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A B S T R A C T

Water temperature strongly influences metabolic rate, digestive physiology, and nutrient utilization in poikilo
thermic aquatic species such as shrimp. This study evaluated the effects of two culture temperatures (27 and 
31 ◦C) on growth performance, apparent nutrient digestibility, hepatopancreatic protease production, and 
protease activity in Pacific white shrimp (Litopenaeus vannamei). Adult shrimp (≈16 g) were maintained at the 
experimental temperatures for 21 days, following a gradual acclimation period. Growth performance and 
apparent digestibility coefficients (AD) of dry matter, protein, methionine, and lysine were not significantly 
affected by temperature. However, lipid digestibility was significantly higher at 27 ◦C. Shrimp reared at 27 ◦C 
also exhibited a significantly higher hepatosomatic index and greater total quantity of stored protease 
throughout the circadian cycle, indicating enhanced digestive enzyme synthesis. Although protease catalytic 
activity was higher at 31 ◦C, shrimp maintained digestive efficiency at 27 ◦C through compensatory increases in 
enzyme production and lipid utilization. These findings demonstrate that L. vannamei exhibits substantial 
digestive plasticity, allowing maintenance of growth and protein utilization at moderately sub-optimal tem
peratures through coordinated metabolic and enzymatic adjustments.

1. Introduction

The Pacific white shrimp, Litopenaeus vannamei, is one of the most 
widely farmed crustaceans worldwide, contributing significantly to 
global aquaculture production (FAO, 2024). L. vannamei is characterized 
by rapid growth, high environmental adaptability, and considerable 
economic importance in aquaculture. As an ectothermic organism, 
shrimp lacks the capacity to regulate its internal body temperature, 
making it highly sensitive to environmental temperature fluctuations 
(Ren et al., 2021).

Although L. vannamei exhibits a relatively wide thermal tolerance, 
optimal physiological performance is generally observed between 25 

and 30 ◦C (Pérez-Rostro et al., 2022), while the general culture tem
perature range reported for the species spans approximately 23–33 ◦C 
(Ponce-Palafox et al., 1997; Wyban et al., 1995). This temperature 
variability is also commonly observed across shrimp farming regions in 
Ecuador, including estuarine and mangrove systems, where seasonal 
fluctuations typically range between approximately 25 and 28 ◦C in 
inner estuaries and may extend from ~20–32 ◦C across coastal 
mangrove environments (Marín Jarrín et al., 2022). Within this range, 
moderate deviations from the thermal optimum may induce measurable 
physiological adjustments in metabolism and digestion without neces
sarily causing severe thermal stress. Temperature strongly influences 
metabolic processes, feeding activity, and physiological performance in 

* Corresponding author at: Facultad de Ciencias Biológicas y Veterinarias, Universidad Científica del Sur, Peru.
E-mail address: 100008078@cientifica.edu.pe (B. Castro). 

1 https://orcid.org/0000-0002-0243-6145
2 https://orcid.org/0009-0006-7991-5634
3 https://orcid.org/0009-0003-6820-1386
4 https://orcid.org/0000-0001-9105-8109
5 https://orcid.org/0009-0006-9543-753X

Contents lists available at ScienceDirect

Aquaculture Reports

journal homepage: www.elsevier.com/locate/aqrep

https://doi.org/10.1016/j.aqrep.2026.103557
Received 27 January 2026; Received in revised form 17 March 2026; Accepted 22 March 2026  

Aquaculture Reports 48 (2026) 103557 

Available online 9 April 2026 
2352-5134/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 



crustaceans (Dayalan et al., 2022; Ren et al., 2021). Shrimp can main
tain normal behavioral patterns during moderate increases in temper
ature, tolerating rapid rises to approximately 34 ◦C; however, prolonged 
exposure to higher temperatures may compromise survival and physi
ological homeostasis, indicating an upper limit to the species’ thermal 
tolerance (Dayalan et al., 2022). On the other hand, for sub-optimal 
water temperature (<25◦C), feed consumption and feed efficiency are 
reduced, metabolism slows down, and slow growth is observed (Cheng 
et al., 2005; Ren et al., 2021).

