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Abstract
The red macroalgae Palmaria palmata is rich in protein and bioactive compounds and 
has been identified as a promising dietary ingredient for aquafeeds, with the potential to 
partially replace selected plant-based feed components. A digestibility trial and a growth 
trial were conducted to evaluate the potential of untreated and pretreated P. palmata as feed 
ingredients for juvenile European seabass (Dicentrarchus labrax), with initial body weights 
of 63.2  g and 38.0  g, respectively. Five diets were formulated: a control diet without 
macroalgae, and four diets including either 7.5% or 15% of untreated and pretreated P. 
palmata, replacing plant ingredients. The apparent digestibility coefficients of dry matter, 
crude protein, lipids, and gross energy did not differ among diets. The dietary inclusion of 
up to 15% P. palmata significantly increased the growth performance and feed efficiency 
compared to the control diet, without affecting nutrient digestibility, digestive enzyme 
activities, plasma metabolites, or whole-body composition of the fish. The pretreatment 
applied to P. palmata significantly increased soluble protein content and decreased neutral 
detergent fiber, but did not further improve growth or feed efficiency. Overall, these 
results indicate that up to 15% P. palmata can be successfully incorporated into the diets 
of juvenile European seabass, improving growth performance without adverse effects on 
nutrient digestibility. Further work is required to evaluate the functional properties and 
implications for fish health of P. palmata as well as to assess its economic viability within 
commercial aquafeed formulations.

Keywords  Aquaculture · Macroalgae · High-solid loading hydrolysis · Renewable 
resources · Sustainably sourced feed components

Introduction

Global aquaculture production must continue to expand to meet the increasing demand for 
animal protein, driven by a growing population and the urgent need to alleviate poverty 
and malnutrition while promoting sustainable livelihoods (Madsen et  al. 2022). In inten-
sive aquaculture systems, feed costs remain a primary operational concern. Simultaneously, 

Handling Editor: Arkadios Dimitroglou

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s10499-026-02569-0&domain=pdf
http://orcid.org/0000-0002-3242-8795
http://orcid.org/0000-0001-9460-6369
http://orcid.org/0000-0002-5829-3729
http://orcid.org/0000-0001-9147-9376
http://orcid.org/0000-0002-6747-8389
http://orcid.org/0000-0002-5730-836X
http://orcid.org/0000-0002-2568-8361


	 Aquaculture International (2026) 34:174174  Page 2 of 21

sustainability has become an equally critical concern, as the reduced dependency on fish-
meal and fish oil has primarily been achieved through the inclusion of terrestrial plant ingre-
dients that compete with human consumption (Glencross et al. 2024b; Tacon et al. 2022). 
This replacement also introduces economic and environmental limitations, as the shift from 
fish-based to plant-based feed ingredients has been associated with increased land and water 
use, higher nutrient discharge, and higher plant ingredient prices due to competition with 
human food consumption (Cottrell et al. 2025; Glencross et al. 2024a). Consequently, there 
is a pressing need to identify alternative, renewable, and locally available feed ingredients 
that can maintain fish health and performance while reducing the sector’s environmental 
footprint (Glencross et al. 2024b; Hoseinifar et al. 2018; Rodiles et al. 2012).

Macroalgae have emerged as promising candidates for inclusion in aquafeed due to their 
high productivity, minimal cultivation requirements, and reduced environmental footprint. 
Their cultivation does not require freshwater or arable land and contributes to nutrient 
bioremediation through the sequestration of nitrogen and phosphorus (Hasselström et al. 
2020; Mendez and Kwon 2023). Although the proximate composition of macroalgae varies 
among species and cultivation conditions, they are generally characterized by moderate 
protein content, low lipid levels, and high levels of nonstarch polysaccharides, minerals, 
and vitamins (Zhu et  al. 2017; Xie et  al. 2019; Fernandes et  al. 2022; Vazirzadeh et  al. 
2022; Manikandan et al. 2022).

