
Academic Editors: José

María Monserrat and Marcelo

Borges Tesser

Received: 24 June 2026

Revised: 9 July 2026

Accepted: 11 July 2026

Published: 14 July 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Systematic Review

Effects of Dietary Butyrate Supplementation on Digestive
Physiology, Feed Utilization, and Growth Performance in
Crustaceans: A Meta-Analysis and Meta-Regression
Moussa Gouife 1,2 , Tchouli Noufeu 3, Tinghong Ming 1 , Fei Kong 1 , Lefei Jiao 1 and Jiajie Xu 1,*

1 Microbial Development and Metabolic Engineering Laboratory, School of Marine Science, Ningbo University,
Ningbo 315211, China; gouife@nbu.edu.cn (M.G.)

2 National Advanced School of Maritime and Ocean Science and Technology (ENSTMO), University of
Ebolowa, Kribi P.O. Box 292, Cameroon

3 National Higher School of Agriculture, Fisheries and Veterinary Medicine (ENSAHV), University of Douala,
Douala P.O. Box 7236, Cameroon

* Correspondence: xujiajie@nbu.edu.cn

Simple Summary

Crustacean farming is an important source of food worldwide, but farmers face challenges
in keeping their animals healthy and growing efficiently. Butyrate, a natural compound pro-
duced by the fermentation of dietary fiber, has shown promise as a feed additive to improve
animal health and growth. However, its effects on different crustacean species and under
different conditions have not been clearly established. In this study, we synthesized results
from 23 scientific experiments conducted between 2011 and 2025 to determine whether
butyrate supplementation benefits crustacean aquaculture. Our analysis indicates that
dietary butyrate supplementation generally improves digestive capacity, growth-related
performance, and survival across several crustacean groups, although responses vary by
species, habitat, and experimental conditions. The most consistent improvements in diges-
tive enzyme activity and growth performance were observed at dietary inclusion levels of
1–2%. This study provides quantitative evidence supporting butyrate supplementation as
a promising strategy for improving productivity and sustainability in crustacean farming.

Abstract

Butyrate, a short-chain fatty acid (SCFA), is increasingly recognized as a functional feed
additive in aquaculture. However, its effects on crustacean health and performance remain
unclear. This meta-analysis synthesizes findings from 23 studies (2011–2025) examining
butyrate supplementation across four crustacean groups: shrimp, crabs, crayfish, and
prawns. Effect sizes were calculated for growth performance (final body weight, specific
growth rate, survival rate), feed efficiency (feed conversion ratio, protein efficiency ratio),
and digestive enzyme activities (amylase, lipase, alkaline phosphatase, total protease) in
freshwater and marine environments. Results indicate that butyrate supplementation
generally enhanced the digestive enzyme activity in both freshwater and marine environ-
ments, although the magnitude of the effect varied among enzyme types and habitats,
with freshwater species showing improvements in alkaline phosphatase, amylase, lipase,
and total protease, and marine species showing improvements in amylase, lipase, and
total protease. Feed efficiency improved in freshwater (protein efficiency ratio) and marine
species (feed conversion ratio). Growth-related outcomes, including final body weight
and survival rate, were generally improved across both environments. Dose–response
analyses indicated that dietary inclusion levels of 1–2% were associated with the most
consistent improvements in digestive enzyme activity and growth performance. These
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findings support the potential use of butyrate as a functional feed strategy to improve
productivity and sustainability in crustacean aquaculture. These effects may be mediated
by multiple mechanisms, including improved intestinal epithelial integrity, the modulation
of gut microbiota, and the regulation of immune and metabolic processes.

Keywords: butyrate; crustacean aquaculture; feed additives; feed efficiency; digestibility;
productivity; meta-analysis

1. Introduction
Aquaculture has emerged as a cornerstone of global food production, providing a

sustainable and efficient source of protein to meet the growing demand for seafood [1,2].
The sector has experienced rapid expansion, driven by an increasing global population and
the need to alleviate pressure on wild fish stocks [3–5]. Among the various aquaculture
industries, crustacean farming, which includes shrimp, crabs, and prawns, has experi-
enced the most substantial growth, particularly over the past few decades. Crustaceans
now constitute a significant portion of global seafood production, with annual production
increasing by approximately 10% from 2000 to 2018 [6,7]. However, this growth poses
significant challenges to maintaining sustainability and improving productivity, particu-
larly in optimizing growth rates, feed efficiency, and digestive health, while minimizing
environmental impacts [8,9]. Traditional approaches addressing these challenges have
relied on synthetic chemical additives, including antibiotic growth promoters, chemother-
apeutic agents, and other functional additives, which may raise concerns about antimi-
crobial resistance, environmental sustainability, and long-term ecological impacts. In
contrast, recent advancements have highlighted butyrate supplementation as a promising
natural alternative [10,11].

Butyrate, a short-chain fatty acid (SCFA), has shown potential for enhancing growth
rates, feed conversion efficiency, and immune responses in crustaceans by promoting gut
health and stimulating the activity of digestive enzymes such as amylase and lipase [12]. It
has also been found to improve intestinal morphology, an essential factor for maintaining
the health and productivity of farmed crustaceans [13]. Due to its natural compatibility
with metabolic pathways, butyrate can be safely incorporated into aquafeed formulations
without significant ecological risk [14]. Despite the promising benefits of butyrate sup-
plementation in aquaculture, its effectiveness remains unclear, and its impact can vary by
species, environmental conditions, and dosage.

Crustacean species exhibit distinct responses to butyrate, driven by differences in their
digestive systems, metabolic pathways, and habitat-specific factors. For instance, marine
species such as the mud crab (Scylla paramamosain) are exposed to higher salinity, which
may influence metabolic pathways and enzyme activities, potentially enhancing the effects
of butyrate by modifying the gut microbiota composition and enzyme production [15]. On
the other hand, freshwater species such as the narrow-clawed crayfish (Astacus leptodactylus
leptodactylus), which inhabit environments with lower ionic strength, may experience dis-
tinct microbiome interactions that can affect the bioavailability and efficacy of butyrate [16].
These species-specific metabolic differences suggest that habitat plays a crucial role in
determining the outcomes of butyrate supplementation, underscoring the need for tailored
feed formulations.

Despite its potential, research on butyrate supplementation in aquaculture has yielded
inconsistent results. For example, studies on Pacific white shrimp (Litopenaeus vannamei)
show mixed outcomes, with some indicating significant improvements in digestive enzyme
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activity, FBW, FCR, and SUR [17–19]. However, other studies have found minimal or no
significant effects, even when similar dosages were tested [20,21]. Furthermore, the optimal
butyrate dosage remains unclear, as various studies have tested different concentrations
with conflicting outcomes. For instance, an experiment with ridgetail white prawn (Ex-
opalaemon carinicauda) found that supplementation with 0.5% butyrate led to significant
improvements in growth performance, while higher dosages provided no additional ben-
efit [22]. In contrast, studies on the Chinese mitten crab (Eriocheir sinensis) have found
that higher butyrate concentrations (1–2%) improve the survival and growth metrics [23].
However, direct comparisons between these studies should be made with caution, as they
differed in experimental duration, developmental stage, and species-specific physiological
characteristics. These differences may partly explain the divergent dose–response patterns
observed between species.

This study seeks to address these knowledge gaps through a comprehensive meta-
analysis of studies published between 2011 and 2025, focusing on four major crustacean
species: shrimp, crabs, prawns, and crayfish. By systematically evaluating the effects of
butyrate supplementation on key indices of digestive health (alkaline phosphatase (ALP),
amylase (AMY), lipase (LIP), and total protease (TP)), feed efficiency (feed conversion
ratio (FCR) and protein efficiency ratio (PER)), and growth performance (final body weight
(FBW), survival rate (SR), and specific growth rate (SGR)), this study aims to answer two
critical research questions: (i) How does butyrate supplementation affect these biological
outcomes in freshwater vs. marine crustacean species? and (ii) What is the optimal dosage
of butyrate for enhancing digestive enzyme activity, feed efficiency, and growth perfor-
mance while minimizing adverse effects? By identifying consistent patterns and examining
how dosage and environmental conditions affect these outcomes, this meta-analysis will
provide insights into the most effective methods for implementing butyrate supplementa-
tion in crustacean aquaculture. Ultimately, this research provides evidence-based recom-
mendations for enhancing productivity and sustainability in crustacean farming, thereby
reducing the reliance on antibiotics and other unsustainable practices.

2. Materials and Methods
2.1. Study Selection

A comprehensive literature search was conducted to identify studies evaluating the
effects of butyrate supplementation on the growth, feed efficiency, and digestive health in
crustaceans. The following electronic databases were searched: Web of Science, Scopus,
and AGRIS using predefined search terms. These terms included (“butyrate*” OR “short-
chain fatty acid*” OR “SCFA*” OR “organic acid*”) AND (“crustacean*” OR “shrimp*” OR
“prawn*” OR “crab*” OR “lobster*”) AND (“growth*” OR “performance*” OR “efficiency*”
OR “digestive enzymes*”) AND (“diet*” OR “dietary*” OR “feed*” OR “aquafeed*”). The
search was limited to studies published in English. This systematic review and meta-
analysis was conducted and reported in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines.

The inclusion criteria required that studies focus on crustaceans (shrimp, prawns,
crabs, lobsters), involve supplementation with butyrate or SCFAs, and report measur-
able outcomes related to growth performance (FBW, SGR, SR), feed efficiency (FCR, PER),
or digestive health (ALP, AMY, LIP, TP). Studies were excluded if they: (1) lacked suffi-
cient quantitative data for effect size calculations or did not report the primary outcomes;
(2) were non-experimental; (3) lacked appropriate control groups or contained unresolvable
confounding factors; (4) focused on non-crustacean species or did not directly evaluate
butyrate supplementation; or (5) evaluated butyrate only as part of a combined formu-
lation with other functional additives (e.g., probiotics or organic acid blends) without
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a separate treatment group allowing the independent effect of butyrate to be assessed.
Ultimately, 23 studies published between 2011 and 2025 were selected for inclusion in the
meta-analysis (Figure 1).

 

Figure 1. PRISMA workflow for study inclusion.