At temperatures below the thermal optimum, shrimp typically 
exhibit reduced feed intake, slower metabolism, and reduced growth 
performance (Cheng et al., 2005; Ren et al., 2021). Growth suppression 
under these conditions is primarily associated with decreased feed 
consumption (James et al., 1995), which has prompted the aquaculture 
feed industry to develop strategies aimed at improving feed palatability 
through specialized formulations containing specific additives and raw 
materials (He et al., 2022).

In addition to changes in feeding behavior, low temperatures can 
induce physiological alterations affecting oxygen consumption, nutrient 
digestibility, and digestive enzyme activity (Zhou et al., 2010; Millard 
et al., 2021). Among digestive enzymes, proteases play a central role in 
dietary protein hydrolysis, and changes in their activity may directly 
influence protein digestibility and nutrient utilization efficiency. These 
biochemical and physiological responses reflect adaptive mechanisms 
that allow aquatic ectotherms to cope with environmental temperature 
fluctuations through phenotypic plasticity and physiological acclima
tion (Buckley et al., 2001; Fox et al., 2019).

Most studies investigating temperature stress in shrimp have focused 
on acute cold shock experiments, where animals experience rapid de
creases in temperature that trigger strong physiological and molecular 
responses (Donaldson et al., 2008; Zhu et al., 2024a). However, 
comparatively less attention has been given to physiological adjust
ments occurring under moderate but sustained sub-optimal tempera
tures, conditions that may induce compensatory responses in 
metabolism and digestion without necessarily causing severe thermal 
stress. Consequently, the effects of sub-optimal temperatures on diges
tive protease activity and protein digestibility in juvenile L. vannamei 
remain insufficiently characterized.

The present study aimed to evaluate the effect of water temperature 
on protein digestibility and digestive protease activity in juvenile 
L. vannamei.

2. Materials and methods

2.1. Rearing facilities

The facilities used for the experiments were located at Vitapro 
Aquaculture Research Center (CEA) in Lima, Peru. The nursery is a 6 m3 

cubic tank connected to a water recirculation aquaculture system (RAS, 
composed of a water pump, heat pump, biofilter, mechanical filter, and 
UV sterilizer). The experimental tanks were 2 m3 cylindrical tanks 
connected in groups of five to RAS similar to the nursery system. The 
water in these systems was maintained at a temperature of 29◦C prior to 
experiments.

2.2. Experimental shrimp

Post-larval shrimp were carefully transported by air from commer
cial hatcheries in Tumbes, Peru, and maintained in the nursery tank 
containing natural seawater with salinity of 35 ppt and temperature of 
29◦C for 4 weeks until they reached a mean body weight of 1.2 g. Shrimp 
were fed commercial starter diets of 0.5 and 0.8 mm particle size. The 
daily feeding rate was scaled from 35% to 6% of total body weight (BW) 
over the 4-week experimental period.

Subsequently, shrimp were transferred to grow-out tanks at a density 
of 50 shrimp per tank (25 shrimp/m2) for an 8-week rearing period until 

reaching an average weight of 16 g (adults). During this period, they 
were fed a 35% crude protein commercial diet at a rate of 4% of the total 
stocked biomass, split into two daily doses at 09:00 and 15:00 h. Feed 
particle size was 1.2 mm until shrimp reached 4 g, after which a 2 mm 
pellet was used until the end of the trial. All grow-out diets were com
mercial formulations produced in the VITAPRO pilot plant and con
tained 0.5% chromium oxide as an inert marker for subsequent apparent 
digestibility (AD) calculations. The ingredient composition and proxi
mate analysis of the standard diets are provided in Table 1.