The dietary inclusion of macroalgae at low levels (typically below 5%) has been associated 
with similar or slightly improved growth performance and feed efficiency in several fish 
species (Wan et al. 2019; Weththasinghe et al. 2026). However, responses are species- and 
context-dependent (Weththasinghe et  al. 2026). However, dietary inclusion levels above 
10–20% often reduce growth performance and feed efficiency, likely due to the presence of 
the complex nonstarch polysaccharides that limit nutrient digestibility (Shpigel et al. 2017; 
Sotoudeh and Jafari 2017; Vizcaino et al. 2019; Weththasinghe et al. 2026).

Within this context, the red macroalgae Palmaria palmata, commonly known as dulse 
and widely distributed along the North Atlantic shores, has garnered attention as a protein-
rich red macroalga (Rhodophyta) (Stévant et  al. 2023). Red macroalgae generally have 
higher protein content than brown and green macroalgae (Fleurence 2016). P. palmata 
generally contains 7–19% of protein (dry weight, DW), with an amino acid profile often 
higher than many terrestrial sources (Mæhre et  al. 2014; Rawiwan et  al. 2022; Stévant 
et al. 2023). Protein levels up to 35% (DW) have also been reported (Morgan et al. 1981), 
depending on season, habitat, and cultivation method. Carbohydrates in P. palmata may 
account for up to 74% of DW, primarily as xylans (Lahaye et  al. 1993; Deniaud et  al. 
2003), and its lipids have neutral, polar, and free fatty acids proportions of 36%, 37.5%, 
and 26.5%, respectively (Foseid et al. 2020). With the rising demand for P. palmata and 
the recognition that future sustainable commercial production cannot depend only on 
wild collection, researchers and industry have focused on cultivating this species within 
integrated multi-trophic aquaculture (IMTA) systems (Stévant et al. 2023).

Despite its promising composition, only one study to date has evaluated its potential as 
a feed ingredient for aquaculture species. In that study, dietary inclusion of 5, 10, and 15% 
P. palmata in the diet of Atlantic salmon (Salmo salar) did not affect growth performance 
and feed efficiency, while enhancing the hepatic function, suggesting that P. palmata can 
be safely incorporated as a dietary ingredient for Atlantic salmon (Wan et al. 2016).

The structural complexity of P. palmata cell walls, which are largely indigestible 
for fish, may limit nutrient bioavailability, thereby constraining its potential as a feed 
ingredient (Stévant et al. 2023). To improve nutrient bioavailability, polysaccharides in 
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macroalgae must be hydrolysed into smaller oligomers or individual sugar monomers 
(Martins et al. 2022). Accordingly, several pretreatment processes have been investigated 
to enhance nutrient bioavailability, including thermal processing, fermentation, enzy-
matic or alkaline hydrolysis, and ultrasonication (Brindo and Felix 2014; Güroy et  al. 
2013; Zhang et al. 2018; Zhu et al. 2016).

Short heat treatments have been reported as a practical and straightforward approach 
to increasing the protein digestibility of P. palmata as evaluated using an in  vitro 
gastrointestinal model (Maehre et al. 2015). Enzymatic and alkaline extractions have also 
been applied to P. palmata, yielding antioxidant-rich extracts with high radical scavenging 
and metal-chelating activities (Ghelichi et  al. 2024a). Optimized alkaline treatments for 
P. palmata, namely hydrolysis with NaOH at low solid-to-liquid ratios (1:20 and 1:15), 
effectively disrupt the cell wall, thereby increasing protein yield (Harnedy and FitzGerald 
2013; Idowu et al. 2024). Alkaline hydrolysis processes performed at low solid loadings 
require large amounts of water and produce two phases: a liquid and a solid fraction, 
necessitating an additional separation step. Hydrolysis at high-solid loading yields a single 
slurry phase that concentrates both soluble and insoluble nutrients in one fraction, with 
minimal free water, thereby improving processing efficiency and reducing downstream 
costs (Shiva et al. 2022; Zhang et al. 2023; Shafiei-Alavijeh et al. 2024).