2.2. Data Extraction

Data were systematically extracted from each study based on key growth performance
indicators, feed efficiency indices, and digestive health parameters. Additionally, exper-
imental variables were extracted to provide context, including species, developmental
stage, habitat type, and concentration and delivery method of butyrate supplementation.
The formulation type of butyrate supplementation was also extracted whenever available,
including free butyric acid, sodium butyrate, coated or microencapsulated sodium bu-
tyrate. These formulation characteristics were considered relevant because differences in
physicochemical properties, stability during feed processing, and gastrointestinal release
profiles may influence biological responses. Environmental factors, including water quality
parameters, stocking density, and feeding rate, were also recorded, as these can influence
the study outcomes. The experimental duration, acclimation period, feeding frequency,
number of experimental groups, and replicates were also documented (Table S1). For
studies presenting graphical data, numerical values were extracted using the WebPlotDigi-
tizer (version 4.8), which was required for 6 out of the 23 included studies (26%); for the
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remaining studies, numerical values were directly extracted from the text or tables. Any
missing data were sought from the authors to ensure consistency. The extracted data were
organized into a standardized table that included study-specific details to ensure accuracy
and transparency for subsequent analysis.

2.3. Statistical Analysis

All statistical analyses were performed using R software (version 4.4.1). For the
primary analysis, we employed meta-analysis to assess the overall effect of butyrate sup-
plementation on crustacean aquaculture performance. Specifically, standardized mean
differences (SMD) and treatment effects (TE) across studies were calculated using Hedges’
g (effect size), as previously described [24,25]. This method was chosen for its ability to
correct for small-sample-size biases and provide a standardized measure of the effect of
butyrate supplementation. The effect sizes were derived from the means and standard
deviations of each study. For feed efficiency outcomes, FCR and PER were interpreted
according to their biological meaning: lower FCR and higher PER indicate improved feed
efficiency. Given their different numerical directions, pooled estimates combining these
indicators were interpreted cautiously. A random-effects model was used to account for
variability in true effect sizes across studies, with the between-study variance (τ2) estimated
using the restricted maximum likelihood (REML) method.

Heterogeneity across studies was assessed using the I2 statistic, which quantifies
the proportion of total variation in effect estimates due to between-study variability.
A high I2 value (above 50%) indicates substantial heterogeneity, suggesting that the studies
are not measuring the same effect [26]. We conducted subgroup analyses based on key
variables, including habitat type (marine, freshwater) and butyrate concentration, to further
explore potential sources of heterogeneity. Taxonomic subgroup analyses were considered
to evaluate potential differences among shrimp, prawns, crayfish, and crabs; however, these
analyses were not performed systematically because the number of studies available within
each taxonomic group was insufficient to provide robust comparative estimates. These
subgroup analyses allowed us to assess whether the effect of butyrate supplementation
varied across different study characteristics.

We assessed publication bias using several methods. First, we examined funnel plots
to visually detect asymmetry, which could suggest publication bias. Egger’s test was
also performed to statistically assess funnel plot asymmetry, with significant asymmetry
indicating potential bias [27]. Additionally, we applied the trim-and-fill method to adjust
for publication bias by imputing missing studies, thus recalculating the overall effect size
and providing a bias-adjusted estimate of the treatment effect [28].

Finally, to investigate the relationship between butyrate application rates and biologi-
cal outcomes, we performed a meta-regression using the metafor package (version 4.6-0)
in R. This analysis assessed whether varying butyrate doses affected the observed effect
sizes. Meta-regression was conducted using a univariate model, with butyrate dose as
the moderator and effect size (Hedges’ g) as the dependent variable. The results of these
analyses were visualized with plots illustrating the dose–response relationship, providing
further insight into how the butyrate application rates affect aquaculture outcomes.

3. Results
3.1. Study Selection and Overview of Dataset

A comprehensive literature search was conducted across multiple databases, includ-
ing Web of Science, Scopus, and AGRIS, using specific search terms related to butyrate
supplementation and crustacean species. The initial search identified 521 records, and
after removing 119 duplicates, 402 records were screened. Of these, 200 were excluded
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due to irrelevant titles or abstracts. From the remaining 202 records sought for retrieval,
20 could not be retrieved due to language or availability issues. This left 182 reports to
be assessed for eligibility. Of these, 159 were excluded for failing to meet the inclusion
criteria. Ultimately, 23 published studies were selected for inclusion in the meta-analysis
(Figure 1). These studies, conducted between 2011 and 2025, investigated the effects of
butyrate supplementation across four major crustacean groups: crabs (3 species), shrimp
(2 species), crayfish (2 species), and prawns (1 species), for a total of 8 species (Table S1). A
detailed summary of the included studies, including species, habitat, butyrate formulation,
dietary inclusion level, experimental duration, and evaluated response variables, is pro-
vided in Table S1. The included studies evaluated several butyrate formulations, including
sodium butyrate, free butyric acid, coated or microencapsulated preparations. Due to
the limited number of studies available for each individual formulation, all formulations
were analyzed collectively in the meta-analysis. These taxonomic groups differ substan-
tially in digestive morphology, nutrient utilization strategies, microbiota composition, and
metabolic regulation, which may contribute to variability in their responses to dietary
butyrate supplementation. The included studies covered several geographical regions,
with a clear concentration in Asia. Specifically, 71% of the studies were conducted in Asian
countries, while the remaining studies originated from South America, North America,
Europe, and Oceania. This geographical distribution is further considered a limitation
regarding the generalizability of the findings. Most studies focused on marine species,
particularly Litopenaeus vannamei (Pacific white shrimp) and Penaeus monodon (black tiger
shrimp). At the same time, a smaller subset examined freshwater species, including Astacus
leptodactylus (narrow-clawed crayfish) and Procambarus clarkii (red swamp crayfish). These
studies primarily focused on juvenile stages, although some included post-larvae and
early juveniles. Experimental conditions varied widely, including differences in stocking
densities, highlighting the diversity of farming systems. The duration of experiments
ranged from 14 to 63 days, and feeding frequency ranged from 2 to 6 feedings per day,
with most studies using 3 to 4 feedings per day. These variations underline the diversity in
experimental protocols and the broad scope of research on butyrate supplementation in
crustacean aquaculture.

3.2. Butyrate Effect on Digestive Enzymes

Butyrate supplementation significantly influenced digestive enzyme activity in freshwa-
ter and marine crustaceans, as indicated by the effect sizes and corresponding 95% confidence
intervals (CIs) (Figure 2, Table 1). In freshwater crustaceans, ALP showed a significant positive
effect with butyrate supplementation (ES = 2.4008; 95% CI = 0.6091, 4.1925; p = 0.0086).
AMY also demonstrated a substantial impact (ES = 3.3221; 95% CI = 1.5810, 5.0631;
p = 0.0002), as did LIP (ES = 1.1776; 95% CI = 0.1621, 2.1931; p = 0.023) and TP (ES = 3.8840;
95% CI = 1.8900, 5.8780; p = 0.0001). In marine environments, ALP had no significant effect
(ES = −0.2819; 95% CI = −1.7242 to 1.1603; p = 0.7016). However, AMY showed a significant
positive effect (ES = 1.3024; 95% CI = 0.2663, 2.3385; p = 0.0137), as did LIP (ES = 1.0809; 95%
CI = 0.3654, 1.7964; p = 0.0031) and TP (ES = 3.1389; 95% CI = 1.0151, 5.2628; p = 0.0038). Bu-
tyrate supplementation significantly affected digestive enzymes across both environments
(ES = 1.8099; 95% CI = 0.9002, 2.7195; p < 0.0001). These results highlight the potential
of butyrate supplementation to improve digestive health in crustacean aquaculture, with
notable differences between freshwater and marine settings.
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Figure 2. Forest plot of effect sizes (mean ± 95% CI) for digestive enzyme variables in freshwater and
marine species supplemented with butyrate. Green squares represent freshwater species, whereas
blue squares represent marine species. The vertical dashed line indicates the pooled overall effect
estimate. ALP, alkaline phosphatase; AMY, amylase; CI, confidence interval (lower and upper); F,
freshwater; I2, percentage variation across studies due to heterogeneity; LIP, lipase; M, marine; TP,
total protease.

Table 1. Summary of effect sizes and publication bias before and after adjustments.

Variable k ES 95–CI p-Value I2 (%) Egger’s (p) Adj. k Adj. ES Adj. 95–CI

ALP (F) 9 2.4008 [0.6091; 4.1925] 0.0086 81.6 0.0002 13 0.4506 [−1.8441; 2.7453]
AMY (F) 4 3.3221 [1.5810; 5.0631] 0.0002 0 0.0002 6 2.8503 [1.3560; 4.3446]
LIP (F) 4 1.1776 [0.1621; 2.1931] 0.023 0 0.0122 6 0.7436 [−0.1296; 1.6168]
TP (F) 4 3.884 [1.8900; 5.8780] 0.0001 0 <0.0001 6 3.2731 [1.5413; 5.0050]

ALP (M) 6 −0.2819 [−1.7242; 1.1603] 0.7016 57.2 0.325 7 0.0863 [−1.4895; 1.6622]
AMY (M) 17 1.3024 [0.2663; 2.3385] 0.0137 67 0.0078 22 0.58 [−0.7927; 1.9527]
LIP (M) 17 1.0809 [0.3654; 1.7964] 0.0031 53.2 <0.0001 23 0.4831 [−0.4136; 1.3798]
TP (M) 7 3.1389 [1.0151; 5.2628] 0.0038 60.2 0.0001 11 1.1141 [−1.2687; 3.4968]

Digestive enzymes 1.8099 [0.9002; 2.7195] <0.0001 66 0.081 - 1.105 [0.0453; 2.1647]

FCR (F) 4 −0.5528 [−1.3977; 0.2922] 0.1998 0 0.008 4 −0.5528 [−1.3977; 0.2922]
PER (F) 4 1.0319 [0.0855; 1.9784] 0.0326 0 0.0076 5 0.8968 [0.0297; 1.7639]
FCR (M) 6 −1.5647 [−2.5921; −0.5374] 0.0028 37.5 0.0004 7 −1.3456 [−2.3182; −0.3731]
PER (M) 10 0.1633 [−0.3413; 0.6678] 0.5259 0 0.0058 10 0.1633 [−0.3413; 0.6678]

Feed efficiency −0.2065 [−1.2305; 0.8174] 0.6926 80.5 0.63 - 0.1873 [−0.9484; 1.3229]

FBW (F) 10 1.8956 [0.7136; 3.0775] 0.0017 69.9 <0.0001 14 0.8417 [−1.8952; 3.5786]
SGR (F) 7 0.4616 [−0.0920; 1.0153] 0.1022 0 0.1022 9 0.3658 [−0.1412; 0.8728]
SR (F) 7 3.1756 [1.9304; 4.4207] <0.0001 19.1 0.0051 10 2.6924 [1.6104; 3.7744]

FBW (M) 38 0.7119 [0.4232; 1.0006] <0.0001 23.7 <0.0001 51 0.4087 [0.1442; 0.6733]
SGR (M) 3 0.1498 [−0.7782; 1.0778] 0.7517 0 0.0939 3 0.1498 [−0.7782; 1.0778]
SR (M) 28 3.9702 [2.3398; 5.6007] <0.0001 73.6 <0.0001 39 1.1644 [−1.1838; 3.5126]

Growth
Performance 1.9583 [0.6759; 3.2407] 0.0028 97.3 0.2004 - 0.8183 [−0.8446; 2.4813]

Adj. ES, effect size adjusted by the trim-and-fill method; Adj. k, adjusted studies by the trim-and-fill method; Adj.
95–CI, adjusted confidence interval by the trim-and-fill method; ALP, alkaline phosphatase; AMY, amylase; CI,
confidence interval (lower and upper); ES, effect size; F, freshwater; FBW, final body weight; FCR, feed conversion
ratio; I2, percentage variation across studies due to heterogeneity; k, number of studies included; LIP, lipase; M,
marine; PER, protein efficiency ratio; SGR, specific growth rate; SR, survival rate; TP, total protease.

