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Optimal stocking density allows shrimp farmers to maximise profit while maintaining animal 
welfare. To date, holistic assessments of chronic crowding stress effect on Litopenaeus vannamei are 
lacking regarding biological impairments, stress-related behaviors, and recovery capacity. Twelve 
tanks of a recirculation aquaculture systems were maintained at three stocking densities: 1 kg/m2 
(low density—Low), 2 kg/m2, (standard density—Standard) and 4 kg/m2 (high density—High). The 
experiment was divided into phase 1 (21 days stress) and phase 2 (21 days recovery). After stress, 
shrimp at Low treatment exhibited the highest survival rate, best growth performance, antennae 
and uropods quality. Stress behavior included more frequent abnormal swimming patterns and loss 
of balance. Hemolymph analysis suggested homeostatic mechanisms for the mobilization of energy 
from storage organs. Mild upregulation of specific markers indicated cellular/oxidative stress. Limited 
immune system effects indicate low correlation with crowding or distress. During the recovery phase, 
mortalities ceased and partial compensatory growth was recorded. Shrimp recovered from injuries, 
while abnormal behaviors frequency also decreased. Oxidative stress marker expression returned 
to baseline levels for unstressed shrimp. Morphological and behavioral observations can be used 
industrially to assess crowding stress or as tools for developing welfare indices or monitoring systems.
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Shrimp farming is increasingly important worldwide1,2, with shrimps among the most common marine 
products consumed in the European Union3. Among cultured shrimp species, Litopenaeus vannamei is the 
most successful due to its ease of hatchery production, fast growth, delicious flesh, high nutritional value and 
disease resistance4,5. According to recent reports, 6.8 million tonnes were produced in 20221,6, with an estimated 
440 billion shrimp standing stock annually. Asian nations dominate global production, although imports from 
these producers have occasionally been associated with poor labor conditions, lack of hygiene, and use of illicit 
products1,7–10. Beyond these factors, the increasing social awareness is also demanding for reduced carbon 
footprint, aiming for local production at the European level11.

To cope with non-tropical climate conditions, indoor recirculation systems have been designed and built. 
These systems are energy-intensive, but prevent deforestation, wastewater discharge, disease outbreaks, soil 
erosion, and predation, with the advantage of supporting high stocking densities12,13. Shrimps from land-based 
production sites are sold as high-quality products in Europe, reared under strict regulations, ensuring food 
safety, sustainability and traceability. The proximity of production sites to the consumer market enables rapid 
distribution of fresh product.

Despite recent technological advances, crustacean welfare is often disregarded and a lack of recognition 
persists within the sector. Debates about the level of sentience of this subphylum have recently arisen14,15. Mellor 
and Reid16 developed the concept of good welfare, which illustrates the five freedom domains in the field of 

1Alfred-Wegener-Institute Helmholtz-Centre for Polar-and Marine Research, Am Handelshafen 12, 27570 
Bremerhaven, Germany. 2Faculty of Life Sciences, Humboldt University, Invalidenstr. 42, 10099 Berlin, Germany. 
3Department Fish Biology, Fisheries and Aquaculture, Leibniz-Institute of Freshwater Ecology and Inland Fisheries, 
Müggelseedamm 310, 12587 Berlin, Germany. 4Cluster of Excellence ‘Science of Intelligence’, Technical University 
of Berlin, Marchstrasse 23, 10587 Berlin, Germany. email: paolo.gamberoni@awi.de

OPEN

Scientific Reports |         (2026) 16:9087 1| https://doi.org/10.1038/s41598-026-42332-2

www.nature.com/scientificreports

http://orcid.org/0000-0002-1236-9716
http://orcid.org/0000-0001-5844-7348
http://orcid.org/0009-0008-9281-826X
http://orcid.org/0000-0001-8588-544X
http://orcid.org/0000-0001-7049-2299
http://orcid.org/0000-0002-8190-2684
http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-026-42332-2&domain=pdf&date_stamp=2026-3-15


nutrition, physical environment, health, behavior, and mental needs. Following a detailed report from Briffa 
et al.17, Great Britain has already declared decapods as sentient animals and some countries, such as Germany 
and Switzerland, have included decapods in their Animal Welfare Acts. An expansion of existing regulations 
to a global scale may occur soon. As part of the animal welfare topic, the need to measure animal health and 
condition in husbandry routine at commercial scale is rising, through the identification of species-specific 
operational welfare indicators18.

Welfare impairments are caused by inadequate conditions, which induce short or long-term stress to animals. 
In principle, stressors trigger a cascade of reactions assigned to three response levels. The primary stress response 
is composed of neuroendocrine factors, which are secreted to reconstitute homeostasis. Among these hormones, 
crustacean hyperglycaemic hormone (CHH) is the most relevant, mobilizing energy needed for adaptation19,20. 
During the secondary stress response, metabolic changes occur that shift energy to restore homeostasis. These 
changes involve shifts in hemolymph glucose, lactate, total proteins, accelerated respiration and heart rate, as 
well as changes in hemocytes21–23. When stress persists beyond adaptive function, significant impairments at 
the organismal level can occur, such as immune system dysfunction and oxidative stress, transitioning chronic 
stress into distress. Like other invertebrates, crustaceans lack an adaptive immune system and rely solely on 
innate immunity24,25. Two major effector systems involved in immune activation are the phenoloxidase system, 
responsible for melanin or quinone synthesis, and antimicrobial peptides such as lysozyme26,27. Similarly, 
akirin is a protein that acts as a nuclear factor, by activating antimicrobial peptides and antioxidant genes28,29. 
Oxidative stress arises from an excessive accumulation of reactive oxygen species (ROS), leading to an imbalance 
in oxidative metabolism and subsequent cellular damage. The antioxidant defense mechanisms against ROS 
include enzymatic systems such as superoxide dismutase (SOD) and glutathione peroxidase (GPx), both of 
which play a crucial role in detoxifying superoxide radicals30,31. As an antioxidant response regulator, p53 is a 
protein that acts as a transcription factor involved in regulating cell processes, such as DNA repair32. Additional 
stress biomarkers include heat shock proteins (HSPs), a highly conserved and stress-sensitive group of proteins, 
and transforming growth factor-beta (TGF-β), a family of anti-inflammatory cytokines. Both HSPs and TGF-β 
are synthesized in response to various stressors, contributing to cellular protection and immune modulation33,34.

The tertiary stress response affects the performance of the animals, from growth rate to survival, as well as 
the behavior and biological impairments. Survival rate and growth are addressed by multiple studies concerning 
chronic stress, in the field of nitrate exposure, pH and temperature variation and resulting in reduced survival rate 
and/or slower growth and productivity35–37. Studies to date on behavioral patterns of this species have focused 
on feeding38–40. Indeed, abnormal behaviors such as swimming abnormalities, high levels of cannibalism, and 
escaping behavior are mentioned but are not subject of rigorous quantitative analysis in literature41. In the field 
of shrimp morphology, a variety of lesions are described and biological impairments such as abnormal rostrum, 
uropods have been associated with fungicide exposure, damaged antennae, exoskeleton and rostrum with 
stocking densities41–43.

Stocking density is a major factor influencing the growth and survival of farmed shrimp. While high-density 
shrimp grow-out systems offer advantages in terms of yield, they are generally associated with reduced growth 
and lower survival rates44,45. High stocking densities are hypothesized to disrupt homeostasis due to increased 
social interactions and physical injuries, leading to stress and increased susceptibility to disease46–48. However, 
the underlying physiological mechanisms remain poorly characterized, with existing studies inconsistent on 
alterations in biochemical and immunological parameters15,44,49,50. Moreover, the impact of high stocking 
density on overall health status and behavior remains largely unexplored in shrimps.

Compensatory growth is defined as the accelerated growth phase following a period of reduced development 
due to feed deprivation or stress. It has been documented in L. vannamei under chemical stressors such as 
nitrate exposure and temperature fluctuations35,50, but no data currently exist regarding compensatory growth 
in response to stocking density stress. Beyond growth performance, the plasticity of physiological markers, such 
as wound healing and behavioral recovery, requires further investigation to elucidate their role in resilience 
to stocking density stress. Thus, the aim of this study is to investigate various stress responses in L. vannamei 
exposed to different stocking densities, and take a holistic approach to assessing its effects on growth performance, 
welfare, and physiology.

Materials and methods
Experimental design and system management
The recirculation aquaculture system (RAS) used in the experiment consisted of twelve 600 L tanks and a water 
treatment unit with a biofilter, UV disinfection, protein skimmer, drum filter and ozone generator. The flow 
rate in the tanks was about 600 L/h, and the water renewal in the system was approximately 2% d−1. Shrimps 
of about 10 g were stocked in the experimental units at a density of 130 shrimp/m3 for an acclimation period 
of three weeks. After this period, the densities were adjusted one day before the start of the experiment, and 
three experimental groups were tested, with four replicates each. Animal ethics approval and welfare measures 
allowances were released by The Senator for Health, Women and Consumer Protection (Free Hanseatic City of 
Bremen), with the file number TA22-01.

The experiment was divided into two phases of 21 days each. During the first phase (stress) shrimp (mean 
weight 14.73 ± 0.36 g) were reared at three different stocking densities: 1 kg/m2 (low), 2 kg/m2, (standard) and 
4  kg/m2 (high), corresponding to 1.83  kg/m3, 3.67  kg/m3 and 7.33  kg/m3, respectively. On day 21, the first 
sampling (see 2.5) was performed. The day after, shrimp were counted and weighed, and the stocking density 
in all experimental units was adjusted to 0.8 kg/m2 (1.33 kg/m3), and the second phase (recovery) began. After 
21 days, the final sampling was carried out.

Oxygen saturation, temperature, pH, and salinity were monitored daily. Ammonia (NH3-N mg/L), nitrite 
(NO2-N mg/L), and nitrate (NO3-N mg/L) were determined with a QuAAtro39 Continuous Segmented Flow 
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Analyzer (SEAL Analytical GmbH, Norderstedt, Germany) twice a week. Shrimps were fed with a commercial 
diet (ALLER AQUA 2.0 mm pellet) three times a day at 2.5% of body weight, adjusted twice a week according to 
counted mortalities and feed consumption. Before the initial, stress and recovery phase sampling, shrimp were 
starved for 24 h.