High-solid loading alkaline hydrolysis (1 N NaOH, 30  min) of P. palmata (Ramos-
Oliveira et  al. 2026) reduced fiber fractions and increased soluble protein and phenolic 
compounds, indicating enhanced extractability of intracellular components; thus, the present 
study aimed to evaluate the potential of untreated ot treated P. palmata as a dietary ingredient 
for juvenile European seabass (Dicentrarchus labrax), specifically as a partial replacement 
for wheat meal and, to a lesser extent, soybean meal within practical feed formulations.

Material and method

Ethics statement

All experiments were carried out by certified personnel in accordance with FELASA 
category C guidelines. The trials complied with the European Union Directive 2010/63/
EU on the protection of animals used for scientific purposes and received approval from 
the CIIMAR Ethics Committee (reference ORBEA_CIIMAR_27_2019). European seabass 
juveniles were supplied by Atlantik Fish, Algarve, Portugal, and were quarantined for one 
month at CIIMAR bioterium. The fish were then transferred to the experimental systems 
and allowed to acclimate to the experimental conditions for at least 15  days before the 
beginning of the digestibility and feeding trials.

High‑solid loading alkaline autoclave treatment

The high-solid loading alkaline hydrolysis of P. palmata was performed by mixing the 
biomass with an alkaline solution (NaOH  1 N, pH 11) to achieve a final humidity content 
of 75%. This mixture was then autoclaved at 121 °C for 30 min, dried for 48 h at 60 °C, 
ground to a particle size of 1 mm, and stored in sealed plastic bags at − 4 °C until use. The 
proximate composition of untreated and treated P. palmata is presented in Table 1.
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Experimental diets

A practical diet, with 44% protein and 18% lipids was formulated with fishmeal and a mix-
ture of plant feedstuffs (corn gluten, wheat gluten, soybean meal, pea protein concentrate 
meal, and wheat meal) as protein sources, and fish oil as lipid source, and was used as a 
control. Four other diets were formulated similarly to the control diet but partially replacing 
plant feedstuffs with 7.5% or 15% of untreated P. palmata (diets 7.5PP and 15PP) or treated 
P. palmata (diets 7.5PPT and 15PPT). Chromic oxide (Cr₂O₃) was incorporated in the diets 
as an inert digestibility marker. All ingredients were finely ground, thoroughly mixed, and 
pelleted using a laboratory pellet mill (California Pellet Mill, Crawfordsville, IN, USA) 
through a 3-mm die. Afterward, these pellets underwent a 24-h drying process at 65  °C, 
were placed in plastic bags, and kept at − 4 °C until needed. Dietary composition and proxi-
mal composition (% dry matter) are presented in Table 2.

Digestibility trial

The digestibility trial was conducted in a recirculating aquaculture system (RAS) com-
posed of 15 cylindrical fiberglass tanks (60 L capacity). Each tank was equipped with 
a fecal sedimentation column connected to the outlet, following the design described 
by Cho et  al (1982). The system was supplied with continuously filtered seawater and 
aerated using air stones. Throughout the experimental period, water temperature was 
maintained at 22 ± 1  °C, salinity at 20 ± 2.0 ‰, pH 7 ± 0.1, and dissolved oxygen at 
7.8 ± 0.2  mg/L. The photoperiod followed a 12-h light:12-h dark cycle, and the water 
flow was set at 5 L/min.

Six European seabass (D. labrax), with an initial average body weight of 63.2 g ± 1.2 g 
(mean ± SD), were stocked per tank. The diets were randomly assigned to triplicate groups 
and manually fed to apparent satiety, twice daily, at 9:00 a.m. and 4:00 p.m., 7 days a week. 
After 7  days of acclimatization to the experimental diets, feces were collected daily for 
30  days from the sedimentation columns before morning feeding, centrifuged (4000 × g, 
10 min), pooled per tank, and stored at –20 °C until analysis. Approximately 30 min after 
the afternoon meal, tanks, pipes, and sedimentation columns were thoroughly cleaned to 
remove any residual feces or uneaten feed.

