( 2020a ), but contrasts with what
as observed in the acellular coelomic fluid of the sea urchin A.
ixula (Vazzana et al. 2020b ). Furthermore, significant increases
n cytotoxicity have also been observed in Holothuria tubulosa
melin, 1791 under conditions of wound healing stress (Mauro
t al. 2021 ; Vazzana et al. 2015 ). This discrepancy underscores
hat this immune response is species-specific, likely attributable
o differences in the architecture of the immune system, the types
f effector cells involved, or tissue-specific sensitivity. 

lkaline phosphatase and esterase activity levels were also
ssessed in whole-body extracts. Esterases play a key role in
etabolic processes and detoxification mechanisms (Barata et al.
004 ; Forget et al. 2003 ; Galloway et al. 2002 ; Hannam et al.
008 ; Rickwood and Galloway 2004 ; Solé et al. 2018 ). Alkaline
hosphatase is involved in protein and nucleotide dephosphory-
ation, tissue repair, and immune response modulation (Zhang
t al. 2004 ). In our study, a significant increase in both esterase
nd alkaline phosphatase activity was observed after 30 min of
nderwater noise exposure. This increase suggests the activation
f detoxification mechanisms (Hannam et al. 2008 ) and the
nitiation of repair processes necessary for tissue regeneration
nd the maintenance of the organism’s structural integrity.
hese adaptations are particularly relevant in early life, when
ndividuals are most vulnerable to environmental stress. 

nzyme activities are known to represent long-term physiological
arkers, as they reflect protein synthesis and degradation pro-
esses (Cammen et al. 1990s ; Smith and Chong 1982 ; Terschek
t al. 2025 ). The early response of activity just after 30 min of
nderwater noise found in this study highlighted the immediate
ctivation of biochemical defense mechanisms. This result is in
ine with the significant increases in these enzymatic activities
ocumented after just 20 min of watergun noise emissions in the
eristomial membrane of A. lixula and after 30 min of underwater
oise in tissues and plasma of M. galloprovincialis (Mauro et al.
024 ; Vazzana et al. 2016 ). Anyway, the increases in enzymatic
ctivity observed are consistent with those reported by Vazzana
t al. ( 2020a , 2020b ), who observed a similar activation of these
nzymatic responses in the digestive gland of M. galloprovincialis
nd in the coelomic fluid of A. lixula after a longer exposure (3 h)
o underwater noise. It is also important to consider that several
tudies show that hydrolase enzymes can increase or decrease
n response to stress conditions. For example, Parisi et al. ( 2017 )
eported a reduction in enzymatic activity in the digestive gland
f mussels under conditions of high temperature and anoxia.
oswami et al. ( 2014 ) observed a decrease in esterase activity
n mollusks exposed to Cu and Cd, with an increase when the
0

exposure was combined. Significant changes in alkaline phos-
phatase levels have also been documented in response to changes
in temperature and pH and during viscera regeneration (Hu
et al. 2015 ; Zang et al. 2012 ). The expression of these biomarkers
can also vary in a species-specific manner (Brown et al. 2004 )
and depend on the tissue analyzed (Forget and Bocquené 1999 ;
Franco-Martinez et al. 2016 ). Therefore, the increase observed in
this study may reflect a metabolic adaptation to cope with the new
conditions imposed by underwater noise, for example, by altering
the rate of hydrolysis of cellular substrates (Rothman et al. 2023 ),
as part of a protective response aimed at preserving physiological
homeostasis. 