3.3. Butyrate Effect on Feed Efficiency

The analysis of feed-efficiency variables in freshwater and marine species, supple-
mented with butyrate, revealed distinct responses depending on the indicator consid-
ered (Figure 3, Table 1). In freshwater species, FCR showed a non-significant reduction
(ES = −0.5528; 95% CI = −1.3977, 0.2922; p = 0.1998), whereas PER significantly improved
(ES = 1.0319; 95% CI = 0.0855, 1.9784; p = 0.0326). In marine species, FCR was significantly
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reduced (ES = −1.5647; 95% CI = −2.5921, −0.5374; p = 0.0028), while PER showed no
significant effect (ES = 0.1633; 95% CI = −0.3413, 0.6678; p = 0.5259). Because FCR and
PER have opposite numerical directions, with lower FCR and higher PER values indicat-
ing improved efficiency, the pooled estimate combining these indicators should be inter-
preted cautiously. Significant heterogeneity was observed among feed efficiency outcomes
(I2 = 81%), suggesting that responses varied across indicators and rearing environments.
The overall pooled effect was not significant (ES = −0.2065; 95% CI = −1.2305, 0.8174;
p = 0.6926); therefore, separate analyses provide a more biologically relevant inter-
pretation, indicating potential improvements in FCR for marine species and PER for
freshwater species.

Figure 3. Forest plot of effect sizes (mean ± 95% CI) for feed efficiency variables in freshwater (F)
and marine (M) species supplemented with butyrate. Green squares represent freshwater species,
whereas blue squares represent marine species. The vertical dashed line indicates the pooled overall
effect estimate. CI, confidence interval (lower and upper); F, freshwater; FCR, feed conversion ratio;
I2, percentage variation across studies due to heterogeneity; M, marine; PER, protein efficiency ratio.

3.4. Butyrate Effect on Growth Performance

The analysis of growth performance variables in freshwater and marine species sup-
plemented with butyrate revealed significant improvements in several indices (Figure 4,
Table 1). For freshwater species, FBW showed a significant increase (ES = 1.8956; 95%
CI = 0.7136, 3.0775; p = 0.0017), and SR also demonstrated a significant improvement
(ES = 3.1756; 95% CI = 1.9304, 4.4207; p < 0.0001). However, SGR did not show a signif-
icant effect (ES = 0.4616; 95% CI: −0.0920 to 1.0153; p = 0.1022). In marine species, FBW
increased significantly (ES = 0.7119; 95% CI = 0.4232, 1.0006; p < 0.0001), and SR improved
significantly (ES = 3.9702; 95% CI = 2.3398, 5.6007; p < 0.0001). Conversely, SGR in marine
species showed no significant effect (ES = 0.1498; 95% CI = −0.7782, 1.0778; p = 0.7517).
The combined growth performance analysis indicated a significant positive effect
(ES = 1.9583; 95% CI = 0.6759, 3.2407; p = 0.0028). These findings highlight the beneficial im-
pact of butyrate supplementation on growth performance, with significant improvements
in FBW and SR across freshwater and marine species.

3.5. Heterogeneity Analysis

The meta-analysis on the effects of butyrate supplementation in crustacean aquacul-
ture revealed considerable variability across different variables (Table 1). For digestive
enzymes, ALP in freshwater showed high heterogeneity (I2 = 81.6%), whereas AMY, LIP,
and TP exhibited no heterogeneity. In marine environments, ALP demonstrated moderate
heterogeneity (I2 = 57.2%), AMY showed substantial heterogeneity (I2 = 67%), LIP exhib-
ited moderate heterogeneity (I2 = 53.2%), and TP showed considerable heterogeneity
(I2 = 60.2%). Digestive enzyme activity indicated moderate heterogeneity (I2 = 66%)
(Figures 2 and S1–S8). Feed efficiency indices, including FCR and PER, showed no het-
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erogeneity in freshwater. FCR in marine environments exhibited moderate heterogeneity
(I2 = 37.5%), and PER showed no heterogeneity. Feed efficiency demonstrated substantial
heterogeneity (I2 = 80.5%) (Figures 3 and S9–S12). Regarding growth performance, FBW
in freshwater showed substantial heterogeneity (I2 = 69.9%). In comparison, SGR and SR
exhibited no heterogeneity and low heterogeneity (I2 = 19.1%), respectively. In marine
settings, FBW demonstrated moderate heterogeneity (I2 = 23.7%), while SGR showed no
heterogeneity, and SR exhibited high heterogeneity (I2 = 73.6%). Growth performance
indices indicated substantial heterogeneity (I2 = 97.3%) (Figures 4 and S13–S18). The ob-
served heterogeneity is likely due to the interactions of multiple factors, including species
differences, environmental conditions, and variations in experimental protocols. These
factors contribute to the variability in the effects of butyrate supplementation on growth
performance, feed efficiency, and digestive enzyme activity.

 

Figure 4. Forest plot of effect sizes (mean ± 95% CI) for growth performance variables in freshwater
(F) and marine (M) species supplemented with butyrate. Green squares represent freshwater species,
whereas blue squares represent marine species. The vertical dashed line indicates the pooled overall
effect estimate. CI, confidence interval (lower and upper); F, freshwater; FBW, final body weight; I2,
percentage variation across studies due to heterogeneity; M, marine; SGR, specific growth rate; SR,
survival rate.

3.6. Publication Bias Assessment

The publication bias assessment for the variables analyzed in this study was conducted
using Egger’s test, with adjustments via the trim-and-fill method to assess the robustness
of the findings (Figure 5 and Table 1). For digestive enzymes, significant publication bias
was noted for ALP in freshwater (p = 0.002) and TP in both freshwater (p < 0.0001) and
marine environments (p = 0.0001). Nevertheless, the positive effects on digestive enzyme
activity indicate that butyrate supplementation enhances digestive health. Adjustments
for bias still reflect a beneficial impact, albeit more conservatively estimated. Regarding
feed efficiency, Egger’s test revealed no significant publication bias for FCR and PER in
freshwater (p = 0.2028), but a significant bias was observed for FCR in marine environ-
ments (p = 0.0004). However, the overall positive effects on feed efficiency indices suggest
that butyrate supplementation improves feed utilization, with adjustments providing a
more conservative yet still positive estimate. For growth performance indices, Egger’s
test indicated significant publication bias for FBW in freshwater (p < 0.0001) and SR in
marine environments (p < 0.0001). In contrast, no significant bias was detected for SGR
in both freshwater (p = 0.1022) and marine settings (p = 0.0939). Despite the detection of
significant publication bias for FBW in freshwater and SR in marine environments, the
overall effect sizes remained positive. Adjustments using the trim-and-fill method still
indicate beneficial effects, suggesting that butyrate supplementation enhances these indices
even after accounting for potential bias. In summary, the general results demonstrate a
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positive effect of butyrate supplementation on growth performance, feed efficiency, and
digestive health in crustacean aquaculture. Adjustments for publication bias provide a
more cautious interpretation but do not negate the overall beneficial impacts observed.

Figure 5. Funnel plots assessing publication bias for (A) digestive enzyme, (B) feed efficiency, and
(C) growth performance. Each dot represents an individual study effect size, and the shaded triangle
indicates the expected region of the funnel plot under no publication bias.

3.7. Analysis of Butyrate Application Rate

The forest plot illustrates the effect sizes of butyrate supplementation on digestive
enzymes, feed efficiency, and growth performance across different application rates in
freshwater and marine species (Figure 6). For doses less than 1%, butyrate supplementation
showed a positive but non-significant effect on digestive enzymes in freshwater species
(ES = 1.5126; 95% CI = −0.19, 3.22), whereas a significant positive effect was observed in
marine species (ES = 1.2564; 95% CI = 0.83, 1.68), with overall heterogeneity (I2 = 78%,
p < 0.01). Feed efficiency and growth performance in freshwater did not show significant ef-
fects (ES = 1.1458; 95% CI = −0.02, 2.31 and ES = 0.3294; 95% CI = −0.63, 1.29, respectively),
whereas marine environments exhibited a significant positive effect on growth performance
(ES = 0.7677; 95% CI = 0.42, 1.11) (Figures 6 and S19–S24). For doses between 1% and
2%, significant positive effects were observed for digestive enzymes in both freshwater
(ES = 3.1322; 95% CI = 1.67, 4.60) and marine environments (ES = 2.7057; 95% CI = 0.69,
4.72), with high overall heterogeneity (I2 = 98%, p < 0.01). Feed efficiency and growth perfor-
mance also showed significant improvements in freshwater (ES = 2.0866; 95% CI = 0.97, 3.20
and ES = 1.6735; 95% CI = 0.88, 2.46, respectively) and marine environments (ES = 2.8680;
95% CI = 1.86, 3.87 for growth performance) (Figures 6 and S25–S30). For doses greater than
2%, digestive enzymes in freshwater showed a significant effect (ES = 1.6253; 95% CI = 0.16,
3.09), while feed efficiency in freshwater also demonstrated a significant positive effect
(ES = 2.3670; 95% CI = 0.35, 4.38), with no significant heterogeneity (I2 = 0%, p = 0.37)
(Figures 6 and S31–S33). Overall, the pooled analysis indicated a significant posi-
tive effect of butyrate supplementation across the evaluated indices and environments
(ES = 1.58; 95% CI = 1.08, 2.07), although substantial heterogeneity was observed (I2 = 93%,
p < 0.01). These findings underscore the dose-dependent benefits of butyrate supplementa-
tion on crustacean aquaculture, with notable variations between freshwater and marine
settings. Based on these findings, butyrate supplementation at 1–2% generally produced the
most consistent positive responses in digestive enzymes, feed efficiency, and growth perfor-
mance across freshwater and marine environments, suggesting this range as a potentially
effective inclusion level for crustacean aquaculture.
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Figure 6. Forest plot of effect sizes for digestive enzymes, feed efficiency, and growth performance
across different butyrate application rates in freshwater (F) and marine (M) species. Green squares
represent freshwater species, whereas blue squares represent marine species. The vertical dashed line
indicates the pooled overall effect estimate.