Table 1   Proximate analysis 
(% dry matter) and pH of the 
untreated and high-solid loading 
alkaline hydrolysis (121 °C, 
30 min) of Palmaria palmata 
used in the diets for European 
seabass

PP untreated P. palmata, PPT alkaline-pretreated P. palmata

Palmaria palmata

PP PPT

Proximate analysis and pH
Dry matter 93.4 97.2
Crude Protein 15.9 13.6
Soluble protein (mg/g) 3.66 8.55
Crude Lipid 1.1 1.1
Acid detergent fiber 4.88 3.45
Neutral detergent fiber 25.9 9.56
pH 6.55 9.95
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Table 2   Ingredients and proximate composition (% dry matter) of the experimental diets used in the digest-
ibility and feeding trials

Control 7.5PP 7.5PPT 15PP 15PPT

Ingredients
Untreated P. palmata, PP1 - 7.5 - 15 -
Pretreated P. palmata, PPT2 - - 7.5 - 15
Fish meal3 20 20 20 20 20
Corn gluten4 12.5 12.5 12.5 12.5 12.5
Wheat gluten5 5.5 5.8 5.8 5.8 5.8
Soybean meal6 18.2 17.3 17.3 16.9 16.9
Pea protein concentrate meal7 10 10 10 10 10
Wheat meal8 15.0 7.7 7.7 0 0
Shrimp hydrolyzate9 0.7 0.7 0.7 0.7 0.7
Fish oil 13.7 13.9 13.9 14.2 14.2
Vitamin premix10 1 1 1 1 1
Choline chloride 50%11 0.5 0.5 0.5 0.5 0.5
Mineral premix12 1 1 1 1 1
Binder13 1 1 1 1 1
Dicalcium phosphate 0.0 0.2 0.2 0.5 0.5
Methionine 0.1 0.1 0.1 0.1 0.1
Taurine 0.3 0.3 0.3 0.3 0.3
Chromic oxide 0.5 0.5 0.5 0.5 0.5
Proximate analysis and pH
Dry matter 99.2 98.1 94.7 97.9 99.0
Crude Protein 43.5 44.5 44.3 44.3 44.4
Soluble protein (mg/g)
Crude Lipid 18.3 18.2 16.6 16.6 16.7
Gross Energy (kJ/g) 26.4 25.9 25.8 25.9 25.6
Acid detergent fiber 3.41 3.45 2.87 4.90 4.06
Neutral detergent fiber 17.1 16.7 15.2 17.2 15.8
Ash 5.80 8.25 6.55 10.6 11.5
pH 5.8 5.6 6.5 5.6 7.0
Essential amino acids
Arginine, Arg 1.39 1.54 1.57 1.52 1.54
Histidine, His 0.78 0.68 0.71 0.66 0.70
Isoleucine, Ile 1.10 1.20 1.31 1.22 1.29
Leucine, Leu 5.08 5.24 5.08 5.19 5.25
Lysine, Lys 2.51 1.90 1.96 2.00 1.86
Methionine, Met 1.07 1.07 0.79 0.94 0.95
Phenylalanine, Phe 1.70 1.84 1.89 1.99 2.11
Threonine, Thr 1.46 1.40 1.03 1.15 1.09
Valine, Val 1.08 1.32 1.37 1.28 1.32
Non-essential amino acids
Tyrosine, Tyr 0.77 0.73 0.83 0.82 0.79
Alanine, Ala 4.99 4.86 4.56 4.85 4.68
Aspartic acid, Asp 2.61 2.57 2.65 2.53 2.60
Glutamic acid, Glu 4.73 4.20 4.33 4.17 4.30
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Apparent digestibility coefficients (ADCs) of dry matter, crude protein, lipids, gross 
energy, and amino acids were calculated using the following formula, where nutrient and 
energy levels correspond to the respective parameter analyzed:

Feeding trial and sampling

The experiment was conducted in a thermoregulated RAS composed of 15 cylindrical 
fiberglass tanks (each 500 L). During the trial, the water temperature was maintained 
at 22  °C ± 1  °C, the salinity averaged 20 ± 2.0‰, the pH was kept at 7.1 ± 0.1, and 
the oxygen levels were maintained at 7.80 ± 0.2  mg/L. Ammonia and nitrites were 
maintained below 0.1 and 0.3 mg/L, respectively. The photoperiod was controlled at 12 h 
of light to 12 h of darkness.