Biometric indices and growth performance
The survival rate, specific growth rate, weekly growth rate, relative weight gain, hepatosomatic index (HSI), and 
condition factor (K)51 were calculated using the following equations:

	 Survival rate (%) = 100 × (Final number of shrimps/Initial number of shrimp)

	
Specific growth rate (SGR) (%/day) = 100 × ln(Final mean body weight) − ln(Initial mean body weight)

Time (days)

	

Weekly weight gain (WWG) (g/week)
= (Final whole weight − Initial whole weight) /Time (week)

	

Relative weight gain (RWG) = (Final whole weight
− Initial whole weight) /Initial whole weight

	 HSI : hepatopancreas weight/total weight

	 K = Weight/Length3 (in cm) × 100

Morphological observations
A review of morphological alterations was prepared based on the most characteristic modifications reported41–43. 
An injury score index was applied to nine randomly selected shrimps per tank, according to the shrimp injuries 
observed (Table 1). Representative examples are provided in Supplementary Figure S1 online.

Behavioral analysis
A GoPro camera was installed on top of each experimental tank to record animal behavior. Recordings of 30 min 
were made twice a week from 11 h to 11:30 h. An ethogram focusing on stress-related behaviors was compiled 
(Table 2) considering recent literature41,52. Five minutes per video per tank were analysed using Behavioral 
Observation Research Interactive Software (BORIS) software53. Each abnormal behavior event was tallied 
per tank and divided by the number of shrimps expected in the tank on that day (not counting mortalities). 
Prolonged surface swimming was considered effective only for a duration above 1 min. If the same individual 
repeated the preceding observation within 30 s, it was not counted.

Behavior type Description

Aggressive behavior Cannibalism or a shrimp attacking another one

Swimming abnormalities Prolonged surface (above 1 min) or irregular swimming (e.g. spiral swimming, constant/repetitive back and forward pattern)

Loss of balance Shrimp lying on a side on the tank bottom or losing balance while swimming

Cramped body Muscle cramps and tail curling for few seconds

Strong escape behavior Unprovoked successive tail movements by flexion and extension of the abdomen

Table 2.  Ethogram of abnormal/stress-related behavior with description for each of them.

 

Scoring

Morphological 
part 0 1 2 3

Antennas* Completely developed, thinner 
terminations

Slightly shortened, lack of thinner 
terminations. Length > 66% of total 
shrimp length

Shortened. 33%-66% length of 
the total shrimp length

Short or missing. Length < 33% of the 
total shrimp length

Eyes* Eye black, healthy appearance, and no 
deformations Mild lightening or erosion Relevant lightening or erosion 

on an eye
Complete lightning or erosion, 
missing eye, or abnormal eye position

Rostrum Thick, strong, long and straight rostrum Rostrum edge inflamed, slightly crooked, 
bent, or twisted

Slightly shortened rostrum or 
relevantly crooked

Short rostrum. Ending before eyes 
line

Exoskeleton Healthy appearance, no lesions nor 
melanosis

Slight lesion or encrusting, few black 
spots due to melanosis

Focal melanosis, encrusting 
or lesions

Loss of tissue, generalized melanosis, 
crusting and deformity

Uropods Uniform shape setae clear and visible Few, local deformities or missing setae. 
Modifications to telson

Frequent, local deformities or 
missing setae

Deformed with no uniform shape 
and setae not developed or appearing 
in grooves

Table 1.  Health status scoring and description, based on antennas, eyes, rostrum, exoskeleton, uropods quality 
and different rate of impairments. *Final score calculated as average of the two parts.
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Sampling
On sampling days, 12 shrimps per tank were euthanized in an ice slurry solution. Weight and length were 
recorded. The moulting stage was determined according to Robertson et al.54, with a stereoscope Olympus SZ 
model. Only shrimps in the intermolt and early premolt (C-D0-D1-D2) stages were selected for the sampling. 
The ventral side of the shrimp was disinfected with ethanol 70% and the hemolymph was collected with a syringe 
rinsed in anticoagulant (0.35 M NaCl, 0.09 M KCl, 0.03 M Trisodium citrate, 0.01 M HEPES, ph 7.5). The ratio 
between hemolymph and anticoagulant was adjusted to 1:1. Samples were centrifuged at 4 °C for 10 min at 800 g. 
The supernatant was collected, shock-frozen in liquid nitrogen, and stored at -80 °C.

The hepatopancreas was dissected and weighed. Approximately 100 mg hepatopancreas were transferred to 
500 µL RNA later (Invitrogen, US), incubated for 24 h at 4 °C and stored at − 20 °C. The remaining hepatopancreas 
was immediately flash-frozen in liquid nitrogen and stored at − 80 °C until analysis.

Genes expression
Total RNA was isolated according to Reiser et al.55 using TRIZOL (Invitrogen), followed by RNA Mini kit 
extraction (Qiagen) and on-column DNase I digestion according to the manufacturer’s instructions. After 
extraction, total RNA content was determined with a Nanodrop ND 1000 spectrometer. Integrity was monitored 
for 10% of the samples using a RNA 6000 Lab Chip and the Bioanalyser (Agilent). Here, to avoid dissociation of 
the 28S RNA, no heating step was performed. RNA samples were diluted to 0.250 µg/µL. A premix of 4 µL RNA 
sample (1 µg RNA), 8.5 µL RNase-free water and 750 ng poly(dT) primer (​C​C​T​G​A​A​T​T​C​T​A​G​A​G​C​T​C​A​T)17, 
500 ng/µL) was transcribed with Affinity Script Multi Temperature Reverse Transkriptase (Agilent, 200 U/µL) 
according to Cámara-Ruiz et al.56 in a two-step procedure. First, annealing of poly(dT) primer was established at 
65 °C for 5 min, 40 °C for 3 min, 35 °C for 3 min, 30 °C for 3 min, 25 °C for 3 min and 10 °C. Then 2 µL 10*buffer, 
2 µL DTT, 1 µL dNTP (10 mM each) and 1 µL Affinity Script Multi Temperature Reverse Transkriptase (RT) 
were added, incubated at 42 °C for 1 h and denaturation at 70 °C for 15 min. Genomic DNA contamination 
was monitored by a negative RT control where the RT had been replaced by DEPC treated water. Species‐
specific primers (Table 3) were designed based on sequence information available in NCBI. Assay specificity 
was confirmed by direct sequencing (SeqLab, Germany) and monitored in each QPCR run by melting curve 
analysis. QPCR analysis was carried out with a CFX qPCR Cycler (BioRad). For the 25 µL PCR mix, 2 μL of the 
diluted samples (16.7 ng/μL) were used as a template (1.5 mM MgCl2, 200 μmol/L of each dNTPs (Qbiogene), 
400 nM primer, 1*SYBR‐Green I (Invitrogen) and 1 U Invitrogen Platinum Taq polymerase). The reaction was 
carried out with an initial denaturation at 94 °C for 2 min, followed by 40 cycles of denaturation at 94 °C for 
20 s, primer annealing at 63  °C for 20 s and elongation at 72  °C for 20 s. PCR efficiencies were determined 
experimentally with a dilution series of a calibrator (16.7 ng/μL). Samples were assessed in duplicate. Target gene 
expression was calculated by the comparative CT method (ΔΔCT) according to Pfaffl57, corrected for the assay 
efficiencies and normalized to actin as a housekeeping gene. Gene expression is presented as the fold increase of 
the expression on day 0. Even expression of actin as housekeeping gene was confirmed by comparing CT values 
between treatments, revealing no statistical difference (Tukey, p > 0.05).

Hemolymph parameters
The hemolymph was defrosted on ice at 4 °C. Glucose and total protein in the hemolymph were determined 
with an automated blood analyzer (Fuji DRICHEM NX500, Tokyo, Japan), following the instructions of Weiss et 
al.58. Lactate was assessed following kit instructions (l-lactate, Megamix, Ireland) according to Perrot-Minnot59.

Gene Primer 5'–3' sequence Ta [°C] length [bp] Eff.1 [%] GeneBank #

Act f ggACTTCgAgCAggAgATgA 65 179 102.5 AF300705

r AgTTgTAggTggTCTCgTgg

TGF f CTACgACgCCAACTACTgC 65 98 106.5 CAA72411

r CCACCTTCACCAgCgTTT

Akirin f gAAggAggCTATgAgTCCCC 64 242 101.8 KC415269.1

r TCACggATCTTCACCTCTCg

p53 f gCAACATCAAAATCAgCggC 62 183 96.4 KX827273.1

r TgTgAAgTgTgCTgCTgAAC

HSP70 f CAAAgCCAAAgATCCAggT 65 221 96.3 AY645906

r gATACgCAgCACATTCAgAC

HSP90 f AAggAgAAgggCgATgACAA 62 279 100.8 XM_027357149.2

r CTTgTTCTTCTgCTTgCggT

GPx f CAgTACTCggACTTCCTCgg 65 174 102.3 AY573381

r gATggCCTCgAgATCCTCAA

Lys f ggACTACggCATCTTCCAgA 65 221 99.5 AY170126

r CgAggTCgCgATTCTTACAC

Table 3.  List of primers belonging to target genes. Lengths (in bp), code on GeneBank, efficiency (in %) and 
sequence (5’-3’). 1Efficiency was determined from serial dilution series.
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Enzyme activity
For the hepatopancreas SOD assay, a solution at 10% w:V was prepared by adding phosphate buffer (50 mM, pH 
7.49). The hepatopancreas was crushed using a pestle until homogeneity was achieved. Then, it was centrifuged at 
800 g for 15 min at 4 °C. The supernatant was collected and frozen at -80 °C. Activity of SOD was measured with 
a SOD Determination kit (no. 19160, Sigma-Aldrich, USA) using the method of Campa-Córdova et al.60. After 
incubation at 37 °C for 20 min, absorbance at 450 nm was measured with an Infinite 200 PRO spectrophotometer 
(Tecan, Mannedorf, Switzerland) on a micro-plate. SOD activity was calculated with the formula:

	
SOD activity (inhibition rate %) = 100 × (Ablank 1 − Ablank 3) − (Asample − Ablank 2)

Ablank 1 − Ablank 3

The percentage of inhibition was converted into U/mL with a standard SOD solution (no. S5395, Sigma-Aldrich, 
USA).

Phenoloxidase activity was measured spectrophotometrically by tracking the formation of dopachrome from 
L-dihydroxyphenylalanine (L-DOPA), following the method of Hernández-López et al.61, adapted for micro-
plates. 10 μL plasma was added to 10 μL cacodylate buffer (10 mM, pH 7) and 10 μL L-DOPA solution (3 mg/mL 
in distilled water). The solution was incubated at 37 °C for 10 min. Then, 160 μL cacodylate buffer was added. 
The absorbance was measured at 492 nm using an Infinite 200 PRO spectrophotometer (Tecan, Mannedorf, 
Switzerland) at 0 and 10 min. A solution of L-DOPA and cacodylate buffer was used as negative control. PO 
activity was expressed in U/mL enzyme activity, defined as an increase in absorbance of 0.001 per min per mL 
of hemolymph.