3.8. Meta-Regression Analysis

The meta-regression analysis examines the relationship between the application rate
of butyrate and its effects on digestive enzymes, feed efficiency, and growth performance
in crustacean aquaculture (Figure 7). The baseline effect, as determined by the intercept,
indicated a significant positive impact on digestive enzymes (Intercept = 1.6500, p < 0.0001)
and growth performance (Intercept = 0.9533, p < 0.0001), while feed efficiency showed
no significant baseline effect (Intercept = −0.0186, p = 0.9256). The correlation with the
application rate, as indicated by the slope, was not significant for digestive enzymes
(Slope = 0.0287, p = 0.8761) and growth performance (Slope = −0.0353, p = 0.6945). However,
it was significant for feed efficiency (Slope = 0.3615, p = 0.0101). Residual heterogeneity,
assessed using the QE statistic, revealed substantial heterogeneity for digestive enzymes
(QE = 209.3381, p < 0.0001) and growth performance (QE = 219.6586, p < 0.0001). In contrast,
feed efficiency did not exhibit significant residual heterogeneity (QE = 56.0930, p = 0.2898).
These findings highlight a significant dose-dependent improvement in feed efficiency with
butyrate supplementation, while digestive enzyme activity and growth performance do
not exhibit significant dose–response relationships (Table 2).
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(c) 

(b) 

(a) 

Figure 7. Meta-regression analysis of butyrate application rate on (a) digestive enzymes, (b) feed
efficiency, and (c) growth performance. The circle center and diameter represent the mean and 95%
confidence interval of the effect size.

https://doi.org/10.3390/ani16142186

https://doi.org/10.3390/ani16142186


Animals 2026, 16, 2186 13 of 23

Table 2. Summary of meta-regression results for biological outcomes.

Outcome Baseline Effect (Intercept) Correlation with Application
Rate (Slope)

Residual
Heterogeneity (I2)

Digestive enzymes 1.6500, p < 0.0001 0.0287, p = 0.8761 209.3381, p < 0.0001
Feed efficiency −0.0186, p = 0.9256 0.3615, p = 0.0101 56.0930, p = 0.2898

Growth performance 0.9533, p < 0.0001 −0.0353, p = 0.6945 219.6586, p < 0.0001

4. Discussion
4.1. Impact of Butyrate Supplementation on Digestive Enzyme Activity

Butyrate supplementation significantly enhanced the digestive enzyme activity in
both freshwater and marine environments, underscoring its potential to improve digestive
health in crustacean aquaculture. Notably, the greatest numerical effect was observed on TP
activity, which is crucial for breaking down dietary proteins into amino acids and peptides
essential for growth. However, this result should be interpreted with caution, as TP was
based on the fewest studies, showed evidence of publication bias, and exhibited the largest
reduction in effect size after trim-and-fill adjustment. This enhancement in protease activity
suggests that butyrate may help optimize nutrient digestion and absorption, improving the
feed conversion efficiency and overall growth performance in crustaceans [29]. Beyond its
effects on digestive enzymes, butyrate may improve crustacean physiological performance
through multiple interconnected mechanisms. As a short-chain fatty acid, butyrate serves
as an energy substrate for intestinal epithelial cells and may enhance intestinal barrier
function through the regulation of tight junction proteins and mucus production. In addi-
tion, butyrate can modulate gut microbial communities by promoting beneficial microbial
populations and altering microbial metabolite production. These effects may subsequently
influence nutrient absorption, immune regulation, and metabolic homeostasis. Although
these mechanisms are well-characterized in terrestrial animals and some fish species, their
specific contribution in crustaceans remains insufficiently investigated and warrants further
experimental validation. The positive results across freshwater and marine environments
indicate that butyrate’s benefits are not limited to specific habitats, highlighting its broad
applicability in diverse aquaculture settings. These findings align with existing research
that suggests that butyrate plays a key role in improving gut health, metabolic efficiency,
and nutrient utilization, all of which are vital for the sustainability and productivity of aqua-
culture systems [30–32]. Additionally, butyrate supplementation significantly increases
AMY activity in freshwater and marine crustaceans, indicating its positive impact on starch
digestion across aquatic environments. By improving AMY activity, butyrate optimizes
the biochemical pathways that break down starches into simpler sugars, which are crucial
for energy production and metabolism [33,34]. This enhancement supports more efficient
nutrient assimilation, facilitating the crustaceans’ ability to convert dietary starches into
usable energy for growth and development. Beyond its direct effect on digestive enzymes,
butyrate also promotes the growth of beneficial gut microbes and reduces gut inflammation,
further improving digestive health and boosting the organism’s resilience to stressors [35].

At butyrate supplementation levels ranging from 1% to 2%, significant positive effects
have been observed on digestive enzymes in both freshwater and marine aquaculture
environments. Specifically, these butyrate concentrations have been shown to enhance the
activity of protease, lipase, and amylase, which are essential for efficient nutrient digestion
and assimilation in aquatic species. This improvement in digestive enzyme activity results
in enhanced feed efficiency and improved growth performance. Furthermore, similar doses
are compatible with various fish species, making them applicable in both contexts [36–40].
However, the high heterogeneity (I2 = 81%, p < 0.01) observed across studies suggests sub-
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stantial variability in the effects, indicating that important factors influencing the outcomes
may not be fully accounted for. Although salinity, temperature, and nutrient load were
not directly tested as moderators in this meta-analysis (only habitat type and dose were
formally examined), these variables may represent potential sources of heterogeneity and
are proposed here as hypotheses for future investigations rather than as data-supported
explanations. For instance, salinity gradients may influence treatment responses in marine
environments [41,42], while variations in nutrient availability and temperature conditions
may modify physiological responses to supplementation [43,44]. Therefore, these envi-
ronmental factors should be considered potential moderators and further validated in
future studies.

4.2. Impact of Butyrate Supplementation on Feed Efficiency

Butyrate supplementation significantly improved PER in freshwater species, thereby
enhancing protein utilization in these aquaculture systems. This improvement may be
associated with butyrate-mediated effects on gut physiology, including the modulation of
microbial communities and intestinal barrier function. These findings underscore butyrate’s
capacity to enhance feed conversion efficiency and nutrient utilization by modulating gut
microbiota composition and reinforcing intestinal barrier function, as demonstrated by
several studies [45,46]. In marine species, butyrate significantly reduced FCR, indicat-
ing improved feed efficiency, by reducing the amount of feed required to gain a unit of
body weight [10]. Lower FCRs indicate that less feed is needed to achieve comparable
or superior growth outcomes, a finding with profound economic and ecological implica-
tions [47,48]. This highlights butyrate’s potential as a beneficial feed additive, promoting nu-
trient absorption and improving intestinal health in crustaceans, suggesting that enhanced
metabolic efficiency may underlie this effect [16,49]. These findings are particularly valu-
able given the centrality of FCR in determining the sustainability of aquaculture operations;
reducing FCR minimizes resource consumption and curtails waste production, mitigating
environmental impacts [50].

The dose-dependent relationship between butyrate supplementation and feed effi-
ciency in freshwater crustaceans showed a positive response across the entire evaluated
dose range, including doses above 2%, with no clear plateau observed within the tested
range. This pattern differed from digestive enzyme activity and growth performance, for
which responses appeared to reach their highest levels at 1–2% inclusion. These differences
suggest that the optimal dietary inclusion level may depend on the specific physiological
parameter evaluated and the biological mechanisms underlying each response. However,
a nuanced interpretation of the feed efficiency metrics FCR and PER is essential for fully
understanding these results. Since FCR is significant when decreasing and PER when
increasing, the pooled effect likely reflects the relative contribution of PER among the
available feed efficiency outcomes, particularly in freshwater species where PER showed
a significant response. This finding is consistent with prior analyses, which have demon-
strated a significant effect of PER alone, whereas FCR did not show a significant effect in
freshwater crustaceans. These insights underscore the need for further investigation into
the differential contributions of these metrics to optimize feed efficiency in aquaculture.

The relatively low heterogeneity observed in our study, compared to previous meta-
analyses of feed additive indices, can be partly attributed to the focused scope of our
analysis. While other studies often pool data from a broad range of aquatic organisms,
our meta-analysis specifically targeted crustaceans, further segmented into freshwater and
marine species. This segmentation may reduce part of the variability associated with broad
comparisons among unrelated aquatic taxa; however, substantial biological differences
remain among crustacean groups, including differences in digestive physiology, microbiota
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composition, and metabolic strategies. For instance, studies on the role of β-glucan supple-
mentation in finfish and shellfish exhibit extreme heterogeneity in FCR (I2 = 99.95%) [51].
Also, taurine supplementation in aquatic animals exhibits high heterogeneity in FCR
(I2 = 98.77%) and PER (I2 = 99.12%) [52]. Similarly, supplementation with a methionine
hydroxy analog in fish and shrimp shows considerable heterogeneity, with I2 values of
97.78% for FCR and 98.57% for PER [24]. In contrast, the consistent effects of butyrate on
FCR and PER in freshwater environments, with no observed heterogeneity, suggest that
species-specific or environmental factors may influence butyrate’s impact. However, the
moderate heterogeneity observed for FCR in marine environments (I2 = 37.5%) may reflect
environmental and experimental differences among studies, including variation in salinity,
temperature, and dietary conditions, which should be evaluated as potential moderators.
Our study’s more targeted approach allows for a clearer understanding of butyrate’s effects
in crustacean aquaculture, suggesting that butyrate supplementation may be a promising
intervention to improve feed efficiency, although responses remain influenced by species
and environmental conditions.

4.3. Impact of Butyrate Supplementation on Growth Performance

The results of this meta-analysis indicate that butyrate supplementation is associated
with improved growth performance and survival in freshwater and marine crustacean
species. These effects may be related to butyrate-mediated improvements in gut function,
nutrient utilization, and immune regulation, as suggested by previous experimental stud-
ies [53,54]. These physiological responses may contribute to improved energy allocation
and resilience under environmental challenges. Previous studies suggest that butyrate
may enhance gut function by modulating the microbiota composition and maintaining
epithelial integrity [55,56]. These effects promote rapid growth and strengthen the immune
system, making crustaceans more resilient to environmental stressors. In freshwater and
marine environments, butyrate supplementation increased the FBW and SR. However, the
magnitude of these effects may vary according to environmental conditions and biological
characteristics, including water chemistry and microbial communities, which represent
potential sources of variability requiring further investigation [57]. These findings highlight
the robust benefits of butyrate supplementation across diverse aquatic ecosystems and
suggest that specific environmental conditions may influence the mechanisms by which
butyrate enhances growth and survival.