2.3. Growth performance

To evaluate shrimp growth performance, the following parameters 
were recorded: initial body weight, final body weight, total feed intake, 
and survival. The corresponding performance metrics were calculated as 
follows: 

Weekly growth =
final body weight (g) − initial body weight (g)

culture period (weeks)

Feed conversion ratio =
total feed intake (g)

total shrimp weight gain 

Total feed intake (g) = feed supplied (g) − uneaten feed (g)

(*) feed weight on a dry basis 

Survival rate (%) =

(
Number of shrimp at harvest
number of shrimp at stocking

)

∗ 100 

2.4. In vivo digestibility assay

When shrimp reached 16 g, a RAS with its five replicates was 
brought to a temperature of 27◦C and another RAS with the same 
number of replicates to 31◦C, both with a temperature change rate of 
0.1◦C/4 h (48 in total). Shrimp were maintained at their experimental 
temperatures for two weeks. Water parameters were monitored daily 
and kept within the recommended ranges: dissolved oxygen (> 4.0 mg/ 
L), pH (8.0 ± 0.1), alkalinity (> 120 mg/L), total ammonia nitrogen 
(NH₃ < 0.2 mg/L; Lin and Chen, 2001) and nitrite (NO₂ < 3.17 mg/L; 
Lin and Chen, 2003). Water temperature was monitored twice daily.

During the experiment, feces from three randomly chosen tanks of 
each treatment were collected twice a day using 200 mL pipettes with a 
suction cup, rinsed in Petri dishes with distilled water to remove excess 
salt, and stored at − 20◦C, according to the methodology described by 
Méndez-Martínez et al. (2021). Once 40 g of wet feces per tank were 
obtained, they were sent to the Vitapro Central Laboratory in Trujillo 
(Peru) for freeze-drying for 24 h or until a moisture content of 5% was 
reached (Méndez-Martínez et al., 2021). Subsequently, crude protein 
levels were quantified using the Dumas method (AOAC 990.03), 
methionine and lysine using the Waters AccQ Tag Amino Acid Analysis 

Table 1 
Chemical profile (%, as-is) of commercial diets used in this study.

Nutrient (%) Starter Starter Pre-grower Grower

Pellet diameter (mm) 0.5 0.8 1.2 2.0
Moisture 10.4 11.9 10.5 9.5
Total lipids 14.6 8.0 7.5 7.3
Ash 11.9 10.0 9.4 8.7
Crude protein 53.5 36.3 43.0 35.5
Carbohydrate 9.4 31.8 26.8 34
Fiber 0.2 2.0 2.8 2.0
Methionine 1.6 0.8 1.0 0.6
Lysine 4.0 2.0 2.7 2.2

Ingredients: Fish and other marine meals, fish oil, oilseed meal, cereals and by- 
products, soy lecithin, sodium/potassium phosphate, calcium carbonate, sodium 
chloride, preservative, mineral and vitamin premix, synthetic amino acids 
(methionine and lysine).
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Method, and total lipid content by ether extraction (AOAC Official 
Method 2003.05). The apparent digestibility coefficient (AD) of protein, 
essential amino acids and total lipids was calculated following the 
methods described by Montaño-Vargas et al. (2002): 

CDA nutrient (%) = 1 −

(
% Cr2O3 in feed
% Cr2O3 in feces

∗
% nutrient in feces
% nutriente in feed

)

2.5. Analysis of enzyme production and activity

After the feces collection period, shrimp were checked for intermolt 
status (using uropod characteristics according to methodology of De 
Oliveira et al., 2006) and subjected to a 24-hour fasting. Upon 
completion of the fasting period, shrimp were sampled at three-hour 
intervals. For each sampling point, three individuals per tank were 
euthanized by immersion in 5◦C water (Gamboa-delgado et al., 2003), 
followed by dissection and collection of the hepatopancreas. Samples 
were weighted using an Ohaus SPX 621 electronic balance with a pre
cision of 0.01 g and stored at − 20◦C. The hepatosomatic index (HSI) was 
calculated using the following formula: 

HSI =
hepatopancreas weigth (g)

shrimp weight (g)
∗ 100 

The hepatopancreases samples were placed in 15 mL centrifuge 
tubes and homogenized in 50 mM Tris-HCl solution with pH 8.0 (1:2 w/ 
v) using a glass rod (Casillas-Hernández et al., 2006). This homogenate 
was centrifuged at 3305 xg for 40 min at 5◦C. The supernatant, 
considered as enzyme extract, was recovered and stored at − 20 C.