ADCdry matter =

(

1 −

(

dietary Cr
2
O

3
level

feces Cr
2
O

3
level

))

× 100

ADCnutrient or energy =

(

1 −

(

dietary Cr
2
O

3
level × feces nutrient or energy level

feces Cr
2
O

3
level × dietary nutrient or energy level

))

× 100

PP, untreated P. palmata, PPT alkaline-pretreated P. palmata, 7.5 and 15: dietary inclusion levels (%) of P. 
palmata
1 ALGAplus Lda. Aveiro, Portugal (CP: 15.9%; CL: 1.4%)
2 High-solid loading alkaline pretreatment of P. palmata was performed using 1 N NaOH at a solid-to-liquid 
ratio of 25:75 (w/w), followed by autoclaving for either 30 min (CP: 15.9%; CL: 1.4%)
3 Pesquera Centinela, Steam Dried LT, Chile (CP: 77.5%; CL: 11.2%). Sorgal, S.A., Ovar, Portugal
4 Sorgal, S.A., Ovar, Portugal (CP: 62.6%; CL: 4.1%)
5 Sorgal, S.A Ovar, Portugal (CP: 76.7%; CL: 1.7%)
6 Non-GMO; Cargill France SAS, St. Germain-en-Laye, France (CP: 51.6%; CL: 3.7%)
7 Sorgal, S.A., Ovar, Portugal (CP: 49.4%; CL: 3.3)
8 Sorgal, S.A., Ovar, Portugal (CP: 12.3%; CL: 3.2%)
9 Sorgal, S.A. Ovar, Portugal
10 Vitamins (mg/kg diet): retinol, 18,000 (IU/kg diet); calciferol, 2000 (IU/kg diet); alpha-tocopherol, 35; 
menadion sodium bis., 10; thiamin, 15; riboflavin, 25; Ca pantothenate, 50; nicotinic acid, 200; pyridoxine, 
5; folic acid, 10; cyanocobalamin, 0.02; biotin, 1.5; ascorbyl monophosphate, 50; inositol, 400
11 Premix, Viana do Castelo, Portugal
12 Minerals (mg/kg diet): cobalt sulphate, 1.91; copper sulphate, 19.6; iron sulphate, 200; sodium fluoride, 
2.21; potassium iodide, 0.78; magnesium oxide, 830; manganese oxide, 26; sodium selenite, 0.66; zinc 
oxide, 37.5; dicalcium phosphate, 8.02 (g/kg diet); potassium chloride, 1.15 (g/kg diet); sodium chloride, 
0.4 (g/kg diet)
13 Aquacube. Agil, UK

Table 2   (continued)

Control 7.5PP 7.5PPT 15PP 15PPT

Glycine, Gly 5.28 5.15 5.26 5.21 5.12
Serine, Ser 3.60 4.70 4.94 4.98 4.81
Proline, Pro 5.02 5.48 5.37 5.20 5.35
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At the beginning of the trial, homogenous groups of 16 European sea bass (initial body 
weight of 38 g ± 0.5 g, mean ± SEM) were constituted and randomly distributed among 
the experimental tanks. Five individuals from the initial stock were sampled and combined 
to determine the initial whole-body composition. The experimental diets were randomly 
allocated to three replicate groups, and the fish were fed manually twice a day, six days 
per week, to apparent satiety, over a period of 11 weeks. At the end of the feeding trial, 
the fish were fasted for one day, and bulk weighed for each tank under mild anesthesia 
(2-phenoxyethanol, 0.3  ml/L). Three fish per tank were randomly sampled, killed with 
an overdose of anesthetic (2-phenoxyethanol, 10  ml/L). Total length, determined by 
digital imaging (following Azevedo et al. 2023), as well as whole-body, liver, and visceral 
weights, were recorded to calculate condition factors and hepatosomatic and visceral 
indexes. Carcasses, including liver and viscera of these fish, were pooled by tank for final 
whole-body composition analysis.