Statistics
Statistical analysis was performed using R software (Version 4.3.2). Linearity and homogeneity of variance were 
checked using Bartlett and Shapiro–Wilk tests, respectively. If assumptions were not met, a non-parametric 
test (Kruskal–Wallis) was carried out. Where assumptions were met, data were subjected to One-Way Analyses 
of Variance (ANOVA). Duncan’s multiple range test was used to determine the statistical significance among 
groups. Data are presented as mean values and were considered significantly different if the p-value < 0.05.

Behavioral variations during both experimental phases were investigated using generalised mixed-effect 
models (GLMM) in the R package “glmmTMB”, using the behavior analysis of Bardera et al.62 and Bolker63 
as a reference. Univariate models for each behavior type and phase were calculated using treatment and day 
as fixed factors and tank as a random factor. Due to the presence of zero and positive continuous responses, 
Tweedie distribution was used in all behavior models64. Post-hoc analyses used the R package “emmeans” for 
main effects. Assumptions and diagnostic value of each model were assessed using the Dharma package65.

Results
Growth performance and survival
Optimal water quality parameters were maintained for L. vannamei throughout the experiment (Table 4).

At completion of the stress phase, significantly reduced survival rates were recorded in the high stocking 
density (high) group compared to the standard stocking density group (standard) and the low stocking density 
(low) group. The low group exhibited significantly higher mean weight, RWG, WWG, and SGR when compared 
to standard and high treatments. No significant differences were observed in the CF and hepatosomatic index 
HSI. After the recovery phase, on day 42, survival rates were comparable across treatments. However, differences 
in weight and total length persisted. Growth performance indices, such as SGR, RWG, WWG were significantly 
higher in high density compared to the low density (Table 5).

Morphological status
In stress conditions, high stocking density significantly affected the integrity of shrimp antennas and uropods 
(Fig. 1a and b). Shrimp in the high treatment exhibited the most severe damage to antennas (p < 0.05), whereas 
damage to uropods was similar between the standard and low densities. In the same experimental phase, a 
comparable but not statistically significant trend was observed for the exoskeleton (Fig. 1c). Rostrum and eye 
quality did not differ significantly between treatments (Fig. 1d and e). After the recovery phase, no significant 

Water parameter Value (mean ± SD)

Oxygen saturation (%) 108.76 ± 5.75

Temperature (°C) 28.12 ± 0.24

pH 7.86 ± 0.04

Salinity (ppt) 20.75 ± 0.33

NH4-N (mg/L) 0.08 ± 0.05

NO2-N (mg/L) 0.06 ± 0.07

NO3-N (mg/L) 44.03 ± 7.83

Table 4.  Average and standard deviation of each water chemistry parameter during the experimental 
phase (n=12).
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differences were detected between treatments, and damage levels mostly decreased compared to the stress phase 
(Fig. 1).

Behavioral analysis
Aggressive behavior was observed only once and therefore, excluded from the analysis. Abnormal swimming 
events were significantly more frequent in higher stocking densities during the stress phase (Fig. 2a, Table 6). 
Similarly, high and standard groups exhibited a higher frequency of loss of balance behaviors compared to the 
low density (Fig. 2b, Table 6). However, the frequency of body cramps and strong escape behaviors did not vary 
significantly between treatments (Fig. 2c, Table 6). During the stress phase, a day effect was detected for loss 
of balance and body cramping behavior. (Fig. 2, Table 6). Abnormal behavior occurrences declined during the 
recovery phase, with a day effect observed for loss of balance behavior (Fig. 3, Table 6). No statistically significant 
differences were detected among treatments for any behavior type during recovery (Fig. 3, Table 6).

Hemolymph parameters
Hemolymph analysis revealed no significant variation in glucose, l-lactate, or total protein concentrations across 
treatments during both phases (Fig. 4). There was no temporal difference within treatments detected.

Enzyme activity
Phenoloxidase activity in hemolymph and superoxide dismutase activity in hepatopancreas tissue showed no 
significant differences among treatments after both stress and recovery phases (Fig. 5).

Gene expression
Gene expression analysis revealed significant effects of high density on Gpx and HSP70 after the stress phase, 
with both markers showing higher expression levels in the high density group compared to standard and low 
densities (Fig. 6a and c). Similarly, HSP90 in high and standard stocking density exhibited higher expression 
than low, during the stress phase. Lysozyme expression did not differ statistically between treatments (Fig. 6f), 
no distinct patterns were observed for Tgf-ß, akirin and p53 during the stress phase (Fig. 6b, e and g). After the 
recovery phase, gene expression levels returned to baseline, with no differences among treatments (Fig. 6).

Discussion
This study applies a multidisciplinary approach on the stress response cascade of L. vannamei under chronic 
crowding stress conditions. Beyond evaluating survival, growth metrics, biomarkers for cellular stress, 
modulations of the immune system and morphological alterations, it provides valuable first-time insights into 
injury frequency and stress-related behaviors. A morphological index and an ethogram have been designed 
through literature review and applied, while quantitative and qualitative manual observations have been 
conducted using open-source software. Additionally, the recovery phase sheds light on the capacity of this 
species to cope with density stress, heal from injuries, and evaluate eventual compensatory growth and stress 
plasticity.

As previously observed by da Silveira et al.66 and Liu et al.67, survival rates in shrimp are strongly affected by 
stocking density. In the present experiment, elevated stocking densities increased mortalities, clearly indicating 
suboptimal conditions on a systemic scale. Nevertheless, mortality normalised almost immediately when the 
recovery phase began, resulting in high survival across all treatments. Similarly, the growth indices analysed in 
this study indicated faster growth under low-density conditions, consistent with previous findings67,68. Among 
the treatments, during the stress phase, low density was the only condition that resulted in increased biomass, 
clearly suggesting that the high and standard groups were affected by suboptimal conditions. Growth and survival 

Treatment

Stress phase Recovery phase

Low Standard High Low Standard High

Survival (%) 97.95 ± 3.21a 87.61 ± 4.10b 64.19 ± 4.15c 97.04 ± 3.39 97.65 ± 3.57 95.91 ± 2.76

Initial weight (g) 14.73 ± 0.36 14.73 ± 0.36 14.73 ± 0.36 18.18 ± 0.79A 16.58 ± 0.47B 15.83 ± 0.63B

Final weight (g) 18.18 ± 0.79a 16.58 ± 0.47b 15.83 ± 0.63b 20.95 ± 1.03 19.12 ± 0.63 19.21 ± 0.68

Initial total biomass (g) 1099.40 ± 3.10c 2199.33 ± 3.66b 4402.15 ± 4.03a 903.75 ± 3.86 907.25 ± 3.50 906.67 ± 1.15

Final total biomass (g) 1317.90 ± 66.90c 2146.47 ± 119.92b 3058.96 ± 273.37a 1010.81 ± 54.77 1021.37 ± 40.16 1055.76 ± 37.93

RWG 0.22 ± 0.03a 0.11 ± 0.04b 0.09 ± 0.04b 0.15 ± 0.02B 0.16 ± 0.03B 0.21 ± 0.01A

WWG (g/week) 1.15 ± 0.26a 0.62 ± 0.16b 0.37 ± 0.21b 0.92 ± 0.14B 0.85 ± 0.14B 1.13 ± 0.05A

SGR (%) 0.95 ± 0.10a 0.51 ± 0.18b 0.40 ± 0.17b 0.67 ± 0.09B 0.71 ± 0.13B 0.92 ± 0.04A

CF 0.63 ± 0.02 0.63 ± 0.02 0.63 ± 0.04 0.64 ± 0.02 0.64 ± 0.03 0.63 ± 0.03

HSI (%) 3.49 ± 0.83 3.46 ± 0.80 3.62 ± 0.84 3.54 ± 0.47 3.68 ± 0.44 3.74 ± 0.37

Table 5.  Effects of different stocking densities (low, standard and high) on survival, growth performance, and 
morphological index of L. vannamei for 42 days. RGW = Relative weight gain; WWG = Weekly weight gain; 
SGR = Specific growth rate; CF = Condition factor; HSI = Hepatosomatic index. Data are a mean ± standard 
deviation. Different superscript letters in the same row indicate statistically significant differences (p < 0.05). 
Lowercase letters refer to the stress phase, while uppercase letters refer to the recovery phase.
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reduction are generally considered to be effective indicators of chronic stress. Increasing densities can induce 
competition for resources such as feed, space occupation (substrate mainly as benthic species) and vulnerability 
during the moulting phase62,69–71. In our experimental system, the great majority of exuviae and mortalities 
were recorded and collected in the morning. At that time and during usual feeding and tank maintenance, no 
aggressive behavior was observed. Increased cannibalism may have occurred, in particular at high densities or 
at crepuscular/night periods. For commercial farming, maintaining low stocking densities is not economically 
viable. Feeding protocol optimisation as increased feeding frequency and a well spread distribution could reduce 
dominance hierarchies and cannibalistic behavior62,72. Production strategies must strike a balance to optimize 
yield within the shortest production cycles. In crowded systems, increased pathogenic bacterial load may impair 
growth and health in shrimps as shown in ponds and biofloc systems73,74. Proper disinfection, constant water/
animal monitoring, use of probiotics might be helpful tools to limit pathogenic and opportunistic bacterial 
infections. Tailored solutions are essential, taking into account farm designs and husbandry practices. At a 
commercial level, mitigating these issues may involve adjustments in feeding frequency and distribution, 
photoperiod control, the provision of additional shelters or enrichments, and optimized aeration strategies.

Fig. 1.  Impact on quality at D0, end of stress phase, and end of recovery phase (mean ± SD; n = 12) of (a) 
antennas, (b) uropods, (c) exoskeleton, (d) rostrum, (e) eyes.
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Compensatory growth is a well-documented phenomenon in L. vannamei, observed after stress, such as 
nitrate exposure and high stocking densities50,75,76. At the end of the experiment, the growth rates of the shrimp 
kept in high density significantly exceeded the standard and low groups, reaching values in line with growth 
performance of the low stocking density during the stress phase. This highlights the capacity of L. vannamei 
to retrieve optimal growth after crowding chronic stress. Additionally, there was partial compensatory growth 
under recovery densities, as they did not completely close the weight gap of the former low stocking density 
treatment. The observed recovery in growth rates aligns with the findings from Barajas-Sandoval et al.35, where 
compensatory growth was observed after low temperature exposition and short fasting period.