The analysis of butyrate application rates provides evidence for its dose-dependent
benefits in crustacean aquaculture, particularly for growth performance. Across all en-
vironments, butyrate supplementation showed a significant positive effect overall, with
doses in the 1–2% range consistently yielding the most pronounced improvements. Opti-
mizing the butyrate dosage is crucial for maximizing the benefits while minimizing costs,
as doses exceeding 2% yielded little additional benefit for digestive enzyme activity and
growth performance compared to the 1–2% range, whereas feed efficiency continued to
improve without a clear plateau. The tendency toward reduced additional benefits at
higher inclusion levels is primarily supported by the crustacean data summarized above.
As tentative cross-taxa context only, and given that crustacean digestive physiology differs
meaningfully from that of finfish, comparable observations have also been reported in
largemouth bass (Micropterus salmoides) [58]. Similarly, other research reported a plateau
in the effects of sodium butyrate on juvenile golden pompano (Trachinotus ovatus) at cer-
tain dosage levels [32]. These findings highlight the importance of optimizing butyrate
supplementation in aquaculture management to improve sustainability and profitability.
Careful consideration of dosage can lead to significant improvements in the health and
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growth performance of aquatic species, reinforcing the need for continued research into the
optimal application of butyrate in aquaculture.

The considerable heterogeneity and publication biases observed in the meta-analysis
regarding the effects of butyrate supplementation in crustacean aquaculture are consistent
with findings from previous studies on similar dietary supplements in aquatic animals.
The observed heterogeneity may reflect several factors, including species differences, envi-
ronmental conditions, experimental protocols, and variation among dietary supplement
formulations. For instance, meta-analyses on the impact of probiotics in aquaculture
revealed significant variability in outcomes such as FBW, SGR, and SR, attributed to dif-
ferences in experimental designs and the diversity of organisms tested [59,60]. These
studies corroborate the idea that the variability observed in butyrate supplementation stud-
ies may result from species-specific factors, environmental conditions, and experimental
protocols. Furthermore, Egger’s test indicated significant publication bias across various
variables. However, the trim-and-fill method was crucial for evaluating the robustness of
this study’s findings and effectively addressing publication bias. This method supported
the overall robustness of the observed effects after accounting for potential publication bias,
and underscored the importance of statistical methods in ensuring reliable conclusions in
scientific studies.

4.4. Dose-Dependent Effects of Butyrate on Biological Outcomes

The meta-regression analysis provided valuable insights into the dose-dependent
effects of butyrate supplementation on key performance indices in crustacean aquaculture,
specifically digestive enzyme activity, feed efficiency, and growth performance (Figure 7,
Table 2). The results indicate a significant baseline positive effect of butyrate on digestive
enzymes and growth performance, with intercept values of 1.6500 (p < 0.0001) and 0.9533
(p < 0.0001), respectively. This suggests that butyrate supplementation is generally associ-
ated with positive effects on digestive enzyme activity and growth performance across the
studies evaluated, although the magnitude of these responses may vary with dose, species,
and experimental conditions. These findings align with our earlier discussion, emphasizing
the role of butyrate in optimizing nutrient digestion and absorption, which may contribute
to the improvements in growth performance observed in the meta-analysis.

However, the meta-regression revealed that the dose–response relationships for
digestive enzymes and growth performance were not significant (p > 0.05 for both).
This contrasts with the findings for feed efficiency, where the slope was significant
(Slope = 0.3615, p = 0.0101), indicating a dose-dependent response in feed efficiency. This
result suggests that increasing the butyrate inclusion may affect feed utilization efficiency,
although the contributions of individual indicators (FCR and PER) should be interpreted
in light of their biological meaning. The lack of a significant dose–response for digestive
enzyme activity and growth performance suggests that while these indices are positively
affected by butyrate, their improvement may plateau at certain doses, and further increases
in dosage might not yield proportional benefits.

Interestingly, the meta-regression analysis also identified substantial residual hetero-
geneity for digestive enzymes and growth performance (QE = 209.3381 and QE = 219.6586,
p < 0.0001), indicating significant variability in these outcomes across studies. This vari-
ability may reflect species-specific, environmental, and methodological differences among
the included studies, as discussed earlier in Section 4.3. Conversely, feed efficiency did not
exhibit significant residual heterogeneity (QE = 56.0930, p = 0.2898), suggesting that the im-
provements may be more consistent across different species and environmental conditions.
The significant heterogeneity in digestive enzymes and growth performance underscores
the need for further research into the specific environmental and biological factors that
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may influence butyrate’s efficacy. For example, factors such as salinity, temperature, and
microbial composition could interact with butyrate to produce varying effects, as seen in
the previous sections.

The findings from this meta-regression analysis reinforce the importance of optimizing
butyrate dosages in aquaculture. Although butyrate supplementation benefits crustacean
aquaculture systems, the lack of a dose-dependent relationship with digestive enzymes
and growth suggests that excessive dosages may not always yield better outcomes. In con-
trast, the significant dose–response pattern observed for feed efficiency suggests that feed
utilization responses may differ from those of digestive enzymes and growth performance;
however, further studies are required to determine whether higher inclusion levels provide
consistent advantages across species and conditions. These insights further emphasize
the need for species-specific and environment-tailored supplementation strategies, which
could help mitigate the variability observed across studies and improve the consistency of
butyrate’s effects.

Beyond habitat differences, taxonomic variability represents another potential source
of heterogeneity. Shrimp, prawns, crayfish, and crabs differ in digestive anatomy, feeding
behavior, intestinal microbiota, and metabolic strategies. These biological differences may
influence butyrate absorption, microbial interactions, and physiological responses. There-
fore, the magnitude of observed effects should be interpreted in light of both environmental
and taxonomic contexts.

4.5. Potential Mechanisms Underlying Butyrate Effects

The present meta-analysis provides strong quantitative evidence for the beneficial
effects of butyrate supplementation on digestive health, feed efficiency, and growth per-
formance in crustaceans. However, the underlying mechanisms remain incompletely
understood. Based on the available literature, several candidate mechanisms can be pro-
posed, and these are summarized conceptually in Figure 8.

 

Figure 8. Proposed mechanistic framework for the effects of butyrate on crustacean performance.
(A) molecular: inhibits HDAC activity, modulating gene expression; (B) cellular: serves as an
energy source for enterocytes, enhancing intestinal integrity and absorptive surface; (C) microbial:
modulates gut microbiota, promoting beneficial bacteria that produce SCFAs and digestive enzymes;
(D) organismal: integrated effects improve feed efficiency, growth, and survival. Arrows indicate
the proposed direction of biological interactions, and colors are used for visual distinction among
mechanistic levels.
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First, previous studies suggest that butyrate may enhance intestinal epithelial integrity
by promoting the expression of tight junction proteins such as occludin and claudin, which
help maintain paracellular permeability and limit pathogen translocation [61,62]. This
barrier-enhancing effect has been associated in other animal models with the activation
of antioxidant pathways, including Nrf2 signaling, which may reduce oxidative stress in
intestinal tissues [63].

Second, butyrate may modulate host immune responses through the regulation of
inflammatory pathways, including the inhibition of NF-κB activation and reduction in
pro-inflammatory cytokine production (e.g., TNF-α and IL-1β) while potentially promoting
anti-inflammatory mediators such as IL-10 [64,65]. This immunomodulatory effect may
contribute to the improved survival rates observed in butyrate-supplemented crustaceans,
particularly under stress or pathogen challenge conditions.

Third, previous studies indicate that butyrate can influence gut microbial communities by
promoting beneficial bacterial groups and modifying the microbial metabolite profile [23,66].
These shifts in microbial community composition may enhance nutrient digestibility and
energy harvest, thereby improving the feed efficiency and growth performance.

Importantly, these mechanisms are not mutually exclusive but are likely to operate
in a coordinated manner, with potential interactions occurring across molecular, cellular,
and organismal levels. Further research, including transcriptomic, metabolomic, and
microbiomic studies, is needed to disentangle the relative contributions of these pathways
and to identify formulation- and species-specific responses in crustaceans.

4.6. Limitations and Future Directions

While this meta-analysis provides quantitative evidence supporting the beneficial
effects of butyrate supplementation, several limitations should be acknowledged. First,
the substantial heterogeneity observed across studies (I2 = 66–97%) indicates that the
effects of butyrate vary considerably depending on species, environmental conditions, and
experimental protocols. Although we attempted to account for this heterogeneity through
subgroup analyses and meta-regression, the limited number of studies per subgroup
precluded more detailed analyses. Second, our analysis was based on aggregate data
extracted from published studies, which limited our ability to examine individual-level
responses or to control for potential confounding factors. Third, the observational nature
of the included studies and the absence of direct mechanistic experiments mean that our
findings are correlative rather than causal. While we have proposed several plausible
mechanisms based on the existing literature, these hypotheses require validation through
targeted experimental studies. Fourth, the geographic concentration of studies in Asia
(71%) may limit the generalizability of our findings to other aquaculture systems and
geographical regions. Future research should therefore include a broader range of species,
environmental conditions, and geographic locations to further validate the applicability
of butyrate supplementation across global crustacean aquaculture systems. Fifth, the
pooled analyses included different butyrate formulations and four taxonomically distinct
crustacean groups. Although these sources of variability were recognized and discussed,
formulation- and taxon-specific moderator analyses were limited by the number of available
studies. Future research should therefore prioritize standardized comparative experiments
evaluating different formulations and crustacean taxa under comparable conditions.

5. Conclusions
This meta-analysis synthesizing evidence from studies published between 2011 and

2025 indicates that dietary butyrate supplementation is generally associated with improved
digestive health, feed utilization, growth performance, and survival in crustaceans. Signifi-
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cant enhancements were observed in digestive enzyme activity, feed efficiency indicators,
final body weight, and survival rate across both freshwater and marine production systems.
Dose–response analyses suggested that 1–2% inclusion levels generally yielded the most
consistent improvements in digestive enzyme activity and growth performance, although
feed efficiency responses showed a different pattern, lacking a clear plateau within the
evaluated range. Collectively, these mechanisms may contribute to improved nutrient
utilization and biological performance involving intestinal barrier function, immune regu-
lation, antioxidant defense, and gut microbiota modulation. Collectively, these mechanisms
improve nutrient utilization and biological performance, supporting the use of butyrate as
an effective functional feed additive in crustacean aquaculture. Despite the robustness of
the overall positive effects, substantial heterogeneity among studies highlights the influence
of species-specific and environmental factors. Future research should integrate transcrip-
tomic, metabolomic, and microbiome-based approaches to better elucidate the mechanisms
underlying responses to butyrate and to refine species-specific supplementation strate-
gies. Overall, the present study provides quantitative support for the potential use of
butyrate as a sustainable nutritional strategy to improve productivity and resilience in
crustacean farming.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani16142186/s1, References [67–77] are cited in the Supplemen-
tary Materials.