We estimated both, the total quantity of the stored protease in the 
hepatopancreas (TQSP) and total protease activity (TPA) at culture 
temperatures. The latter was assessed by performing enzymatic re
actions at temperatures simulating shrimp culture conditions.

To estimate the TQSP we used the methodology described by Casilla- 
Hernández (2006) for determining total specific protease activity to 
reaction temperature of 35◦C. For this purpose, 20 µL of enzyme extract 
was incubated with 230 µL of 50 mM Tris-HCl buffer (pH 8) and 500 µl 
of 0.5% azocasein chromogenic substrate. The reaction was carried out 
at 35◦C for 30 min. To terminate the reaction, 500 µL of 20% (w/v) 
trichloroacetic acid (ATC) was added followed by 15 min incubation at 
room temperature. The mixture was then centrifuged at 6866 xg for 
10 min at room temperature. The supernatant was collected in 1.5 mL 
microcentrifuge tubes for absorbance measurement.

For the estimation of TPA, the same methodology was used, but the 
enzymatic extract was incubated with azocasein at 27 or 31◦C, 
depending on the shrimp cultivation temperature from which each 
sample came.

The absorbance of the supernatants was read at a wavelength of 
440 nm using a calibrated Spectronic® Genesys 20 spectrophotometer 
(Thermo Scientific Inc, Rochester, NY, USA). TQSP and TPAwere 
expressed as U/mg of protein, where the protease activity unit (U) was 
defined as the amount of enzyme required to increase the absorbance by 
0.01 units at 440 nm per minute. Protein concentration of the enzyme 
extracts was quantified using the total protein Biuret method (Gornall 
et al., 1949).

2.6. Statistical analysis

All statistical analyses were performed using R software (version 
3.1.0). Experimental results are presented as mean ± standard deviation 
(SD). Data normality was assessed using the Shapiro–Wilk test, and 
homogeneity of variances was evaluated with Levene’s test. Subse
quently, comparisons of TQSP, TPA, HSI, and nutrient AD between 
treatments were conducted using Student’s t-test or one-way ANOVA 
followed by Tukey’s post hoc test. A significance level of p < 0.05 was 
considered statistically significant.

3. Results

3.1. Productive performance

Shrimp growth performance showed no significant differences dur
ing the 21 days of culture, with weekly growth rates of 1.96 ± 0.42 and 
2.19 ± 0.26 g and feed conversion ratios of 1.62 ± 0.38 and 1.40 ± 0.16 
for shrimp cultured at 27 and 31◦C, respectively (Table 2). On the other 
hand, significant differences were observed in the hepatosomatic index, 
which was 2.93 ± 0.15 in shrimp cultured at 27◦C and 2.77 ± 0.16 in 
those cultured at 31◦C (Table 2).

3.2. In vivo digestibility assays

No significant differences were found in AD of dry matter, protein, 
methionine, and lysine between shrimp grown at 27 and 31◦C. AD of dry 
matter averaged 72.3% and 71.2 for shrimp grown at 27 and 31◦C, 
respectively (p = 0.42). AD of protein averaged 83.4 and 83.2% 
(p = 0.78); AD of methionine averaged 83.1 and 81.7% (p = 0.15); 
while AD of lysine averaged 85.1 and 85.1% (p = 0.97) for shrimp 
grown at 27 and 31 ◦C, respectively (Table 2). Lipid was the only 
nutrient for which apparent digestibility differed between treatments, 
with higher AD at 27◦C (95.4%) than at 31◦C (93.8%; p = 0.04; 
Table 3).”

3.2.1. Analysis of enzyme production and activity
Both TQSP and TPA varied significantly during the circadian cycle 

(p < 0.05; Figs. 1 and 2). In shrimp reared at 27 ◦C, TQSP reached its 
highest value at 03:00 h, while TPA showed its highest values at 12:00 
and 03:00 h and the lowest value at 21:00 h. In shrimp reared at 31 ◦C, 
both TQSP and TPA peaked at 09:00 and 12:00 h and decreased to their 
lowest values between 18:00 and 21:00 h.