Chronic stocking density stress significantly affected shrimp health status, most prominently the damage 
to antennae and uropods. These injuries are well-documented in the literature, particularly under intensive 
farming conditions, and are supported by several studies43,77. The primary causes are attributed to frequent 
abrasion of appendages against hard physical substrates, interactions with other shrimps (stepping on each 

Behavior type Stress phase Recovery phase

Treatment + Day Treatment + Day

χ2 p Test results χ2 p Test results

Abnormal swimming 23.551  < 0.0001 High > Low: p < 0.0001; High > Standard: p = 0.0142; Low < Standard: p = 0.0021 0.9468 0.8141 No treatment/day effect

Loss of balance 21.211  < 0.0001 High > Low: p = 0.0003; Low < Standard p = 0.0019; Day effect: p = 0.00468 11.185 0.01077 Day effect: p = 0.0377

Body cramps 4.6041 0.2032 Day effect: p = 0.0354 1.4975 0.6828 No treatment/day effect

Strong escape 3.3009 0.3475 No treatment/day effect 4.1923 0.2414 No treatment/day effect

Table 6.  Results of GLMM used to determine the effects of stocking density treatments, day of observation on 
L. vannamei behaviors.

 

Fig. 2.  Predicted lines with 95% CI and data points of observed values (dots) representations (n = 4). The 
number of occurrences of abnormal behavior events per shrimp present in the tank on that day over 6 different 
time points during the stress phase. (a) Abnormal swimming events, (b) loss of balance, (c) body cramps, (d) 
strong escape behaviors.
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other), and increased antagonistic behaviors. Visible carapace damage particularly concerns shrimp farmers in 
Europe, where whole, unpeeled shrimps from RAS-based production are marketed at a premium price. Long, 
undamaged antennae and a pristine exoskeleton are desirable for such a market segment. In particular, melanosis 
could render the shrimp unsaleable and result in economic losses for producers. No observable variations were 
noted in the condition of the eyes or rostrum under these stocking density conditions, suggesting that these 
body parts remain unaffected. After the recovery period, shrimp exhibited notable biological improvement 
with healing of damaged appendages. Minor injuries, such as broken appendages, typically heal after one or 
two moulting cycles, although the precise timeframe remains uncertain and likely varies with the extent of the 
damage. Future research should focus on the regenerative capacity of shrimp and its relationship with moulting 
events, as well as welfare assessment using indices inspired by the health status guide proposed here, both ideally 
through weekly assessments18,78–80.

Aggressive behaviors were not detected during experimental observations, though it is hypothesized that 
such interactions may have occurred nocturnally, coinciding with moulting events and mortalities recorded 
here. Indeed, during moulting, shrimp are more vulnerable to physical damage, increasing the likelihood of 
cannibalism70. Cramping and strong escape behaviors are not mentioned to be correlated with crowding41,81,82. 
Movement patterns, such as swimming abnormalities and loss of balance, exhibited a direct correlation. 
Specifically, swimming abnormalities consisted of irregular movement patterns and prolonged slow surface 
swimming, both of which are recognized in the literature as indicators of poor shrimp health41,79. Loss of balance 
was mainly observed for shrimps lying on a side on the tank bottom and could be associated with moribundity, as 
indicated for thermal stress or for a prolonged and problematic moulting event83–85. During recovery, behavioral 
abnormalities also declined remarkably, with fewer events recorded and a consequent decline in the frequency 
of occurrence. These findings provide a foundation for further research on the behavioral effects of chronic 
stress. Targeted studies would enhance our understanding of these phenomena and their implications for shrimp 
welfare and recently developed artificial intelligence-driven production management86.

The minor response in commonly applied hemolymph parameters of the secondary stress response is 
surprising considering the previously described consequences of increasing density on survival, growth 
performance and health status. Indeed, suboptimal conditions due to ammonia stress or handling led to 

Fig. 3.  Predicted lines with 95% CI and data points of observed values (dots) representations (n = 4). The 
number of occurrences of abnormal behavior events per shrimp present in the tank on that day over 6 different 
time points during the recovery phase. (a) Abnormal swimming events, (b) loss of balance, (c) body cramps, 
(d) strong escape behaviors.
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Fig. 5.  Superoxidase activity (n = 12) in shrimp hepatopancreas at D0, end of stress phase (day 21), end of 
recovery phase (day 42).

 

Fig. 4.  Concentration or activity values (n = 12) in shrimp hemolymph at D0, end of stress phase, and end of 
recovery phase of (a) glucose, (b) total proteins, (c) l-lactate, (d) phenoloxidase activity.
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Fig. 6.  Normalised gene expression (mean ± SD; n = 12) of (a) glutathione peroxidase, (b) p53, (c) heat shock 
protein 70, (d) heat shock protein 90, (e) akirin, (f) lysozyme, (g) transcriptions factor ß, at D0, end of stress 
phase and end of recovery phase.
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hyperglycemia with increased lactate and protein levels87. However, in the long-term, persistent distress adaptive 
responses, such as glucose or lactate increases, will most likely return to near baseline concentrations60,87–90. To 
explain this phenomenon, homeostatic mechanisms facilitate the mobilization of glycogen, carbohydrates, and 
lipids from storage organs, such as the hepatopancreas, to release readily available energy molecules15,89. Further 
analysis of storage organs would be valuable in confirming homeostasis in response to long-term stresses.

In the current study, prevailing alterations of the immune system were minor. Indeed, stable phenoloxidase 
activity and Akirin expression were observed under persistent stress in all experimental groups. PO activity is 
reported to decrease under crowding stress after both short-term (12 h) and long-term (8 weeks) exposure47,91. 
The discrepancies correlated with those studies might be explained by the use of a different culture system91, 
homeostatic adjustments or variation in shrimp size, as larger specimens are reported to be more resistant to 
stress92,93. Akirin activation doesn’t seem to be associated with crowding, but only with increased expression 
during bacterial infection29. Non-significant increases in lysozyme were observed with increasing density in the 
current study, aligning with findings of Yuan et al.94 and Liu et al.95. TGF-β signalling did not increase during 
the stress phase, again suggesting a mild influence of crowding on the immune system. The TGF-ß cytokine 
exhibits anti-inflammatory effects and regulates the apoptosis pathway. TGF-ß was increased in previous studies 
on salinity and temperature stress96,97. An expanded analysis of immune parameters, such as hemocyte count or 
hemolymph clotting time88 could provide deeper insights into this topic. The absence of major alterations in the 
immune response is complex to interpret in the context of the sophisticated capacity of invertebrates to react to 
stressful environments. It may be attributed to either a lack of sensitivity to the stressor, homeostatic adaptation 
or inhibited expression due to distress94. In this context, genetic improvements and farming adaptations of the 
species may have resulted in more resilient individuals, that cope better with stress, as suggested by Shi et al.98 
and Wang et al.99. An expanded analysis of immune parameters, such as hemocyte count or clotting time of 
hemolymph88 could provide deeper insights in the future.

SOD activity in the hepatopancreas appears unaffected by crowding stress, with no significant changes in 
activity. This aligns with studies on biofloc systems and density related experiments60, however other studies 
evidence variation, maybe due to shrimp size or assay methodology reasons67,100. Analysing SOD activity in 
other tissues, such as the hemolymph and muscle, or different shrimp sizes may reveal more treatment-specific 
variations, as observed by Lin47 and Campa-Cordova60. Contrarily, Gpx appears to respond to intense crowding 
events with increased expression, similar to its upregulation under bacterial challenge and pH stress92,101. 
During recovery, Gpx expression returns to basic levels similar to the other parameters observed. Unlike under 
acute stress exposure such as hypoxia and ammonia/nitrite102,103, p53 expression did not variate in both phases. 
Based on these results, p53 might not have a key role in chronic stresses, being not responsive over prolonged 
stress or with other factors involved in regulating cell processes as apoptosis. Alternatively, the mild oxidative 
stress and consequent cellular damage might have not been strong enough to enable its pathway. During the 
stress phase, HSP70 and HSP90 increased with rising crowding. Similar to other studies104,105, HSP70 seems to 
be a biomarker of density-related stress. Although HSP90 has been less investigated than HSP70, it is reported 
to be altered at lower temperature, salinity and ammonia106,107. Based on the current results and its sensitivity 
to crowding, HSP90 seems to be a valid general environmental stress marker. As for Gpx, HSP70 and HSP90 
expression returned to basic levels after recovery. Overall, in contrast to the immune response, oxidative stress 
markers appear to be highly responsive to the examined stressors, even when the stress level seems mild.

Conclusions
Increased stocking density adversely affected shrimp survival, growth, and morphological status, while 
behavioral analyses revealed increased frequencies of abnormal movement patterns. Homeostatic mechanisms 
probably from storage organs helped maintain constant key hemolymph parameters. A mild upregulation of 
commonly assessed markers indicating cellular/oxidative stress was evidenced. Effects on the immune system 
indicated a lack of sensitivity for crowding or distress levels. During the recovery phase, shrimps recovered fast 
from injuries and stress and showed partial compensatory growth, offering insights into management of animals 
after stress exposure. Health status and behavior data could serve as a base for developing welfare indices or AI-
based monitoring systems at a commercial level.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on request.

Received: 11 August 2025; Accepted: 25 February 2026

References
	 1.	 FAO. The state of world fisheries and aquaculture 2024. Blue transformation in action (2024). ​h​t​t​p​s​:​​/​/​o​p​e​n​​k​n​o​w​l​e​​d​g​e​.​f​a​​o​.​o​r​g​​/​i​t​e​m​

s​​/​0​6​6​9​0​​f​d​0​-​d​1​​3​3​-​4​2​4​c​-​9​6​7​3​-​1​8​4​9​e​4​1​4​5​4​3​d.
	 2.	 Villarreal, H. Shrimp farming advances, challenges, and opportunities. J. World Aquac. Soc. 54(5), 1092–1095. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​

.​1​1​1​1​/​j​w​a​s​.​1​3​0​2​7​​​​ (2023).
	 3.	 European Parliament. European Parliament resolution of 20 October 2021 on a farm to fork strategy for a fair, healthy and 

environmentally-friendly food system (2020/2260(INI)) (2021). ​h​t​t​p​s​:​​/​/​w​w​w​.​​e​u​r​o​p​a​​r​l​.​e​u​r​​o​p​a​.​e​​u​/​d​o​c​e​​o​/​d​o​c​u​​m​e​n​t​/​T​​A​-​9​-​2​0​2​1​-​0​
0​2​5​_​E​N​.​h​t​m​l.

	 4.	 Du, Y. et al. Enhancement of growth, survival, immunity and disease resistance in Litopenaeus vannamei, by the probiotic, 
Lactobacillus plantarum Ep-M17. Fish Shellfish Immunol. 129, 36–51. https://doi.org/10.1016/j.fsi.2022.08.066 (2022).