Finally, antioxidant enzymes such as peroxidase and SOD were
also evaluated. Stress is known to increase reactive oxygen species
(ROS), which compromise cellular integrity (García-Caparrós
et al. 2021 ); SOD and peroxidase counteract this phenomenon by
converting superoxide radicals and hydrogen peroxide into less
harmful molecules (Stara et al. 2018 ; Wang et al. 2012 ), which
is why their activity is an indicator of oxidative stress status
(Livingstone 2003 ; Mydlarz and Harvell 2007 ). In our study, the
significant increase in SOD and peroxidase activity suggested the
activation of a mechanism aimed at counteracting the increase
in ROS. It is plausible to hypothesize that noise acts as an
oxidative stress factor, triggering an antioxidant response already
during the early stages of development. For this reason, the
production and release into circulation of these enzymes could
represent a strategy to mitigate the effects of redox imbalance,
protect cells, and preserve the functional integrity of tissues.
These results are in agreement with several works regarding
invertebrates. Vazzana et al. ( 2020b ) reported elevated levels of
peroxidase in the free coelomic fluid of A. lixula exposed to
underwater noise, Tu et al. ( 2021 ) observed higher SOD activity in
the hemolymph of O. reevesii , and Serdar et al. ( 2025 ) documented
an increase in SOD, CAT, and GPx in Dreissena polymorpha
(Pallas, 1771). The same results were also observed in shorter
exposure times, as in the case of the peristomial membrane of
A. lixula after 20 min of exposure to watergun noise (Mauro
et al. 2024 ). Overall, the increased SOD and peroxidase activity
detected in this study suggests that underwater noise can induce
a redox imbalance already in the early stages of development,
promptly activating compensatory mechanisms aimed at limiting
oxidative damage. This antioxidant response appears to be a
key strategy for preserving cellular integrity and maintaining
homeostasis. 

All cellular responses observed and discussed above in juvenile
P. clarkii are certainly influenced by the type of biological sample
used for analysis. In this context, even if the use of whole-body
extracts may result in a reduction in biological resolution, they
are widely used in ecotoxicology and stress physiology studies,
especially when the goal is to identify systemic alterations rather
than localized effects in specific regions. Nonetheless, immune
responses can be highly tissue- and cell-specific, and it cannot
be ruled out that localized responses may be partially masked
in whole-body analyses. Therefore, the results obtained should
be interpreted as indicative of general physiological trends.
Looking ahead, future studies focusing on specific target tissues
or dedicated immune cell populations may enhance our under-
standing of the underlying mechanisms and signaling pathways
involved. 
Integrative Zoology, 2026
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.3 Molecular Level 

ince underwater noise can trigger complex physiological
hanges at multiple levels of biological organization, the molec-
lar responses were also investigated, quantifying the gene
xpression levels of a series of enzymes and proteins involved in
he oxidative stress response, detoxification processes, apoptosis,
nd immune function. In particular, the gene expression of
OD, CAT, HSP70, HSP90, caspase, crustin, and proPO was
uantified. 

egarding the SOD and CAT genes, expression was conducted to
ssess, at the molecular level, the activation of the antioxidant
ystem in response to underwater noise. To our knowledge, no
tudy to date has evaluated the gene expression of these antioxi-
ant enzymes in response to this stress in aquatic invertebrates.
owever, several studies have highlighted the involvement of
OD and CAT in the stress response in other species subjected to
dverse environmental conditions. In Litopenaeus vannamei and
. quadricarinatus exposed to nitrite stress, a significant increase
n antioxidant enzyme expression was observed, interpreted as
 mechanism protecting hemocytes from oxidative stress (Guo
t al. 2013 ; Jiang et al. 2014 ). Similarly, in Eriocheir sinensis H.
ilne Edwards, 1853 and again in L. vannamei , exposure to H2 O2
r acute pH stress showed variable expression profiles over time,
ith increases or decreases depending on the type and duration
f the stressor. In P. clarkii , Zeng et al. ( 2024a ) highlighted
ntogenetic differences in the antioxidant response to hypoxic
onditions: in the exposed groups, SOD and CAT expression was
ignificantly increased, with higher values in young individuals
ompared to subadults. In our study, in contrast, a reduction in
OD and CAT gene expression was observed after just 30 min
f underwater noise exposure. This down-regulation should be
nterpreted with caution. One possibility is that it reflects an early
hase of the stress response, during which de novo synthesis of
ntioxidant enzymes is not yet activated, and cells rely instead
n pre-existing enzyme pools or post-translational regulation.
urthermore, the decrease in expression may be associated with
he previously observed rise in circulating antioxidant enzymes,
uggesting a rapid release or mobilization of these enzymes
rom the cells into the bloodstream to counteract the immediate
ncrease in ROS. Anyway, this relationship cannot be assumed
o be causal and may instead reflect parallel physiological pro-
esses triggered by noise exposure. Further studies incorporating
dditional sampling times, tissue-resolved analyses, and comple-
entary molecular markers could clarify whether the observed
attern represents a transient regulatory phase or a broader
ompensatory strategy. 