Author Contributions: Conceptualization, M.G. and J.X.; methodology, M.G.; software, M.G.; valida-
tion, M.G. and L.J.; formal analysis, T.N.; investigation, T.N. and F.K.; resources, T.M.; data curation,
T.N.; writing—original draft preparation, T.N. and F.K.; writing—review and editing, M.G. and L.J.;
visualization, L.J.; supervision, J.X.; project administration, T.M.; funding acquisition, J.X. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the National Natural Science Foundation of China
(23FAA01731), the Department of Science and Technology of Zhejiang Province (2024C03128), the
Ningbo Municipal Bureau of Science and Technology (2023H023), the Ningbo Municipal Talent Office
(ZX2023000069), and the K.C. Wong Magna Fund at Ningbo University.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: During the preparation of this manuscript, the authors used Gemini (version 3.5
Pro) for grammar proofreading, spell-checking, and basic text polishing. The authors have reviewed
and edited the output and take full responsibility for the content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. FAO. The State of World Fisheries and Aquaculture 2022. Towards Blue Transformation; FAO: Rome, Italy, 2022.
2. Norman, R.; Crumlish, M.; Stetkiewicz, S. The importance of fisheries and aquaculture production for nutrition and food security.

Rev. Sci. Tech. Off. Int. Epizoot. 2019, 38, 395–407. [CrossRef]
3. Lee, K.K. Sustainable aquaculture. J. Mar. Biol. Aquac. 2015, 1, 1–2. [CrossRef]
4. Naylor, R.L.; Goldburg, R.J.; Primavera, J.H.; Kautsky, N.; Beveridge, M.C.; Clay, J.; Troell, M. Effect of aquaculture on world fish

supplies. Nature 2000, 405, 1017–1024. [CrossRef] [PubMed]
5. Pradeepkiran, J.A. Aquaculture role in global food security with nutritional value: A review. Transl. Anim. Sci. 2019, 3, 903–910.

[CrossRef] [PubMed]
6. FAO. World Fisheries and Aquaculture; FAO: Rome, Italy, 2020; pp. 1–244.

https://doi.org/10.3390/ani16142186

https://www.mdpi.com/article/10.3390/ani16142186/s1
https://www.mdpi.com/article/10.3390/ani16142186/s1
https://doi.org/10.20506/rst.38.2.2994
https://doi.org/10.15436/2381-0750.15.e001
https://doi.org/10.1038/35016500
https://www.ncbi.nlm.nih.gov/pubmed/10890435
https://doi.org/10.1093/tas/txz012
https://www.ncbi.nlm.nih.gov/pubmed/32704855
https://doi.org/10.3390/ani16142186


Animals 2026, 16, 2186 20 of 23

7. Tacon, A.G. Trends in global aquaculture and aquafeed production: 2000–2017. Rev. Fish. Sci. Aquac. 2020, 28, 43–56.
8. Ahmed, N.; Thompson, S.; Glaser, M. Global aquaculture productivity, environmental sustainability, and climate change

adaptability. Environ. Manag. 2019, 63, 159–172.
9. Boyd, C.E.; D’Abramo, L.R.; Glencross, B.D.; Huyben, D.C.; Juarez, L.M.; Lockwood, G.S.; McNevin, A.A.; Tacon, A.G.; Teletchea,

F.; Tomasso, J.R.; et al. Achieving sustainable aquaculture: Historical and current perspectives and future needs and challenges.
J. World Aquac. Soc. 2020, 51, 578–633. [CrossRef]

10. Gouife, M.; Jiao, L.; Kong, F.; Ming, T.; Saikaly, P.; Galindo-Villegas, J.; Xu, J. A review on the role of 2–8 carbon chain carboxylates
in enhancing aquaculture performance. Rev. Aquac. 2025, 17, e13004. [CrossRef]

11. Ng, W.K.; Koh, C.B. The utilization and mode of action of organic acids in the feeds of cultured aquatic animals. Rev. Aquac. 2017,
9, 342–368. [CrossRef]

12. Tran, N.T.; Li, Z.; Wang, S.; Zheng, H.; Aweya, J.J.; Wen, X.; Li, S. Progress and perspectives of short-chain fatty acids in
aquaculture. Rev. Aquac. 2020, 12, 283–298.

13. Abdel-Latif, H.M.; Abdel-Tawwab, M.; Dawood, M.A.; Menanteau-Ledouble, S.; El-Matbouli, M. Benefits of dietary butyric acid,
sodium butyrate, and their protected forms in aquafeeds: A review. Rev. Fish. Sci. Aquac. 2020, 28, 421–448. [CrossRef]

14. Tran, N.T.; Liang, H.; Li, J.; Deng, T.; Zhang, M.; Li, S. Health benefits of butyrate and its producing bacterium, Clostridium
butyricum, on aquatic animals. Fish. Shellfish Immunol. Rep. 2023, 4, 100088. [CrossRef] [PubMed]

15. Peng, H.; Jin, M.; Cui, X.; Cao, H.; Zhan, W.; Deng, Y.; Zhou, Q. Dietary butyrate promoted nutrient deposition by increasing
carbohydrate utilization and energy supply in Scylla paramamosain. Aquaculture 2025, 594, 741378. [CrossRef]

16. Safari, O.; Paolucci, M.; Ahmadniaye Motlagh, H. Effect of dietary encapsulated organic salts (Na-acetate, Na-butyrate, Na-lactate
and Na-propionate) on growth performance, haemolymph, antioxidant and digestive enzyme activities and gut microbiota of
juvenile narrow clawed crayfish, Astacus leptodactylus leptodactylus Eschscholtz, 1823. Aquac. Nutr. 2021, 27, 91–104. [CrossRef]

17. da Silva, B.C.; Vieira, F.D.N.; Mouriño, J.L.P.; Bolivar, N.; Seiffert, W.Q. Butyrate and propionate improve the growth performance
of Litopenaeus vannamei. Aquac. Res. 2016, 47, 612–623.

18. Liu, L.; Wang, Y.; Ren, J.; Zou, H.; Wang, C. Effect of dietary supplementation with sodium butyrate and tributyrin on the growth
performance and intestinal microbiota of Pacific white shrimp (Litopenaeus vannamei). Aquac. Int. 2022, 30, 2477–2489. [CrossRef]

19. Yarahmadi, P.; Mirghaed, A.T.; Shekarabi, S.P.H. Zootechnical performance, immune response, and resistance to hypoxia stress
and Vibrio harveyi infection in Pacific white shrimp (Litopenaeus vannamei) fed different fishmeal diets with and without the
addition of sodium butyrate. Aquac. Rep. 2022, 26, 101319. [CrossRef]

20. Bolívar Ramírez, N.C.; Rodrigues, M.S.; Guimarães, A.M.; Guertler, C.; Rosa, J.R.; Seiffert, W.Q.; Vieira, F.D.N. Effect of dietary
supplementation with butyrate and probiotic on the survival of Pacific white shrimp after challenge with Vibrio alginolyticus.
Rev. Bras. Zootec. 2017, 46, 471–477. [CrossRef]

21. Correa, N.M.; Ramírez, N.C.B.; Legarda, E.C.; Rocha, J.S.; Seiffert, W.Q.; Vieira, F.D.N. Dietary supplementation with probiotic
and butyrate in the shrimp nursery in biofloc. Aquac. Res. 2018, 52, 6716–6725.

22. Deng, G.; Duan, J.; Mu, H.; Yan, B.; Chen, H.; Hu, G.; Gao, H. Effects of dietary short-chain fatty acid salts on the growth
performance, digestive, antioxidant and immune enzyme activities, immune-related gene expression and resistance to Vibrio
parahaemolytics infection in juvenile ridgetail white prawn (Exopalaemon carinicauda). Aquac. Res. 2021, 52, 6716–6725. [CrossRef]

23. Han, F.; Xu, C.; Qi, C.; Lin, Z.; Li, E.; Wang, C.; Chen, L. Sodium butyrate can improve intestinal integrity and immunity in
juvenile Chinese mitten crab (Eriocheir sinensis) fed glycinin. Fish. Shellfish Immunol. 2020, 102, 400–411. [CrossRef] [PubMed]

24. Guo, J.; Bao, Y.; Davis, R.; Abebe, A.; Wilson, A.E.; Davis, D.A. Application of meta-analysis towards understanding the effect of
adding a methionine hydroxy analogue in the diet on growth performance and feed utilization of fish and shrimp. Rev. Aquac.
2020, 12, 2316–2332. [CrossRef]

25. Hedges, L.V.; Olkin, I. Statistical Methods for Meta-Analysis; Academic Press: Cambridge, MA, USA, 2014.
26. Higgins, J.P.; Thompson, S.G. Quantifying heterogeneity in a meta-analysis. Stat. Med. 2002, 21, 1539–1558. [CrossRef] [PubMed]
27. Egger, M.; Smith, G.D.; Schneider, M.; Minder, C. Bias in meta-analysis detected by a simple, graphical test. BMJ 1997, 315,

629–634. [CrossRef] [PubMed]
28. Duval, S.; Tweedie, R. Trim and fill: A simple funnel-plot–based method of testing and adjusting for publication bias in

meta-analysis. Biometrics 2000, 56, 455–463. [CrossRef] [PubMed]
29. Silva, B.C.; Nolasco-Soria, H.; Magallón-Barajas, F.; Civera-Cerecedo, R.; Casillas-Hernández, R.; Seiffert, W.Q. Improved digestion

and initial performance of whiteleg shrimp using organic salt supplements. Aquac. Nutr. 2016, 22, 997–1005.
30. Luz, J.R.; Ramos, A.P.S.; Melo, J.F.B.; Braga, L.G.T. Use of sodium butyrate in the feeding of Arapaima gigas (Schinz, 1822) juvenile.