Water temperature had a significant effect on TQSP and TPA 
(p < 0.05). Across the circadian cycle, TQSP values were significantly 
higher in shrimp cultured at 27 ◦C than at 31 ◦C (Fig. 1). In contrast, TPA 
values were significantly higher in shrimp cultured at 31 ◦C than at 27 ◦C 
when considering all sampling times (p < 0.05; Fig. 2)

4. Discussion

Water temperature is a dominant driver of metabolic rate, ingestion, 
digestive physiology, and nutrient utilization in aquatic poikilothermic 
animals (Wyban et al., 1995; Spees et al., 2002; Croll and Watts, 2004; 
Spanopoulos-Hernández et al., 2005; Walker et al., 2011; Barbieri et al., 
2016). Within the typical physiological range of L. vannamei, higher 
temperatures are often associated with increased metabolic rates and 
potentially higher growth. However, in the present study neither growth 
performance nor dietary protein and amino acid digestibility differed 
between shrimp maintained at 27 and 31◦C. Similar patterns were re
ported by Wyban et al. (1995), who observed thermal effects on growth 
in small juveniles (3.8–10.8 g) but not in shrimp > 16 g, suggesting that 

Table 2 
Growth performance of L. vanamei cultured under 27 and 31◦C for 21 days.

Parameters Treatment Mean + SD p-value

Initial body weight (g) 27◦C 
31◦C

16.1 ± 1.3 
16.1 ± 1.3

0.987

Final body weight (g) 27◦C 
31◦C

22.11 ± 1.9 
21.52 ± 0.4

0.380

Weekly growth (g) 27◦C 
31◦C

1.96 ± 0.42 
2.19 ± 0.26

0.275

Hepatosomatic index (%) 27◦C 
31◦C

2.93 + 0.15 
2.77 + 0.16

< 0.001*

Feed conversion ratio 27◦C 
31◦C

1.62 ± 0.38 
1.40 ± 0.16

0.228

(*) Indicates significant difference (Student t-test)
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larger individuals possess advanced physiological plasticity allowing 
them to buffer moderate thermal variation.

Our results suggest that L. vannamei activated compensatory diges
tive mechanisms at 27◦C, allowing shrimp to maintain protein digestion 
and growth despite operating at the lower end of their optimal thermal 
window. Kır et al. (2023) showed that the species displays an optimal 
thermal range of 25–30◦C, with standard metabolic rate increasing 
exponentially with temperature. Thus, although enzymatic catalytic 
efficiency may improve at 31◦C, this occurs alongside substantially 
higher maintenance energy costs. Conversely, at 27◦C shrimp likely 
compensate for reduced catalytic efficiency by increasing digestive 
enzyme synthesis, an energetically less costly strategy than sustaining 
elevated basal metabolism above the thermal optimum.

This interpretation is supported by classical work in Penaeus japo
nicus (Galgani, 1985), which demonstrated that protease activity is 
maintained within a narrow thermal compensation window (25–29 ◦C) 
but declines sharply below 21–25 ◦C. These findings highlight that 

Table 3 
Results of apparent digestibility (AD) of dry matter (ADMS), protein (ADP), 
methionine (ADM), lysine (ADL) and lipids (ADL) of diets for shrimp cultured at 
27 and 31 ◦C.

Parameter Treatment Mean + SD p-value

ADMS 27◦C 
31◦C

72.3 + 2.4 0.42
71.2 + 0.7

ADP 27◦C 
31◦C

83.4 + 1.1 0.78
83.2 + 0.8

ADM 27◦C 
31◦C

83.1 + 1.6 0.15
81.7 + 0.5

ADL 27◦C 85.1 + 1.2 0.97
31◦C 85.1 + 0.7

ADL 27◦C 95.4 + 1.0 0.04*
31◦C 93.8 + 0.4

(*) Indicates significant differences (Student t-test)

Fig. 1. Total quantity of stored protease (TQSP) in the hepatopancreas of shrimp cultured at 27 and 31 ◦C at different times of the day. Different letters indicate a 
statistical difference between hours within the same culture temperature (above 27 ◦C; below 31 ◦C) (ANOVA, Tukey’s HSD test). Asterisks indicate significant 
differences between temperatures within the same hour (Student’s t-test).