eat shock proteins (HSPs) are a highly conserved family of
roteins that play an essential role in the cellular response to a
ide range of physiological and environmental stressors. Thanks
o their ability to stabilize denatured or misfolded proteins
nd facilitate their proper refolding, HSPs contribute to the
aintenance of protein homeostasis. For this reason, they are
idely recognized as molecular biomarkers of stress (Baringou
t al. 2016 ; Dai et al. 2020 ; Kulkarni et al. 2021 ; Lu et al. 2021 ;
oreira-de-Sousa et al. 2018 ; Pockley and Henderson 2018 ). In
rustaceans, HSP70 and HSP90 are involved in cytoprotective
echanisms, regulating the immune response and promoting
ntegrative Zoology, 2026

eati
cell survival. This makes them reliable indicators for monitoring
stress (Junprung et al. 2017 , 2021 ; Kumar et al. 2022 ). Our results
showed a significant upregulation of these genes in underwater
noise-exposed specimens, suggesting the activation of a protective
cellular response. This finding is consistent with those reported
by Zhou et al. ( 2018 ) and Tu et al. ( 2022 ), who observed an
increase in HSP70 in the hemocytes of S. paramamosain and O.
reevesii exposed to underwater noise stimuli. Upregulation can
be interpreted as an adaptive mechanism aimed at mitigating
the potentially harmful effects of underwater noise. Exposure
to noise, in fact, can alter cellular balance, modify protein
structure, increase the production of ROS and disrupt metabolic
processes. In this context, increasing the expression of HSP70
and HSP90 represents a key strategy to preserve protein integrity
and limit cellular damage, contributing to the maintenance of the
physiological functions of the organism. 

Regarding caspase, it is known that they are key mediators of
apoptosis and ensure the removal of damaged or dysfunctional
cells while preserving tissue homeostasis (Menze et al. 2010 ;
Wu et al. 2014 ). In fact, they regulate immune responses by
selectively eliminating inflammatory cells and modulating the
cellular microenvironment (Guo et al. 2021 ; Wang et al. 2008 ;
Woo et al. 1998 ). In the present study, a significant increase
in expression of caspase levels was observed, indicative of the
apoptotic process caused by underwater noise exposure. These
findings are in agreement with Geng et al. ( 2023 ), who reported
an upregulation of caspase gene expression in S. paramamosain
exposed to benzo[ α]pyrene, and with Luo et al. ( 2021 ), who
observed a significant increase in caspase expression in P. clarkii
subjected to thermal stress. This was confirmed also in Cras-
sostrea gigas , accepted names Magallana gigas (Thunberg, 1793),
due to exposure to toxic dinoflagellates (Medhioub et al. 2013 ).
These results indicate that the activation of apoptotic pathways
in response to underwater noise may represent an adaptive
mechanism. Specifically, underwater noise can generate intra-
cellular imbalances that act as pro-apoptotic signals, initiating a
controlled response aimed at limiting damage and maintaining
tissue homeostasis. The increased caspase activity, therefore,
suggests that underwater noise can compromise cellular integrity,
inducing the cell to initiate programmed cell death as a protective
strategy (Liu et al. 2022 ). 