Scientific Reports |         (2026) 16:9087 12| https://doi.org/10.1038/s41598-026-42332-2

www.nature.com/scientificreports/

https://openknowledge.fao.org/items/06690fd0-d133-424c-9673-1849e414543d
https://openknowledge.fao.org/items/06690fd0-d133-424c-9673-1849e414543d
https://doi.org/10.1111/jwas.13027
https://doi.org/10.1111/jwas.13027
https://www.europarl.europa.eu/doceo/document/TA-9-2021-0025_EN.html
https://www.europarl.europa.eu/doceo/document/TA-9-2021-0025_EN.html
https://doi.org/10.1016/j.fsi.2022.08.066
http://www.nature.com/scientificreports


	 5.	 Prochaska, J., Poompuang, S., Koonawootrittriron, S., Sukhavachana, S. & Na-Nakorn, U. Evaluation of a commercial SPF 
Litopenaeus vannamei shrimp breeding program: Resistance to infectious myonecrosis virus (IMNV), Taura syndrome virus 
(TSV), and white spot syndrome virus (WSSV) from laboratory challenges. Aquaculture 554, 738145. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​a​
q​u​a​c​u​l​t​u​r​e​.​2​0​2​2​.​7​3​8​1​4​5​​​​ (2022).

	 6.	 Waldhorn, D. R., & Autric, E. Shrimp production: Understanding the scope of the problem 1–32 (Center for Open Science, 2022).
	 7.	 AP NEWS. AP finds grueling conditions in Indian shrimp industry that report calls ‘dangerous and abusive’ (2024). ​h​t​t​p​s​:​​/​/​a​p​n​e​​

w​s​.​c​o​m​​/​a​r​t​i​c​​l​e​/​i​n​​d​i​a​-​s​h​​r​i​m​p​-​s​​e​a​f​o​o​d​​-​i​n​d​u​​s​t​r​y​-​l​​a​b​o​r​-​a​​b​u​s​e​s​-​​u​s​-​i​m​​p​o​r​t​s​-​​e​5​b​5​1​8​​7​8​e​a​f​b​​ b​6​e​2​8​9​7​7​7​1​0​b​1​9​1​e​b​7​d​e
	 8.	 CBC. Slavery in shrimp industry known to Thailand government (2015). ​h​t​t​p​s​:​​/​/​w​w​w​.​​c​b​c​.​c​a​​/​n​e​w​s​/​​b​u​s​i​n​​e​s​s​/​s​l​​a​v​e​r​y​-​​s​h​r​i​m​p​​-​t​h​a​i​

l​a​n​d​-​1​.​3​3​7​4​4​3​3
	 9.	 NBC News. Indian company sold contaminated shrimp to U.S. grocery stores, ‘whistleblower’ says (2024). ​h​t​t​p​s​:​​/​/​w​w​w​.​​n​b​c​n​e​w​​s​

.​c​o​m​/​​n​e​w​s​/​​i​n​d​i​a​n​​-​c​o​m​p​a​​n​y​-​s​o​l​​d​-​c​o​n​​t​a​m​i​n​a​​t​e​d​-​s​h​​r​i​m​p​-​u​​s​-​g​r​o​​c​e​r​y​-​s​​t​o​r​e​s​-​​w​h​i​s​t​l​​e​b​l​o​w​e​-​r​c​n​a​1​4​4​0​8​2
	 10.	 Seafood Service. Gel-injected shrimp a growing problem in China (2016). ​h​t​t​p​s​:​​/​/​w​w​w​.​​s​e​a​f​o​o​​d​s​o​u​r​c​​e​.​c​o​m​​/​n​e​w​s​/​​f​o​o​d​-​s​​a​f​e​t​y​-​​h​e​

a​l​t​​h​/​g​e​l​-​​i​n​j​e​c​t​​e​d​-​s​h​r​​i​m​p​-​a​-​g​r​o​w​i​n​g​-​p​r​o​b​l​e​m​-​i​n​-​c​h​i​n​a
	 11.	 Machnik, A., & Królikowska-Tomczak, A. Awareness Rising of Consumers, Employees, Suppliers, and Governments 22–36 

(Springer, 2022).
	 12.	 Joffre, O. M., Klerkx, L. & Khoa, T. N. D. Aquaculture innovation system analysis of transition to sustainable intensification in 

shrimp farming. Agron. Sustain. Dev. 38, 1–11. https://doi.org/10.1007/s13593-018-0511-9 (2018).
	 13.	 Nguyen, T. A. T., Nguyen, K. A. T. & Jolly, C. Is super-intensification the solution to shrimp production and export sustainability?. 

Sustainability 11, 5277. https://doi.org/10.3390/su11195277 (2019).
	 14.	 Crump, A., Browning, H., Schnell, A. K., Burn, C. & Birch, J. Invertebrate sentience and sustainable seafood. Nat. Food 3(11), 

884–886. https://doi.org/10.1038/s43016-022-00632-6 (2022).
	 15.	 Wuertz, S., Bierbach, D. & Bögner, M. Welfare of decapod crustaceans with special emphasis on stress physiology. Aquac. Res. 

2023, 2023.1. https://doi.org/10.1155/2023/1307684 (2023).
	 16.	 Mellor, D., & Reid, C. Concepts of animal well-being and predicting the impact of procedures on experimental animals. Improving 

Well-Being Animal Research Environment 3–18 (1994). ​h​t​t​p​s​:​​​/​​/​w​w​​w​.​w​e​l​l​b​e​i​n​g​i​n​​t​l​s​t​u​d​​i​e​s​r​e​p​​o​s​i​t​o​r​​​y​.​o​​r​​g​/​e​x​p​r​a​w​​e​l​/​7​/
	 17.	 Briffa, M. Sentience in decapods: An open question. Anim. Sentience 7(32) (2022).
	 18.	 Albalat, A., Zacarias, S., Coates, C. J., Neil, D. M. & Planellas, S. R. Welfare in farmed decapod crustaceans, with particular 

reference to Penaeus vannamei. Front. Mar. Sci. https://doi.org/10.3389/fmars.2022.886024 (2022).
	 19.	 Lorenzon, S., Giulianini, P. G., Martinis, M. & Ferrero, E. Stress effect of different temperatures and air exposure during transport 

on physiological profiles in the American lobster Homarus americanus. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 147, 
94–102. https://doi.org/10.1016/j.cbpa.2006.11.028 (2007).

	 20.	 Tinikul, Y., Mercier, A. J. & Sobhon, P. Distribution of dopamine and octopamine in the central nervous system and ovary during 
the ovarian maturation cycle of the giant freshwater prawn, Macrobrachium rosenbergii. Tissue Cell 41, 430–442. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​
1​0​.​1​0​1​6​/​j​.​t​i​c​e​.​2​0​0​9​.​0​5​.​0​0​1​​​​ (2009).

	 21.	 Hall, M. R. & van Ham, E. H. The effects of different types of stress on blood glucose in the giant tiger prawn Penaeus monodon. 
J. World Aquacult. Soc. 29, 290–299. https://doi.org/10.1111/j.1749-7345.1998.tb00649.x (1998).

	 22.	 Racotta, I. S. & Palacios, E. Hemolymph metabolic variables in response to experimental manipulation stress and serotonin 
injection in Penaeus vannamei. J. World Aquac. Soc. 29, 351–356. https://doi.org/10.1111/j.1749-7345.1998.tb00658.x (2007).

	 23.	 Sánchez, A. et al. Hemolymph metabolic variables and immune response in Litopenaeus setiferus adult males: The effect of 
acclimation. Aquaculture 198, 13–28. https://doi.org/10.1016/S0044-8486(00)00576-7 (2001).

	 24.	 Loker, E. S., Adema, C. M., Zhang, S. M. & Kepler, T. B. Invertebrate immune systems–not homogeneous, not simple, not well 
understood. Immunol. Rev. 198, 10–24. https://doi.org/10.1111/j.0105-2896.2004.0117.x (2004).

	 25.	 Schulenburg, H. & Ewbank, J. J. The genetics of pathogen avoidance in Caenorhabditis elegans. Mol. Microbiol. 66(3), 563–570. 
https://doi.org/10.1111/j.1365-2958.2007.05946.x (2007).

	 26.	 Amparyup, P., Charoensapsri, W. & Tassanakajon, A. Prophenoloxidase system and its role in shrimp immune responses against 
major pathogens. Fish Shellfish Immunol. 34(4), 990–1001. https://doi.org/10.1016/j.fsi.2012.08.019 (2013).

	 27.	 Huang, J., Yang, Y. & Wang, A. Reconsideration of phenoloxidase activity determination in white shrimp Litopenaeus vannamei. 
Fish Shellfish Immunol. 28, 240–244. https://doi.org/10.1016/j.fsi.2009.10.010 (2010).

	 28.	 Cui, Y. et al. Acute ammonia stress-induced oxidative and heat shock responses modulated by transcription factors in Litopenaeus 
vannamei. Fish Shellfish Immunol. 128, 181–187. https://doi.org/10.1016/j.fsi.2022.07.060 (2022).

	 29.	 Hou, F. et al. Identification and functional studies of Akirin, a potential positive nuclear factor of NF-κB signaling pathways in the 
Pacific white shrimp, Litopenaeus vannamei. Dev. Comp. Immunol. 41, 703–714. https://doi.org/10.1016/j.dci.2013.08.005 (2013).

	 30.	 Correia, A. D., Costa, M. H., Luis, O. J. & Livingstone, D. R. Age-related changes in antioxidant enzyme activities, fatty acid 
composition and lipid peroxidation in whole body Gammarus locusta (Crustacea: Amphipoda). J. Exp. Mar. Biol. Ecol. 289(1), 
83–101. https://doi.org/10.1016/S0022-0981(03)00040-6 (2003).

	 31.	 Qiu, J., Wang, W. N., Wang, L. J., Liu, Y. F. & Wang, A. L. Oxidative stress, DNA damage and osmolality in the Pacific white 
shrimp, Litopenaeus vannamei exposed to acute low temperature stress. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 154, 
36–41. https://doi.org/10.1016/j.cbpc.2011.02.007 (2011).

	 32.	 Estrada-Cárdenas, P. et al. p53 knock-down and hypoxia affects glutathione peroxidase 4 antioxidant response in hepatopancreas 
of the white shrimp Litopenaeus vannamei. Biochimie 199, 1–11. https://doi.org/10.1016/j.biochi.2022.03.010 (2022).

	 33.	 Gonçalves-Soares, D. et al. Identification of differentially transcribed genes in shrimp Litopenaeus vannamei exposed to osmotic 
stress and challenged with WSSV virus. Comp. Biochem. Physiol. D Genomics Proteomics 7(1), 73–81 (2012).

	 34.	 Robert, J. Evolution of heat shock protein and immunity. Dev. Comp. Immunol. 27, 449–464. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​S​0​1​4​5​-​3​0​5​
X​-​X​​​​ (2003).

	 35.	 Barajas-Sandoval, D., Escobedo-Fregoso, C. & Peña-Rodríguez, A. Temperature and fasting effect on compensatory growth and 
transcriptomic response in the Pacific white shrimp Penaeus vannamei. Aquaculture 574, 739711. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​a​q​u​a​
c​u​l​t​u​r​e​.​2​0​2​3​.​7​3​9​7​1​1​​​​ (2023).