Fig. 2. Total protease activity (TPA) in shrimp cultured at 27 and 31 ◦C at different times of the day. Different letters indicate a statistical difference between hours 
within the same culture temperature (above 27 ◦C; below 31 ◦C) (ANOVA, Tukey’s HSD test). Asterisks indicate significant differences between temperatures within 
the same hour (Student’s t-test).
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digestive plasticity operates under a physiologically bounded thermal 
range and that below this threshold compensatory capacity collapses. 
The present results suggest that 27◦C lies within the lower, but still 
functional region of this window, allowing shrimp to maintain prote
olysis via enzyme overproduction without compromising nutrient 
utilization.

One of the most notable findings in this study was the significantly 
higher hepatosomatic index (HSI) at 27◦C. The hepatopancreas is the 
central organ for digestion, absorption, lipid deposition, glycogen stor
age, lipoprotein synthesis, and enzyme production in penaeids. Changes 
in its mass, therefore, reflect shifts in metabolic allocation. Cadena and 
Molina-Poveda (2000) reported elevated HSI during intermolt–premolt 
stages (B, C, D₀), when enzymatic activity, lipid storage, and nutrient 
assimilation intensify. This pattern suggests that the increased HSI 
observed at 27◦C reflects enhanced hepatopancreatic workload, driven 
by increased lipid absorption and/or elevated digestive enzyme content.

The higher apparent lipid digestibility observed at 27◦C further 
supports this interpretation. Lipid metabolism plays a central role in 
thermal compensation in crustaceans. Previous studies have shown that 
shrimp can adjust energy reserves and exhibit compensatory responses 
under different thermal conditions, including changes in lipid and 
glycogen dynamics (Prates et al., 2022). Zhu et al. (2024b) demon
strated that L. vannamei exposed to decreasing temperatures strongly 
upregulates lipid metabolic pathways-including ELOVL7-mediated 
long-chain fatty acid synthesis, and accumulates unsaturated fatty acids 
to maintain membrane fluidity and cellular stability. Although our 
experimental temperatures were comparatively warm (27–31 ◦C), the 
underlying metabolic strategy appears analogous: shrimp at 27◦C may 
rely more heavily on lipid assimilation and mobilization to compensate 
for thermal constraints on catalytic efficiency, while avoiding the higher 
ATP turnover required at 31◦C. This suggests that 27◦C may favor lipid 
utilization compared with 31 ◦C, although additional temperature levels 
would be required to determine whether this reflects a broader meta
bolic efficiency pattern.

Additional evidence supports the centrality of lipid metabolism in 
environmental compensation. Shirly-Lim et al. (2024) reported that 
shrimp predominantly mobilize glycogen and lipids under thermal and 
pH stress, highlighting these substrates as primary fuels supporting basal 
metabolism. This aligns closely with our findings, where higher lipid 
digestibility and increased HSI were observed concurrently at 27◦C 
indicating that lipid pathways support both energetic demands and 
digestive compensation under moderate thermal deviation.

While temperature was the only variable manipulated in our study, 
responses to other environmental stressors provide valuable context. Yu 
et al. (2020) showed that chronic high-pH stress significantly increased 
HSI while reducing somatic growth in L. vannamei, demonstrating that 
hepatopancreas hypertrophy is a common physiological response to 
metabolic challenges. Their findings reinforce the interpretation that 
increased HSI at 27◦C in our study represents a redistribution of 
assimilated nutrients toward hepatopancreatic reserves and metabolic 
maintenance rather than somatic accretion—consistent with the 
elevated lipid digestibility observed.