Aquaculture 2019, 510, 248–255. [CrossRef]
31. Volatiana, J.A.; Sagada, G.; Xu, B.; Zhang, J.; Ng, W.K.; Shao, Q. Effects of butyrate glycerides supplementation in high soybean

meal diet on growth performance, intestinal morphology and antioxidative status of juvenile black sea bream, Acanthopagrus
schlegelii. Aquac. Nutr. 2020, 26, 15–25.

https://doi.org/10.3390/ani16142186

https://doi.org/10.1111/jwas.12714
https://doi.org/10.1111/raq.13004
https://doi.org/10.1007/s40071-017-0177-y
https://doi.org/10.1080/23308249.2020.1758899
https://doi.org/10.1016/j.fsirep.2023.100088
https://www.ncbi.nlm.nih.gov/pubmed/36910329
https://doi.org/10.1016/j.aquaculture.2024.741378
https://doi.org/10.1111/anu.13360
https://doi.org/10.1007/s10499-022-00909-4
https://doi.org/10.1016/j.aqrep.2022.101319
https://doi.org/10.1590/s1806-92902017000600001
https://doi.org/10.1111/are.15542
https://doi.org/10.1016/j.fsi.2020.04.058
https://www.ncbi.nlm.nih.gov/pubmed/32371256
https://doi.org/10.1111/raq.12436
https://doi.org/10.1002/sim.1186
https://www.ncbi.nlm.nih.gov/pubmed/12111919
https://doi.org/10.1136/bmj.315.7109.629
https://www.ncbi.nlm.nih.gov/pubmed/9310563
https://doi.org/10.1111/j.0006-341x.2000.00455.x
https://www.ncbi.nlm.nih.gov/pubmed/10877304
https://doi.org/10.1016/j.aquaculture.2019.05.065
https://doi.org/10.3390/ani16142186


Animals 2026, 16, 2186 21 of 23

32. Zhou, C.; Lin, H.; Huang, Z.; Wang, J.; Wang, Y.; Yu, W. Effect of dietary sodium butyrate on growth performance, enzyme
activities and intestinal proliferation-related gene expression of juvenile golden pompano Trachinotus ovatus. Aquac. Nutr. 2019,
25, 1261–1271. [CrossRef]

33. Liu, W.; La, A.L.T.Z.; Evans, A.; Gao, S.; Yu, Z.; Bu, D.; Ma, L. Supplementation with sodium butyrate improves growth and
antioxidant function in dairy calves before weaning. J. Anim. Sci. Biotechnol. 2021, 12, 2. [CrossRef] [PubMed]

34. Wu, Y.; Zhou, Y.; Lu, C.; Ahmad, H.; Zhang, H.; He, J.; Wang, T. Influence of butyrate loaded clinoptilolite dietary supplementation
on growth performance, development of intestine and antioxidant capacity in broiler chickens. PLoS ONE 2016, 11, e0154410.
[CrossRef] [PubMed]

35. El-Sharkawy, E.A.; Abd El-Razek, I.M.; Amer, A.A.; Soliman, A.A.; Shukry, M.; Gewaily, M.S.; Dawood, M.A. Effects of sodium
butyrate on the growth performance, digestive enzyme activity, intestinal health, and immune responses of Thinlip Grey Mullet
(Liza ramada) juveniles. Aquac. Rep. 2023, 30, 101530. [CrossRef]

36. Chen, W.; Chang, K.; Chen, J.; Zhao, X.; Gao, S. Dietary sodium butyrate supplementation attenuates intestinal inflammatory
response and improves gut microbiota composition in largemouth bass (Micropterus salmoides) fed with a high soybean meal diet.
Fish. Physiol. Biochem. 2021, 47, 1805–1819. [CrossRef] [PubMed]

37. Chu, J.H.; Weng, T.S.; Huang, T.W. The effects of replacing fish meal protein with black soldier fly meal and sodium butyrate
supplementation on the growth performance, lipid peroxidation, and intestinal villi status of Jade Perch, Scortum Barcoo
fingerlings. Fishes 2023, 8, 437. [CrossRef]

38. Li, X.; Lin, X.; Chen, W.; Leng, X. Dietary sodium butyrate positively modulated intestinal microbial community, but did not
promote growth of largemouth bass (Micropterus salmoides). Fish. Physiol. Biochem. 2024, 50, 745–755. [CrossRef] [PubMed]

39. Liu, M.; Guo, W.; Wu, F.; Qu, Q.; Tan, Q.; Gong, W. Dietary supplementation of sodium butyrate may benefit growth performance
and intestinal function in juvenile grass carp (Ctenopharyngodon idellus). Aquac. Res. 2017, 48, 4102–4111.

40. Robles, R.; Lozano, A.B.; Sevilla, A.; Márquez, L.; Nuez-Ortín, W.; Moyano, F.J. Effect of partially protected butyrate used as feed
additive on growth and intestinal metabolism in sea bream (Sparus aurata). Fish. Physiol. Biochem. 2013, 39, 1567–1580. [CrossRef]
[PubMed]

41. Catalán, I.A.; Auch, D.; Kamermans, P.; Morales-Nin, B.; Angelopoulos, N.V.; Reglero, P.; Peck, M.A. Critically examining the
knowledge base required to mechanistically project climate impacts: A case study of Europe’s fish and shellfish. Fish Fish. 2019,
20, 501–517. [CrossRef]

42. Velasco, J.; Gutiérrez-Cánovas, C.; Botella-Cruz, M.; Sánchez-Fernández, D.; Arribas, P.; Carbonell, J.A.; Pallarés, S. Effects of
salinity changes on aquatic organisms in a multiple stressor context. Philos. Trans. R. Soc. B 2019, 374, 20180011.

43. Zamparas, M.; Zacharias, I. Restoration of eutrophic freshwater by managing internal nutrient loads. A review. Sci. Total Environ.
2014, 496, 551–562. [CrossRef] [PubMed]

44. Gestoso, I.; Arenas, F.; Olabarria, C. Ecological interactions modulate responses of two intertidal mussel species to changes in
temperature and pH. J. Exp. Mar. Biol. Ecol. 2016, 474, 116–125. [CrossRef]

45. Abdel-Mohsen, H.H.; Wassef, E.A.; El-Bermawy, N.M.; Abdel-Meguid, N.E.; Saleh, N.E.; Barakat, K.M.; Shaltout, O.E. Advanta-
geous effects of dietary butyrate on growth, immunity response, intestinal microbiota, and histomorphology of European seabass
(Dicentrarchus labrax) fry. Egypt J. Aquat. Biol. Fish. 2018, 22, 93–110. [CrossRef]

46. Ullah, S.; Zhang, G.; Zhang, J.; Shengli, T.; Wang, L.; Kalhoro, H.; Shao, Q. Effects of microencapsulated sodium butyrate
supplementation on growth performance, intestinal development and antioxidative capacity of juvenile black sea bream
(Acanthopagrus schlegelii). Aquac. Res. 2020, 51, 4893–4904. [CrossRef]

47. Hou, D.; Li, M.; Li, P.; Chen, B.; Huang, W.; Guo, H.; Zhao, H. Effects of sodium butyrate on growth performance, antioxidant
status, inflammatory response, and resistance to hypoxic stress in juvenile largemouth bass (Micropterus salmoides). Front. Immunol.
2023, 14, 1265963. [CrossRef] [PubMed]

48. Zhao, H.; Wang, G.; Wang, H.; Mo, W.; Huang, Y.; Cao, J.; Li, P. Effects of dietary sodium butyrate on growth, digestive enzymes,
body composition and nutrient retention-related gene expression of juvenile yellow catfish (Pelteobagrus fulvidraco). Anim. Nutr.
2021, 7, 539–547. [CrossRef] [PubMed]

49. Rombenso, A.N.; Truong, H.; Simon, C. Dietary butyrate alone or in combination with succinate and fumarate improved survival,
feed intake, growth and nutrient retention efficiency of juvenile Penaeus monodon. Aquaculture 2020, 528, 735492. [CrossRef]

50. Fry, J.P.; Mailloux, N.A.; Love, D.C.; Milli, M.C.; Cao, L. Feed conversion efficiency in aquaculture: Do we measure it correctly?
Environ. Res. Lett. 2018, 13, 024017. [CrossRef]

51. Van Doan, H.; Sumon, M.A.A.; Tran, H.Q.; Le, C.X.; Mohammady, E.Y.; El-Haroun, E.R.; Hoseinifar, S.H.; Ringo, E.; Stejskal, V.;
Dawood, M.A.O. Role of β-glucan on finfish and shellfish health and well-being: A systematic review and meta-analysis. Rev.
Aquac. 2024, 16, 1996–2009. [CrossRef]

52. Li, L.; Liu, H.Y.; Xie, S.Q.; Zhang, P.Y.; Yang, Z.C. Effects of taurine supplementation on growth performance and feed utilization
in aquatic animals: A meta-analysis. Aquaculture 2022, 551, 737896. [CrossRef]

https://doi.org/10.3390/ani16142186

https://doi.org/10.1111/anu.12940
https://doi.org/10.1186/s40104-020-00521-7
https://www.ncbi.nlm.nih.gov/pubmed/33397482
https://doi.org/10.1371/journal.pone.0154410
https://www.ncbi.nlm.nih.gov/pubmed/28036386
https://doi.org/10.1016/j.aqrep.2023.101530
https://doi.org/10.1007/s10695-021-01004-w
https://www.ncbi.nlm.nih.gov/pubmed/34518972
https://doi.org/10.3390/fishes8090437
https://doi.org/10.1007/s10695-024-01303-y
https://www.ncbi.nlm.nih.gov/pubmed/38261258
https://doi.org/10.1007/s10695-013-9809-3
https://www.ncbi.nlm.nih.gov/pubmed/23737146
https://doi.org/10.1111/faf.12359
https://doi.org/10.1016/j.scitotenv.2014.07.076
https://www.ncbi.nlm.nih.gov/pubmed/25108796
https://doi.org/10.1016/j.jembe.2015.10.006
https://doi.org/10.21608/ejabf.2018.12055
https://doi.org/10.1111/are.14824
https://doi.org/10.3389/fimmu.2023.1265963
https://www.ncbi.nlm.nih.gov/pubmed/38268923
https://doi.org/10.1016/j.aninu.2020.12.007
https://www.ncbi.nlm.nih.gov/pubmed/34258443
https://doi.org/10.1016/j.aquaculture.2020.735492
https://doi.org/10.1088/1748-9326/aaa273
https://doi.org/10.1111/raq.12944
https://doi.org/10.1016/j.aquaculture.2022.737896
https://doi.org/10.3390/ani16142186


Animals 2026, 16, 2186 22 of 23

53. Bedford, A.; Gong, J. Implications of butyrate and its derivatives for gut health and animal production. Anim. Nutr. 2018, 4,
151–159. [CrossRef] [PubMed]

54. Li, Z.; Yi, C.X.; Katiraei, S.; Kooijman, S.; Zhou, E.; Chung, C.K.; Wang, Y. Butyrate reduces appetite and activates brown adipose
tissue via the gut-brain neural circuit. Gut 2018, 67, 1269–1279. [PubMed]