The remaining fish were fed for a three-day recovery period, and then three fish per 
tank were randomly sampled four hours after the first meal. Blood was collected from 
the caudal vein using heparinized syringes, centrifuged at 10,000 × g for 10  min, and the 
plasma obtained was stored at –80 °C for subsequent analyses. Then, fish were killed with 
an overdose of an anesthetic (2-phenoxyethanol, 10 ml/L) followed by decapitation, and the 
whole intestine, including the pyloric caeca, was excised, cleaned of fat and adherent tissues, 
and stored at –80 °C for subsequent analysis.

Digestive enzymes

For the assessment of digestive enzyme activities, intestinal samples (n = 9 per diet) were 
diluted 1:9 and homogenized in a buffer containing 0.1 M K₂HPO₄ and 0.1 M KH₂PO₄ 
at pH 7.4. The homogenates were centrifuged at 10,000 × g for 20  min at 4  °C, and 
the resulting supernatants were aliquoted and stored at –80  °C for subsequent enzyme 
analyses. Amylase (EC 3.2.1.1) and lipase (EC 3.1.1.3) activities were determined 
using commercial kits (α-Amylase-LQ, Ref. 1,004,102; and Lipase-LQ, Ref. 1,001,275; 
Spinreact S.A., Girona, Spain), adapted for kinetic analysis in 96-well microplates. 
Amylase activity was determined by monitoring the production of 2-chloro-4-nitrophenol 
at 405  nm, while lipase activity was quantified by measuring the formation of methyl 
resorufin at 580 nm.

For total alkaline protease activity, samples were incubated for 1 h at 37 °C in a reac-
tion mixture containing 1% (w/v) casein in 0.1  M Tris–HCl buffer, pH 8.0. The reac-
tion was stopped by adding 8% (w/v) trichloroacetic acid, then incubated at 4 °C for 1 h 
before centrifugation at 1800 × g for 10 min. The absorbance of the supernatant was then 
measured at 280 nm. Protease activity was calculated from a tyrosine standard curve and 
expressed as U g⁻1 of sample. One unit activity was defined as the amount of enzyme 
required to release 1.0 μmol of tyrosine per minute.

Trypsin (EC 3.4.21.4) activity was determined using Nα-benzoyl-DL-arginine-p-
nitroanilide hydrochloride (BAPNA, 0.5  mM) as the substrate, whereas chymotrypsin 
(EC 3.4.21.1) activity was measured with N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide 
(SAPNA, 0.2  mM). Reaction mixtures were prepared in Tris–HCl buffer supplemented 
with calcium chloride (50 mM Tris–HCl and 20 mM CaCl₂, pH 8.5 for trypsin; 25 mM 
CaCl₂, pH 7.8 for chymotrypsin). The formation of p-nitroaniline was quantified 
spectrophotometrically at 410 nm using a molar extinction coefficient of 8.8 mM⁻1·cm⁻1. 
All enzyme activities were normalized to the soluble protein content of the tissue samples, 
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measured by the Bradford method (Bradford 1976), using bovine serum albumin as the 
standard. Digestive enzymes were analyzed using a Multiskan GO microplate reader 
(model 5111 9200, Thermo Scientific, Nanjing, China).

Plasma metabolites

Plasma concentrations of total protein, albumin, glucose, cholesterol, and triglycerides were 
determined using commercial assay kits supplied by SpinReact S.A. (Gerona, Spain; refs. 
1,001,191, 1,001,091, 41,031, 1,001,291, and 1,001,023, respectively), adapted for use in 
microplates. Plasma metabolite measurements were performed with a Multiskan GO micro-
plate spectrophotometer (Thermo Scientific, model 5111 9200; Nanjing, China).