	 36.	 Kuhn, D. D. et al. Chronic toxicity of nitrate to Pacific white shrimp, Litopenaeus vannamei: Impacts on survival, growth, antennae 
length, and pathology. Aquaculture 309, 109–114. https://doi.org/10.1016/j.aquaculture.2010.09.014 (2010).

	 37.	 Yu, Q. et al. Growth and health responses to a long-term pH stress in Pacific white shrimp Litopenaeus vannamei. Aquaculture 
Rep. 16, 100280. https://doi.org/10.1016/j.aqrep.2020.100280 (2020).

	 38.	 da Costa, F. P., Gomes, B. SFd. F., Pereira, SDd. N. A. & de Fátima Arruda, M. Influence of stocking density on the behaviour of 
juvenile Litopenaeus vannamei (Boone, 1931). Aquacult. Res. 47(3), 912–924. https://doi.org/10.1111/are.12550 (2016).

	 39.	 Darodes de Tailly, J. B. et al. Monitoring methods of feeding behaviour to answer key questions in penaeid shrimp feeding. Rev. 
Aquacult. 13(4), 1828–1843. https://doi.org/10.1111/raq.12546 (2021).

	 40.	 Pontes, C. S., Arruda, Md. F., Augusto de Lara Menezes, A. & Pereira de Lima, P. Daily activity pattern of the marine shrimp 
Litopenaeus vannamei (Boone 1931) juveniles under laboratory conditions. Aquac. Res. 37(10), 1001–1006. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​
1​1​/​j​.​1​3​6​5​-​2​1​0​9​.​2​0​0​6​.​0​1​5​1​9​.​x​​​​ (2006).

	 41.	 Pedrazzani, A. S. et al. Non-invasive methods for assessing the welfare of farmed white-leg shrimp (Penaeus vannamei). Animals 
https://doi.org/10.3390/ani13050807 (2023).

Scientific Reports |         (2026) 16:9087 13| https://doi.org/10.1038/s41598-026-42332-2

www.nature.com/scientificreports/

https://doi.org/10.1016/j.aquaculture.2022.738145
https://doi.org/10.1016/j.aquaculture.2022.738145
https://apnews.com/article/india-shrimp-seafood-industry-labor-abuses-us-imports-e5b51878eafbb6e28977710b191eb7de
https://apnews.com/article/india-shrimp-seafood-industry-labor-abuses-us-imports-e5b51878eafbb6e28977710b191eb7de
https://www.cbc.ca/news/business/slavery-shrimp-thailand-1.3374433
https://www.cbc.ca/news/business/slavery-shrimp-thailand-1.3374433
https://www.nbcnews.com/news/indian-company-sold-contaminated-shrimp-us-grocery-stores-whistleblowe-rcna144082
https://www.nbcnews.com/news/indian-company-sold-contaminated-shrimp-us-grocery-stores-whistleblowe-rcna144082
https://www.seafoodsource.com/news/food-safety-health/gel-injected-shrimp-a-growing-problem-in-china
https://www.seafoodsource.com/news/food-safety-health/gel-injected-shrimp-a-growing-problem-in-china
https://doi.org/10.1007/s13593-018-0511-9
https://doi.org/10.3390/su11195277
https://doi.org/10.1038/s43016-022-00632-6
https://doi.org/10.1155/2023/1307684
https://www.wellbeingintlstudiesrepository.org/exprawel/7/
https://doi.org/10.3389/fmars.2022.886024
https://doi.org/10.1016/j.cbpa.2006.11.028
https://doi.org/10.1016/j.tice.2009.05.001
https://doi.org/10.1016/j.tice.2009.05.001
https://doi.org/10.1111/j.1749-7345.1998.tb00649.x
https://doi.org/10.1111/j.1749-7345.1998.tb00658.x
https://doi.org/10.1016/S0044-8486(00)00576-7
https://doi.org/10.1111/j.0105-2896.2004.0117.x
https://doi.org/10.1111/j.1365-2958.2007.05946.x
https://doi.org/10.1016/j.fsi.2012.08.019
https://doi.org/10.1016/j.fsi.2009.10.010
https://doi.org/10.1016/j.fsi.2022.07.060
https://doi.org/10.1016/j.dci.2013.08.005
https://doi.org/10.1016/S0022-0981(03)00040-6
https://doi.org/10.1016/j.cbpc.2011.02.007
https://doi.org/10.1016/j.biochi.2022.03.010
https://doi.org/10.1016/S0145-305X-X
https://doi.org/10.1016/S0145-305X-X
https://doi.org/10.1016/j.aquaculture.2023.739711
https://doi.org/10.1016/j.aquaculture.2023.739711
https://doi.org/10.1016/j.aquaculture.2010.09.014
https://doi.org/10.1016/j.aqrep.2020.100280
https://doi.org/10.1111/are.12550
https://doi.org/10.1111/raq.12546
https://doi.org/10.1111/j.1365-2109.2006.01519.x
https://doi.org/10.1111/j.1365-2109.2006.01519.x
https://doi.org/10.3390/ani13050807
http://www.nature.com/scientificreports


	 42.	 Betancourt-Lozano, M., Baird, D. J., Sangha, R. S. & Gonzalez-Farias, F. Induction of morphological deformities and moulting 
alterations in Litopenaeus vannamei (Boone) juveniles exposed to the triazole-derivative fungicide tilt. Arch. Environ. Contam. 
Toxicol. 51(1), 69–78. https://doi.org/10.1007/s00244-005-0149-x (2006).

	 43.	 Sellars, M. J., Arnold, S. J., Crocos, P. J. & Coman, G. J. Physical changes in brown tiger shrimp (Penaeus esculentus) condition 
when reared at high densities and their capacity for recovery. Aquaculture 232(1–4), 395–405. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​a​q​u​a​c​u​l​t​
u​r​e​.​2​0​0​3​.​0​7​.​0​0​2​​​​ (2004).

	 44.	 Aguilar, V. et al. The influence of dietary arachidonic acid on the immune response and performance of Pacific whiteleg shrimp, 
Litopenaeus vannamei, at high stocking density. Aquacult. Nutr. 18(3), 258–271. https://doi.org/10.1111/j.1365-2095.2011.00892.x 
(2012).

	 45.	 Mena-Herrera, A., Gutierrez-Corona, C., Linan-Cabello, M. & Sumano-Lopez, H. Effects of stocking densities on growth of the 
Pacific white shrimp (Litopenaeus vannamei) in earthen ponds. Isr. J. Aquacult. Bamidgeh 58, 205–213 (2006).

	 46.	 de la Vega, E., Degnan, B. M., Hall, M. R. & Wilson, K. J. Differential expression of immune-related genes and transposable 
elements in black tiger shrimp (Penaeus monodon) exposed to a range of environmental stressors. Fish Shellfish Immunol. 23(5), 
1072–1088. https://doi.org/10.1016/j.fsi.2007.05.001 (2007).

	 47.	 Lin, Y.-C. et al. Crowding of white shrimp Litopenaeus vananmei depresses their immunity to and resistance against Vibrio 
alginolyticus and white spot syndrome virus. Fish Shellfish Immunol. 45, 104–111. https://doi.org/10.1016/j.fsi.2015.02.012 
(2015).

	 48.	 Tendencia, E. A., Bosma, R. H. & Verreth, J. A. J. White spot syndrome virus (WSSV) risk factors associated with shrimp farming 
practices in polyculture and monoculture farms in the Philippines. Aquaculture 311, 87–93. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​a​q​u​a​c​u​l​t​u​r​
e​.​2​0​1​0​.​1​1​.​0​3​9​​​​ (2011).

	 49.	 Li, Y., Li, J. & Wang, Q. The effects of dissolved oxygen concentration and stocking density on growth and non-specific immunity 
factors in Chinese shrimp, Fenneropenaeus chinensis. Aquaculture 256, 608–616. https://doi.org/10.1016/j.aquaculture.2006.02.036 
(2006).

	 50.	 Prates, E. et al. Determination of acute toxicity and evaluation of the chronic effect of nitrate on compensatory growth of Litopenaeus 
vannamei reared in a biofloc technology system. Aquaculture 587, 740862. https://doi.org/10.1016/j.aquaculture.2024.740862 
(2024).

	 51.	 Htun-Han, M. The reproductive biology of the dab Limanda limanda (L.) in the North Sea: Gonosomatic index, hepatosomatic 
index and condition factor. J. Fish Biol. 13, 369–378. https://doi.org/10.1111/j.1095-8649.1978.tb03445.x (1978).

	 52.	 Gamberoni, P., Wuertz, S., Bierbach, D., Boegner, M. & Slater, M. J. European perspectives on Litopenaeus vannamei aquaculture: 
An expert’s survey. Aquacult. Rep. 42, 102732. https://doi.org/10.1016/j.aqrep.2025.102732 (2025).

	 53.	 Friard, O. & Gamba, M. BORIS: A free, versatile open-source event-logging software for video/audio coding and live observations. 
Methods Ecol. Evol. 7(11), 1325–1330. https://doi.org/10.1111/2041-210X.12584 (2016).

	 54.	 Robertson, L., Bray, W., Leung-Trujillo, J. & Lawrence, A. Practical molt staging of Penaeus setiferus and Penaeus stylirostris. J. 
World Aquac. Soc. 18(3), 180–185. https://doi.org/10.1111/j.1749-7345.1987.tb00437.x (1987).

	 55.	 Reiser, J. et al. High-risk human papillomaviruses repress constitutive kappa interferon transcription via E6 to prevent pathogen 
recognition receptor and antiviral-gene expression. J. Virol. 85(21), 11372–11380. https://doi.org/10.1128/jvi.05279-11 (2011).

	 56.	 Cámara-Ruiz, M., Santo, C. E., Gessner, J. & Wuertz, S. How to improve foraging efficiency for restocking measures of juvenile 
Baltic sturgeon (Acipenser oxyrinchus). Aquaculture 502, 12–17. https://doi.org/10.1016/j.aquaculture.2018.12.021 (2019).

	 57.	 Pfaffl, M. W. A new mathematical model for relative quantification in real-time RT–PCR. Nucleic Acids Res. 29(9), e45–e45. 
https://doi.org/10.1093/nar/29.9.e45 (2001).

	 58.	 Weiss, M., Rebelein, A. & Slater, M. J. Lupin kernel meal as fishmeal replacement in formulated feeds for the whiteleg shrimp 
(Litopenaeus vannamei). Aquac. Nutr. 26(3), 752–762. https://doi.org/10.1111/anu.13034 (2020).