Finally, the gene expression of crustin and proPO was also evalu-
ated. Both are key components of the innate immune response
in crustaceans, and their activation suggests a reaction of the
organism to a potential state of alarm. Crustin is an antimicrobial
peptide belonging to the defensin family and it plays a direct
role in the neutralization of pathogens; the proPO system is
involved in processes such as melanization and encapsulation,
essential for the elimination of foreign organisms (Ling and
Yu 2005 ; Rosa and Barracco 2010 ). The simultaneous activation
of these two components suggests an integrated enhancement
of the defensive response, even in the absence of an actual
infection, likely as a preventive strategy in response to the
perception of noise as a potential threat. The increased expression
of crustin and the activation of the proPO system in response to
underwater noise observed in this study suggest that this stimulus
is perceived by crustaceans as a significant environmental threat.
The concurrent activation of the apoptotic pathway and innate
11
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mmune responses supports the hypothesis of a systemic and
oordinated reaction aimed at preserving cellular and tissue
ntegrity under environmental stress conditions. Supporting this
nterpretation, studies conducted on L. vannamei , accepted as
enaeus vannamei Boone, 1931, have shown that infection by
nterocytozoon hepatopenaei (EHP) induces a significant increase
n phenoloxidase activity in the hemolymph, while inhibition of
he proPO system leads to increased susceptibility to infection
Sukonthamarn et al. 2024 ). Moreover, increased expression of
roPO has also been observed in response to non-pathogen-
elated stressors. For instance, in Artemia franciscana Kellogg,
906, dietary supplementation with HSP70 proteins enhanced the
roPO system both at the mRNA and enzymatic activity levels,
mproving survival following a challenge with Vibrio campbellii ,
uggesting that thermal stress can prime the immune system
Baruah et al. 2011 ). Similarly, in L. vannamei , exposure to low
alinity conditions modulated immune parameters, including
ctivity of proPO, indicating that environmental factors such
s salinity shifts can influence innate immune responses (Pan
t al. 2010 ). Our study reinforces the notion that diverse forms
f environmental stress, even without the presence of active
athogenic agents, can lead to the activation of the proPO system
n crustaceans. 

.4 Concluding Remarks: Integrating 
ehavioral, Cellular, and Molecular Responses 

he results of this work, in addition to highlighting significant
ffects on the analyzed variables, showed that the behavioral
hanges observed in juvenile P. clarkii exposed to underwater
oise are closely integrated with biochemical and molecular
esponses. The behavioral changes induced by underwater noise
evealed an increase in interactions and potential effects on
eeding behavior. The increase in interactions was accompa-
ied by a significant reduction in glucose levels, indicative of
ncreased energy expenditure and rapid mobilization of metabolic
eserves to cope with the stressful condition. This can represent
 metabolic compensation strategy but also a potential vulnera-
ility in younger specimens. Indeed, the increase in social and
gonistic interactions led to greater energy expenditure and an
ntensification of aerobic metabolism, with a consequent increase
n the production of ROS released into the circulation. In this
ontext, the modulation of antioxidant defenses, evidenced by
ncreased circulating SOD and peroxidase activity and decreased
OD and CAT gene expression, represented a compensatory
esponse aimed at limiting oxidative damage and maintaining
ellular homeostasis. At the same time, the increase in TP
oncentration could indicate a greater involvement of anabolic
rocesses and a possible increase in nutrient utilization. The
eduction of cytotoxicity levels, observed in conjunction with
ncreased interactions, suggested that the specimens are able to
ustain a state of high behavioral activation without incurring
ignificant cellular damage. This is confirmed by the increase
n hydrolase enzymes, which indicates the activation of cellular
urnover and tissue remodeling processes. The upregulation of
SP70 and HSP90 suggests the activation of protective mech-
nisms aimed at stabilizing proteins and preserving cellular
ntegrity. The increased expression of caspases indicated the
ctivation of apoptotic pathways, likely involved in the removal
f damaged cells. Finally, the activation of the innate immune
2

system, even in the absence of infection, represented by the
increase in crustin and proPO, confirms the role of acoustic
stress as a modulator of immune responses. Overall, these results
demonstrate a coordinated response between the behavioral,
cellular, and molecular levels to the threat represented by noise:
the juveniles react with increased social activity and with a higher
number of shorter feeding events and, to support this situation,
they rapidly mobilize energy reserves to sustain activity and
stimulate cellular protective systems to contain the side effects
of stress. This integration highlights the biological cost of the
stress response and suggests the presence of potential functional
trade-offs, particularly relevant in young individuals who must
simultaneously support growth and development. 
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