Enzymatic profiles further corroborate the compensatory response at 
27◦C. Protease content was higher at this temperature despite lower 
catalytic efficiency, indicating an upregulation of enzyme synthesis to 
maintain proteolytic flux. Positive associations between hepatopancreas 
mass and digestive enzyme output have been widely documented in 
penaeids (Comoglio et al., 2004; Aragón-Axomulco et al., 2012; Sriket 
et al., 2012). Moreover, shrimp are known to respond to both thermal 
and dietary stressors, such as soybean trypsin inhibitors via over
expression of proteases (Maytorena-Verdugo et al., 2017; Rojo-Arreola 
et al., 2019). Thus, the increase in protease levels observed at 27◦C re
flects a well-established physiological response that enables shrimp to 
maintain digestive performance under constrained catalytic conditions.

Although protease activity per se is reduced at 27◦C, L. vannamei 
compensates through increased enzyme production and enhanced lipid 

assimilation. The coordinated increase in HSI, lipid digestibility, and 
protease synthesis illustrates a robust metabolic-digestive adjustment 
that stabilizes nutrient utilization and growth under moderate thermal 
variation. These findings demonstrate the remarkable digestive and 
metabolic plasticity of L. vannamei, supporting its capacity to maintain 
performance within a broad but physiologically structured thermal 
tolerance window.

5. Conclusion

Within the evaluated temperature range, Litopenaeus vannamei 
maintained growth and protein utilization despite temperature- 
dependent differences in digestive physiology. Higher lipid di
gestibility and increased hepatopancreatic protease reserves at 27◦C 
suggest coordinated digestive adjustments that help sustain nutrient 
utilization under moderate thermal variation.
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Pérez-Rostro, C.I., Ramírez-Carrillo, E., Puente-Torres, A., Hernández-Llamas, A., 2022. 
Thermal tolerance and oxygen consumption of Litopenaeus vannamei at different 
acclimation temperatures and salinities. J. Therm. Biol. 108, 103429. https://doi. 
org/10.1016/j.jtherbio.2022.103429.

Ponce-Palafox, J., Martinez-Palacios, C.A., Ross, L.G., 1997. The effects of salinity and 
temperature on the growth and survival rates of juvenile white shrimp, Penaeus 
vannamei, Boone, 1931. Aquaculture 157 (1–2), 107–115. https://doi.org/10.1016/ 
S0044-8486(97)00148-8.

Prates, E., Holanda, M., Pedrosa, V.F., Monserrat, J.M., Wasielesky, W., 2022. 
Compensatory growth and energy reserves changes in the Pacific white shrimp 
(Litopenaeus vannamei) reared in different temperatures and under feed restriction in 
biofloc technology system (BFT). Aquaculture 557, 738821. https://doi.org/ 
10.1016/j.aquaculture.2022.738821.

Ren, X., Wang, Q., Shao, H., Xu, Y., Liu, P., Li, J., 2021. Effects of low temperature on 
shrimp and crab physiology, behavior, and growth: a review. Front. Mar. Sci. 8, 
746177. https://doi.org/10.3389/fmars.2021.746177.

Rojo-Arreola, L., Maytorena-Verdugo, C., García-Carreño, F.L., Muhlia-Almazán, A., 
2019. The protease-based compensatory mechanism to minimize the effect of dietary 
soybean trypsin inhibitor in Litopenaeus vannamei. Compar. Biochem. Physiol. Part B 
Biochem. Mol. Biol. 229, 34–42. https://doi.org/10.1016/j.cbpb.2019.01.002.

Shirly-Lim, Y.L., Rahmah, S., Abd Ghaffar, M., Liang, L.Q., Chang, Y.M., Chisti, Y., 
Lee, M.A., Liew, H.J., 2024. Pacific whiteleg shrimps compromise their physiological 
needs to cope with environmental stress. Environ. Adv., 100492 https://doi.org/ 
10.1016/j.envadv.2024.100492.

Spanopoulos-Hernández, M., Martínez-Palacios, C.A., Vanegas-Pérez, R.C., Rosas, C., 
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