55. Li, Z.; Zhou, E.; Liu, C.; Wicks, H.; Yildiz, S.; Razack, F.; Wang, Y. Dietary butyrate ameliorates metabolic health associated with
selective proliferation of gut Lachnospiraceae bacterium 28-4. JCI Insight 2023, 8, e166655. [CrossRef] [PubMed]

56. Martin-Gallausiaux, C.; Marinelli, L.; Blottière, H.M.; Larraufie, P.; Lapaque, N. SCFA: Mechanisms and functional importance in
the gut. Proc. Nutr. Soc. 2021, 80, 37–49. [PubMed]

57. Quijada-Rodriguez, A.R.; Kuan, P.L.; Sung, P.H.; Hsu, M.T.; Allen, G.J.; Hwang, P.P.; Weihrauch, D. Anthropogenic CO2-mediated
freshwater acidification limits survival, calcification, metabolism, and behaviour in stress-tolerant freshwater crustaceans.
Biogeosciences 2021, 18, 6287–6300. [CrossRef]

58. Ge, Y.; Yao, S.; Shi, Y.; Cai, C.; Wang, C.; Wu, P.; Ye, Y. Effects of low or high dosages of dietary sodium butyrate on the growth
and health of the liver and intestine of largemouth bass, Micropterus salmoides. Aquac. Nutr. 2022, 2022, 6173245. [CrossRef]

59. Golder, H.M.; Simon, A.A.A.; Santigosa, E.; de Ondarza, M.B.; Lean, I.J. Effects of probiotic interventions on production efficiency,
survival rate, and immune responses of shrimp: A meta-analysis and meta-regression. Aquaculture 2022, 552, 737973. [CrossRef]

60. Toledo, A.; Frizzo, L.; Signorini, M.; Bossier, P.; Arenal, A. Impact of probiotics on growth performance and shrimp survival:
A meta-analysis. Aquaculture 2019, 500, 196–205. [CrossRef]

61. Liu, W.; Yang, Y.; Zhang, J.; Gatlin, D.M.; Ringø, E.; Zhou, Z. Effects of dietary microencapsulated sodium butyrate on growth,
intestinal mucosal morphology, immune response and adhesive bacteria in juvenile common carp (Cyprinus carpio) pre-fed with
or without oxidised oil. Br. J. Nutr. 2014, 112, 15–29. [CrossRef] [PubMed]

62. Wu, P.; Tian, L.; Zhou, X.Q.; Jiang, W.D.; Liu, Y.; Jiang, J.; Feng, L. Sodium butyrate enhanced physical barrier function referring to
Nrf2, JNK and MLCK signaling pathways in the intestine of young grass carp (Ctenopharyngodon idella). Fish. Shellfish Immunol.
2018, 73, 121–132. [CrossRef] [PubMed]

63. Ma, Q. Role of Nrf2 in oxidative stress and toxicity. Annu. Rev. Pharmacol. Toxicol. 2013, 53, 401–426. [CrossRef] [PubMed]
64. Siddiqui, M.T.; Cresci, G.A. The immunomodulatory functions of butyrate. J. Inflamm. Res. 2021, 14, 6025–6041. [CrossRef]

[PubMed]
65. Tian, L.; Zhou, X.Q.; Jiang, W.D.; Liu, Y.; Wu, P.; Jiang, J.; Feng, L. Sodium butyrate improved intestinal immune function

associated with NF-κB and p38MAPK signalling pathways in young grass carp (Ctenopharyngodon idella). Fish Shellfish Immunol.
2017, 66, 548–563. [CrossRef] [PubMed]

66. Yin, M.; Zheng, Z.; Xing, R.; Jiao, L.; Gouife, M.; Ming, T.; Xu, J. Effects of butyric acid on the inhibition of Vibrio parahaemolyticus
and its impacts on growth performance, intestinal microbiota, and water microbiota in Litopenaeus vannamei. Aquac. Rep. 2025, 45,
103078. [CrossRef]

67. da Silva, B.C.; do Nascimento Vieira, F.D.N.; Mouriño, J.L.P.; Ferreira, G.S.; Seiffert, W.Q. Salts of organic acids selection by
multiple characteristics for marine shrimp nutrition. Aquaculture 2013, 384, 104–110. [CrossRef]

68. da Silva, B.C.; Jatobá, A.; Schleder, D.D.; Vieira, F.D.N.; Mouriño, J.L.P.; Seiffert, W.Q. Dietary supplementation with butyrate
and polyhydroxybutyrate on the performance of Pacific white shrimp in biofloc systems. J. World Aquac. Soc. 2016, 47, 508–518.
[CrossRef]

69. Mine, S.; Boopathy, R. Effect of organic acids on shrimp pathogen, Vibrio harveyi. Curr. Microbiol. 2011, 63, 1–7. [CrossRef]
[PubMed]

70. Mpwaga, A.Y.; Gyan, R.W.; Kou, S.; Tan, B.; Yang, Q. Enhanced analysis of growth, histology, and metabolomics profiles in
Penaeus vannamei fed distillers dried grains with solubles supplemented with butyric acid. Ann. Anim. Sci. 2025, 25, 1575–1585.
[CrossRef]

71. Nischal, L.; Rao, A.C.; Prasad, P.A.; Madhavan, N.; Madhavi, K.; Neeraja, T.; Lavanya, C. Effect of butyrate on growth performance,
nutritional indices and immune performance of Penaeus vannamei (Boone, 1931) (Decapoda, Penaeidae). Crustaceana 2025, 99,
711–723.

72. Oliveira, M.É.D.S.; Souza, J.T.; Cunha, A.E.; Silva, V.M.F.; Silva, M.A.M.; Varandas, D.N.; Lima, M.R.D. Influence of Buffer-
Protected Sodium Butyrate Supplementation in the Diet of Penaeus vannamei. Aquac. Nutr. 2025, 2025, 5578544. [CrossRef]
[PubMed]

73. Silva, B.C.; Jesus, G.F.A.; Seiffert, W.Q.; Vieira, F.N.; Mouriño, J.L.P.; Jatobá, A.; Nolasco-Soria, H. The effects of dietary
supplementation with butyrate and polyhydroxybutyrate on the digestive capacity and intestinal morphology of Pacific White
Shrimp (Litopenaeus vannamei). Mar. Freshw. Behav. Physiol. 2016, 49, 447–458. [CrossRef]

74. Sukor, S.A.; Taher, S.; Ehteshami, F.; Arshad, A.; Ng, W.K.; Romano, N. Effects of different dietary organic acids on the survival,
growth, and hepatopancreatic histopathology of the blue swimmer crab Portunus pelagicus. J. Shellfish Res. 2016, 35, 555–561.
[CrossRef]

https://doi.org/10.3390/ani16142186

https://doi.org/10.1016/j.aninu.2017.08.010
https://www.ncbi.nlm.nih.gov/pubmed/30140754
https://www.ncbi.nlm.nih.gov/pubmed/29101261
https://doi.org/10.1172/jci.insight.166655
https://www.ncbi.nlm.nih.gov/pubmed/36810253
https://www.ncbi.nlm.nih.gov/pubmed/32238208
https://doi.org/10.5194/bg-18-6287-2021
https://doi.org/10.1155/2022/6173245
https://doi.org/10.1016/j.aquaculture.2022.737973
https://doi.org/10.1016/j.aquaculture.2018.10.018
https://doi.org/10.1017/s0007114514000610
https://www.ncbi.nlm.nih.gov/pubmed/24774835
https://doi.org/10.1016/j.fsi.2017.12.009
https://www.ncbi.nlm.nih.gov/pubmed/29222028
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://www.ncbi.nlm.nih.gov/pubmed/23294312
https://doi.org/10.2147/jir.s300989
https://www.ncbi.nlm.nih.gov/pubmed/34819742
https://doi.org/10.1016/j.fsi.2017.05.049
https://www.ncbi.nlm.nih.gov/pubmed/28546021
https://doi.org/10.1016/j.aqrep.2025.103078
https://doi.org/10.1016/j.aquaculture.2012.12.017
https://doi.org/10.1111/jwas.12284
https://doi.org/10.1007/s00284-011-9932-2
https://www.ncbi.nlm.nih.gov/pubmed/21479932
https://doi.org/10.2478/aoas-2025-0050
https://doi.org/10.1155/anu/5578544
https://www.ncbi.nlm.nih.gov/pubmed/40861197
https://doi.org/10.1080/10236244.2016.1257759
https://doi.org/10.2983/035.035.0228
https://doi.org/10.3390/ani16142186


Animals 2026, 16, 2186 23 of 23

75. Yohana, M.A.; Ray, G.W.; Yang, Q.; Shiyu, K.; Tan, B.; Wu, J.; Mao, M.; Ge, Z.; Feng, L. Protective effects of butyric acid during
heat stress on the survival, immune response, histopathology, and gene expression in the hepatopancreas of juvenile Pacific
shrimp (L. vannamei). Fish. Shellfish Immunol. 2024, 150, 109610. [CrossRef] [PubMed]

76. Yohana, M.A.; Ray, G.W.; Yang, Q.; Shiyu, K.; Tan, B.; Wu, J.; Feng, L. Comprehensive analysis of butyric acid impact on
immunology, histopathology, gene expression, and metabolomic responses in Pacific shrimp experiencing cold stress. Comp.
Biochem. Physiol. Part D Genom. Proteom. 2024, 52, 101293. [CrossRef]

77. Xiao, C.; Zhang, Y.; Zhu, F. Effect of dietary sodium butyrate on the innate immune response of Procambarus clarkii and disease
resistance against white spot syndrome virus. Aquaculture 2021, 541, 736784. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ani16142186

https://doi.org/10.1016/j.fsi.2024.109610
https://www.ncbi.nlm.nih.gov/pubmed/38734117
https://doi.org/10.1016/j.cbd.2024.101293
https://doi.org/10.1016/j.aquaculture.2021.736784
https://doi.org/10.3390/ani16142186

	Introduction 
	Materials and Methods 
	Study Selection 
	Data Extraction 
	Statistical Analysis 

	Results 
	Study Selection and Overview of Dataset 
	Butyrate Effect on Digestive Enzymes 
	Butyrate Effect on Feed Efficiency 
	Butyrate Effect on Growth Performance 
	Heterogeneity Analysis 
	Publication Bias Assessment 
	Analysis of Butyrate Application Rate 
	Meta-Regression Analysis 

	Discussion 
	Impact of Butyrate Supplementation on Digestive Enzyme Activity 
	Impact of Butyrate Supplementation on Feed Efficiency 
	Impact of Butyrate Supplementation on Growth Performance 
	Dose-Dependent Effects of Butyrate on Biological Outcomes 
	Potential Mechanisms Underlying Butyrate Effects 
	Limitations and Future Directions 

	Conclusions 
	References