	 59.	 Perrot‐Minnot, M. J., Maddaleno, M. & Cézilly, F. Parasite‐induced inversion of geotaxis in a freshwater amphipod: A role for 
anaerobic metabolism?. Funct. Ecol. 30(5), 780–788. https://doi.org/10.1111/1365-2435.12516 (2016).

	 60.	 Campa-Córdova, Á. I. et al. Stressing stocking density and rearing time effect on whiteleg shrimp (Penaeus vannamei) reared 
intensively in floating cages. Lat. Am. J. Aquat. Res. 50(2), 158–167. https://doi.org/10.3856/vol50-issue2-fulltext-2814 (2022).

	 61.	 Hernández-López, J., Gollas-Galván, T. & Vargas-Albores, F. Activation of the prophenoloxidase system of the brown shrimp 
Penaeus californiensis Holmes. Comp. Biochem. Physiol. C Pharmacol. Toxicol. Endocrinol. 113, 61–66. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​0​7​
4​2​-​8​4​1​3​(​9​5​)​0​2​0​3​3​-​0​​​​ (1996).

	 62.	 Bardera, G. et al. The influence of density and dominance on Pacific white shrimp (Litopenaeus vannamei) feeding behaviour. 
Aquaculture https://doi.org/10.1016/j.aquaculture.2020.735949 (2021).

	 63.	 Bolker, B. Getting started with the glmmTMB package. Cran. R-project Vignette 9 (2019).
	 64.	 Titcomb, G., Hulke, J., Mantas, J. N., Gituku, B. & Young, H. Cattle aggregations at shared resources create potential parasite 

exposure hotspots for wildlife. Proc. R. Soc. B 290(2012), 20232239. https://doi.org/10.1098/rspb.2023.2239 (2023).
	 65.	 Zuur, A. F., & Ieno, E. N. The world of zero-inflated models volume 1: Using GLM (2021).
	 66.	 da Silveira, L. G. P. et al. Establishing the most productive stocking densities for each stage of a multi-phase shrimp culture in BFT 

system. Aquacult. Int. 30(4), 1889–1903. https://doi.org/10.1007/s10499-022-00879-7 (2020).
	 67.	 Liu, G., Zhu, S., Liu, D., Guo, X. & Ye, Z. Effects of stocking density of the white shrimp Litopenaeus vannamei (Boone) on 

immunities, antioxidant status, and resistance against Vibrio harveyi in a biofloc system. Fish Shellfish Immunol. 67, 19–26. 
https://doi.org/10.1016/j.fsi.2017.05.038 (2017).

	 68.	 Sookying, D., Silva, F. S. D., Davis, D. A. & Hanson, T. R. Effects of stocking density on the performance of Pacific white shrimp 
Litopenaeus vannamei cultured under pond and outdoor tank conditions using a high soybean meal diet. Aquaculture 319(1–2), 
232–239. https://doi.org/10.1016/j.aquaculture.2011.06.014 (2011).

	 69.	 Hamilton, S. et al. The loud crowd: Interactions between stocking density and acoustic feeding activity of different size classes of 
Litopenaeus vannamei. Aquaculture 563, 738904. https://doi.org/10.1016/j.aquaculture.2022.738904 (2023).

	 70.	 Lemos, D. & Weissman, D. Moulting in the grow-out of farmed shrimp: A review. Rev. Aquacult. 13, 5–17. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​1​
1​/​r​a​q​.​1​2​4​6​1​​​​ (2021).

	 71.	 Romano, N. & Zeng, C. Cannibalism of decapod crustaceans and implications for their aquaculture: A review of its prevalence, 
influencing factors, and mitigating methods. Rev. Fish. Sci. Aquac. 25(1), 42–69. https://doi.org/10.1080/23308249.2016.1221379 
(2017).

	 72.	 Obaldo, L. G. & Masuda, R. Effect of diet size on feeding behavior and growth of Pacific white shrimp, Litopenaeus vannamei. J. 
Appl. Aquacult. 18, 101–110. https://doi.org/10.1300/J028v18n01_07 (2006).

	 73.	 Alfiansah, Y. R. et al. Bacterial abundance and community composition in pond water from shrimp aquaculture systems with 
different stocking densities. Front. Microbiol. 9, 2457. https://doi.org/10.3389/fmicb.2018.02457 (2018).

	 74.	 Said, M. M., El-Barbary, Y. A. & Ahmed, O. M. Assessment of performance, microbial community, bacterial food quality, and 
gene expression of whiteleg shrimp (Litopenaeus vannamei) reared under different density biofloc systems. Aquac. Nutr. 2022(1), 
3499061. https://doi.org/10.1155/2022/3499061 (2022).

	 75.	 Liu, Y. et al. Effects of diets with varying astaxanthin from Yarrowia lipolytica levels on the growth, feed utilization, metabolic 
enzymes activities, antioxidative status and serum biochemical parameters of Litopenaeus vannamei. Fishes ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​
9​0​/​f​i​s​h​e​s​7​0​6​0​3​5​2​​​​ (2022).

	 76.	 Wasielesky, W. et al. Nursery of Litopenaeus vannamei reared in a biofloc system: The effect of stocking densities and compensatory 
growth. J. Shellfish Res. 32(3), 799–806. https://doi.org/10.2983/035.032.0323 (2013).

Scientific Reports |         (2026) 16:9087 14| https://doi.org/10.1038/s41598-026-42332-2

www.nature.com/scientificreports/

https://doi.org/10.1007/s00244-005-0149-x
https://doi.org/10.1016/j.aquaculture.2003.07.002
https://doi.org/10.1016/j.aquaculture.2003.07.002
https://doi.org/10.1111/j.1365-2095.2011.00892.x
https://doi.org/10.1016/j.fsi.2007.05.001
https://doi.org/10.1016/j.fsi.2015.02.012
https://doi.org/10.1016/j.aquaculture.2010.11.039
https://doi.org/10.1016/j.aquaculture.2010.11.039
https://doi.org/10.1016/j.aquaculture.2006.02.036
https://doi.org/10.1016/j.aquaculture.2024.740862
https://doi.org/10.1111/j.1095-8649.1978.tb03445.x
https://doi.org/10.1016/j.aqrep.2025.102732
https://doi.org/10.1111/2041-210X.12584
https://doi.org/10.1111/j.1749-7345.1987.tb00437.x
https://doi.org/10.1128/jvi.05279-11
https://doi.org/10.1016/j.aquaculture.2018.12.021
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1111/anu.13034
https://doi.org/10.1111/1365-2435.12516
https://doi.org/10.3856/vol50-issue2-fulltext-2814
https://doi.org/10.1016/0742-8413(95)02033-0
https://doi.org/10.1016/0742-8413(95)02033-0
https://doi.org/10.1016/j.aquaculture.2020.735949
https://doi.org/10.1098/rspb.2023.2239
https://doi.org/10.1007/s10499-022-00879-7
https://doi.org/10.1016/j.fsi.2017.05.038
https://doi.org/10.1016/j.aquaculture.2011.06.014
https://doi.org/10.1016/j.aquaculture.2022.738904
https://doi.org/10.1111/raq.12461
https://doi.org/10.1111/raq.12461
https://doi.org/10.1080/23308249.2016.1221379
https://doi.org/10.1300/J028v18n01_07
https://doi.org/10.3389/fmicb.2018.02457
https://doi.org/10.1155/2022/3499061
https://doi.org/10.3390/fishes7060352
https://doi.org/10.3390/fishes7060352
https://doi.org/10.2983/035.032.0323
http://www.nature.com/scientificreports


	 77.	 Zheng, J., Mao, Y., Su, Y. & Wang, J. Effects of stocking density on the survival, growth and physical injury of Marsupenaeus 
japonicus juveniles in a flowing water aquaculture system. Aquac. Res. 51(4), 1500–1506. https://doi.org/10.1111/are.14496 
(2020).

	 78.	 Hopkins, P. M. & Das, S. Regeneration in crustaceans. Nat. Hist. Crustacea. 4, 168–198 (2015).
	 79.	 Pedrazzani, A. S., Cozer, N., Quintiliano, M. H. & Ostrensky, A. Insights into decapod sentience: Applying the general welfare 

index (GWI) for whiteleg shrimp (Penaeus vannamei—Boone, 1931) reared in aquaculture grow-out ponds. Fishes 9(11), 440. 
https://doi.org/10.3390/fishes9110440 (2024).

	 80.	 Yue, W. et al. Transcriptome analysis of Litopenaeus vannamei during the early stage of limb regeneration process. Isr. J. Aquacult.-
Bamidgeh https://doi.org/10.46989/001c.88325 (2023).

	 81.	 Panmei, H. et al. Dietary magnesium chelate alleviates oxidative stress and improves growth in white-leg shrimp, Penaeus 
vannamei (Boone, 1931), reared in inland saline water. Anim. Feed Sci. Technol. 303, 115692. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​a​n​i​f​e​e​d​s​c​i​
.​2​0​2​3​.​1​1​5​6​9​2​​​​ (2023).

	 82.	 Truong, H. H. et al. Mineral nutrition in penaeid shrimp. Rev. Aquac. 15(4), 1355–1373. https://doi.org/10.1111/raq.12780 
(2023).

	 83.	 Gong, H., Jiang, D. H., Lightner, D. V., Collins, C. & Brock, D. A dietary modification approach to improve the osmoregulatory 
capacity of Litopenaeus vannamei cultured in the Arizona desert. Aquacult. Nutr. 10(4), 227–236. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​1​1​/​j​.​1​3​6​5​-​2​
0​9​5​.​2​0​0​4​.​0​0​2​9​4​.​x​​​​ (2004).

	 84.	 Gross, A., Abutbul, S. & Zilberg, D. Acute and chronic effects of nitrite on white shrimp, Litopenaeus vannamei, cultured in low-
salinity brackish water. J. World Aquacult. Soc. 35(3), 315–321. https://doi.org/10.1111/j.1749-7345.2004.tb00095.x (2004).

	 85.	 Kumlu, M., Kumlu, M. & Turkmen, S. Combined effects of temperature and salinity on critical thermal minima of pacific white 
shrimp Litopenaeus vannamei (Crustacea: Penaeidae). J. Therm. Biol. 35, 302–304. https://doi.org/10.1016/j.jtherbio.2010.06.008 
(2010).

	 86.	 Bukas, C. et al. Robust deep learning based shrimp counting in an industrial farm setting. J. Clean. Prod. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​
/​j​.​j​c​l​e​p​r​o​.​2​0​2​4​.​1​4​3​0​2​4​​​​ (2024).

	 87.	 Mercier, L. et al. Effect of diets containing different levels of highly unsaturated fatty acids on physiological and immune responses 
in Pacific whiteleg shrimp Litopenaeus vannamei (Boone) exposed to handling stress. Aquacult. Res. 40, 1849–1863. ​h​t​t​p​s​:​/​/​d​o​i​.​o​
r​g​/​1​0​.​1​1​1​1​/​j​.​1​3​6​5​-​2​1​0​9​.​2​0​0​9​.​0​2​2​9​1​.​x​​​​ (2009).

	 88.	 Apún-Molina, J. P. et al. Influence of stocking density and exposure to white spot syndrome virus in biological performance, 
metabolic, immune, and bioenergetics response of whiteleg shrimp Litopenaeus vannamei. Aquaculture 479, 528–537. ​h​t​t​p​s​:​/​/​d​o​
i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​a​q​u​a​c​u​l​t​u​r​e​.​2​0​1​7​.​0​6​.​0​2​7​​​​ (2017).

	 89.	 Guemez-Sorhouet, E., Villarreal, H., Racotta, I. S., Naranjo, J. & Mercier, L. Zootechnical and physiological responses of whiteleg 
shrimp (Litopenaeus vannamei) postlarvae reared in bioflocs and subjected to stress conditions during nursery phase. Aquacult. 
Res. 50(4), 1198–1211. https://doi.org/10.1111/are.13994 (2019).

	 90.	 Mercier, L. et al. Metabolic and immune responses in Pacific whiteleg shrimp Litopenaeus vannamei exposed to a repeated 
handling stress. Aquaculture 258, 633–640. https://doi.org/10.1016/j.aquaculture.2006.04.036 (2006).

	 91.	 Sundaram, M. et al. Emphasizing the comparison between biofloc and semi-floc systems with respect to productivity and immune 
responses of Penaeus vannamei (Boone, 1931). Aquacult. Int. 33, 612. https://doi.org/10.1007/s10499-025-02251-x (2025).

	 92.	 Camargo, J. A., Alonso, A. & Salamanca, A. Nitrate toxicity to aquatic animals: A review with new data for freshwater invertebrates. 
Chemosphere 58(9), 1255–1267. https://doi.org/10.1016/j.chemosphere.2004.10.044 (2005).

	 93.	 Gamberoni, P., Tering, J., Slater, M. J., Wuertz, S. & Bögner, M. Effects of chronic nitrate stress on Litopenaeus vannamei reared in 
indoor aquaculture systems. Aquacult. Int. 33, 714. https://doi.org/10.1007/s10499-025-02379-w (2025).

	 94.	 Yuan, H. et al. Growth, immunity and transcriptome response to different stocking densities in Litopenaeus vannamei. Fish 
Shellfish Immunol. 139, 108924. https://doi.org/10.1016/j.fsi.2023.108924 (2023).

	 95.	 Liu, C.-H., Tseng, M.-C. & Cheng, W. Identification and cloning of the antioxidant enzyme, glutathione peroxidase, of white 
shrimp, Litopenaeus vannamei, and its expression following Vibrio alginolyticus infection. Fish Shellfish Immunol. 23, 34–45. 
https://doi.org/10.1016/j.fsi.2006.09.002 (2007).

	 96.	 Yin, X. et al. Determining the function of LvSmad3 on Litopenaeus vannamei in response to acute low temperature stress. Dev. 
Comp. Immunol. 125, 104209. https://doi.org/10.1016/j.dci.2021.104209 (2021).

	 97.	 Zheng, X., Xu, D., Sun, L., Qin, X. & Zhang, Y. Inflammation and apoptosis pathways mediated the stress response of *Litopenaeus 
vannamei* to acute cold and air exposure during waterless live transportation: Based on ultrastructure and transcriptome. Fish 
Shellfish Immunol. 131, 391–400. https://doi.org/10.1016/j.fsi.2022.10.015 (2022).

	 98.	 Shi, M. et al. Comparison of stress tolerance of hybrid and selfed offspring of two populations of Litopenaeus vannamei. Front. 
Mar. Sci. 10, 1232937. https://doi.org/10.3389/fmars.2023.1232937 (2023).

	 99.	 Wang, H. et al. Selection signatures of Pacific white shrimp Litopenaeus vannamei revealed by whole-genome resequencing 
analysis. Front. Mar. Sci. 9, 844597. https://doi.org/10.3389/fmars.2022.844597 (2022).

	100.	 Gao, Y. et al. Effect of stocking density on growth, oxidative stress and HSP 70 of Pacific white shrimp Litopenaeus vannamei. 
Turk. J. Fish. Aquat. Sci. 17(5), 877–884. https://doi.org/10.4194/1303-2712-v17_5_04 (2017).

	101.	 Wang, W.-N. et al. Oxidative stress, DNA damage and antioxidant enzyme gene expression in the Pacific white shrimp, Litopenaeus 
vannamei when exposed to acute pH stress. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 150(4), 428–435. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​
0​1​6​/​j​.​c​b​p​c​.​2​0​0​9​.​0​6​.​0​1​0​​​​ (2009).

	102.	 Nuñez-Hernandez, D. M., Felix-Portillo, M., Peregrino-Uriarte, A. B. & Yepiz-Plascencia, G. Cell cycle regulation and apoptosis 
mediated by p53 in response to hypoxia in hepatopancreas of the white shrimp Litopenaeus vannamei. Chemosphere 190, 253–
259. https://doi.org/10.1016/j.chemosphere.2017.09.131 (2018).

	103.	 Zhou, X. et al. Apoptosis-stimulating protein of p53 (ASPP) participates in the regulation of apoptosis in Litopenaeus vannamei 
under ammonia-N and nitrite-N stress. Aquac. Rep. 39, 102413. https://doi.org/10.1016/j.aqrep.2024.102413 (2024).

	104.	 Qian, Z. et al. Gene expression profiles of four heat shock proteins in response to different acute stresses in shrimp, Litopenaeus 
vannamei. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 156(3–4), 211–220. https://doi.org/10.1016/j.cbpc.2012.06.001 (2012).

	105.	 Zhou, J. et al. Effect of temperature on antioxidant enzyme gene expression and stress protein response in white shrimp, 
Litopenaeus vannamei. J. Therm. Biol. 35(6), 284–289. https://doi.org/10.1016/j.jtherbio.2010.06.004 (2010).

	106.	 Peng, M. et al. Identification and expression analysis of the heat shock proteins Hsp70, Hsp90, and Hsp90b in Litopenaeus 
vannamei under low-temperature stress. Aquac. Rep. 40, 102591. https://doi.org/10.1016/j.aqrep.2024.102591 (2025).

	107.	 Zhang, X. et al. Diversity of heat shock proteins in response to various stressors in the Pacific white shrimp Litopenaeus vannamei. 
Aquaculture 584, 740647. https://doi.org/10.1016/j.aquaculture.2024.740647 (2024).

Acknowledgements
The authors wish to thank all sampling participants for data collection and help.

Author contributions
Paolo Gamberoni—Conceptualization; Data curation; Investigation; Methodology; Visualisation; Writing—
original draft Mirko Bögner—Conceptualization; Funding acquisition; Project amministration; Methodology; 

Scientific Reports |         (2026) 16:9087 15| https://doi.org/10.1038/s41598-026-42332-2

www.nature.com/scientificreports/

https://doi.org/10.1111/are.14496
https://doi.org/10.3390/fishes9110440
https://doi.org/10.46989/001c.88325
https://doi.org/10.1016/j.anifeedsci.2023.115692
https://doi.org/10.1016/j.anifeedsci.2023.115692
https://doi.org/10.1111/raq.12780
https://doi.org/10.1111/j.1365-2095.2004.00294.x
https://doi.org/10.1111/j.1365-2095.2004.00294.x
https://doi.org/10.1111/j.1749-7345.2004.tb00095.x
https://doi.org/10.1016/j.jtherbio.2010.06.008
https://doi.org/10.1016/j.jclepro.2024.143024
https://doi.org/10.1016/j.jclepro.2024.143024
https://doi.org/10.1111/j.1365-2109.2009.02291.x
https://doi.org/10.1111/j.1365-2109.2009.02291.x
https://doi.org/10.1016/j.aquaculture.2017.06.027
https://doi.org/10.1016/j.aquaculture.2017.06.027
https://doi.org/10.1111/are.13994
https://doi.org/10.1016/j.aquaculture.2006.04.036
https://doi.org/10.1007/s10499-025-02251-x
https://doi.org/10.1016/j.chemosphere.2004.10.044
https://doi.org/10.1007/s10499-025-02379-w
https://doi.org/10.1016/j.fsi.2023.108924
https://doi.org/10.1016/j.fsi.2006.09.002
https://doi.org/10.1016/j.dci.2021.104209
https://doi.org/10.1016/j.fsi.2022.10.015
https://doi.org/10.3389/fmars.2023.1232937
https://doi.org/10.3389/fmars.2022.844597
https://doi.org/10.4194/1303-2712-v17_5_04
https://doi.org/10.1016/j.cbpc.2009.06.010
https://doi.org/10.1016/j.cbpc.2009.06.010
https://doi.org/10.1016/j.chemosphere.2017.09.131
https://doi.org/10.1016/j.aqrep.2024.102413
https://doi.org/10.1016/j.cbpc.2012.06.001
https://doi.org/10.1016/j.jtherbio.2010.06.004
https://doi.org/10.1016/j.aqrep.2024.102591
https://doi.org/10.1016/j.aquaculture.2024.740647
http://www.nature.com/scientificreports


Validation; Writing—review & editing Eva Kreuz—Methodology; Validation; Writing—original draft Matthew 
James Slater—Conceptualization; Funding acquisition; Methodology; Supervision; Validation; Writing—review 
& editing David Bierbach—Conceptualization; Funding acquisition; Validation; Writing—review & editing Sven 
Wuertz—Conceptualization; Funding acquisition; Methodology; Validation; Writing—original draft; review & 
editing.

Funding
Open Access funding enabled and organized by Projekt DEAL. This work was funded by the Deutsche Bundess-
tiftung Umwelt (DBU) as part of the CrustaWohl project (37977/01).

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​6​-​4​2​3​3​2​-​2​​​​​.​​

Correspondence and requests for materials should be addressed to P.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026 

Scientific Reports |         (2026) 16:9087 16| https://doi.org/10.1038/s41598-026-42332-2

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-026-42332-2
https://doi.org/10.1038/s41598-026-42332-2
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Impact of different stocking densities on growth performance, welfare and physiology of ﻿Litopenaeus vannamei﻿ in RAS
	﻿Materials and methods
	﻿Experimental design and system management
	﻿Biometric indices and growth performance
	﻿Morphological observations
	﻿Behavioral analysis
	﻿Sampling
	﻿Genes expression
	﻿Hemolymph parameters
	﻿Enzyme activity
	﻿Statistics

	﻿Results
	﻿Growth performance and survival
	﻿Morphological status