Proximate analysis

Chemical analysis of diets, feces, and whole-body composition was performed according to 
standard methods (Association of Official Analytical Chemists 1980). The initial and final 
whole-body fish were dried at 100 °C until a constant weight was achieved, ground, and 
stored in a desiccator until use. The dry matter determined by drying the samples at 105 °C 
until constant weight; ash by incineration in a muffle furnace at 500 °C for 24 h; protein 
content (N × 6.25) according to the Kjeldahl method following acid digestion using Kjeltec 
digestion (Tecator systems, Höganäs, Sweden, models 1015 and 1026, respectively); lipid 
content by extraction with petroleum ether using a SoxTec (Tecator systems, Höganäs, 
Sweden, extraction unit model 1043 and service unit model 1046); gross energy by direct 
combustion in an adiabatic bomb calorimeter (Parr model 6200; Parr Instruments, USA); 
acid detergent fiber (ADF) and neutral detergent fiber (NDF) were determined as described 
by Van Soest et  al. (1991) using a FIBRETHERM FT12 apparatus (13–0026, 12-place, 
automatic system).

Amino acid composition was determined according to the method described by SSADS-
CACTI (University of Vigo), involving acid hydrolysis followed by HPLC–MS/MS analysis 
(Muñoz-Seijas et al. 2024).

Statistical analysis

Data were presented as the mean of untransformed data and the pooled standard error 
of the mean. Data were checked for normality (Shapiro–Wilk test) and homogeneity of 
variances (Levene’s test). When these assumptions were not met, data were log- or square-
root transformed prior to analysis.

Comparisons between the control diet and each test diet were performed using non-
orthogonal contrasts. Differences among test diets containing 7.5% or 15% of untreated 
(PP) or pretreated (PPT) P. palmata were analyzed by two-way analysis of variance 
(ANOVA), with inclusion level (7.5% vs 15%) and treatment (PP vs PPT) as fixed factors. 
When a significant interaction between inclusion level and treatment was detected, pairwise 
comparisons were performed using Student’s t-tests.

A probability level of 0.05 was used to reject the null hypothesis. All analyses were per-
formed using IBM SPSS Statistics version 26 (IBM, Armonk, NY, USA).
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Results

The apparent digestibility coefficients of dry matter, crude protein, lipids, gross energy, 
and neutral detergent fiber did not differ among diets (Table  3). The ADC of several 
amino acids was higher in fish fed with 7.5PP, 15PP, and 7.5PPT diets than in the control 
diet. Namely, the ADC of isoleucine, threonine, valine, and serine were significantly 
higher in fish fed the 7.5PP diet than the control diet (14.2%, 8.4%, 24.5%, 6.2%, 
respectively). The ADC of arginine, isoleucine, valine, tyrosine, aspartic acid, and serine 
was significantly higher in fish fed the 7.5PPT diet than the control diet (12.6%, 17.7%, 
28.4%, 15.7%, 8.3%, 7.5%, respectively). The ADC of isoleucine, leucine, phenylalanine, 
valine, tyrosine, alanine, glutamic acid, serine, and proline was significantly higher in fish 
fed the 15PP diet than in those fed the control diet (13.8%, 7.8%, 16.1%, 32.7%, 17.0%, 
3.8%, 12.2%, 8.8%, 7.1%, respectively). In contrast, the ADC of lysine and threonine was 
significantly lower in fish fed the 15PPT diet than in those fed the control diet (6.1%, 
18.8%, respectively).

Irrespective of the dietary inclusion levels, the pretreatment significantly decreased 
the ADC of isoleucine, leucine, methionine, phenylalanine, alanine, and aspartic acid 
(Table  3). Regardless of treatment, increasing the dietary inclusion level significantly 
reduced the ADC of isoleucine, leucine, alanine, and aspartic acid. A significant interaction 
between pretreatment and inclusion level was observed for the digestibility of arginine, 
threonine, valine, glutamic acid, and proline. Increasing the inclusion level decreased the 
digestibility of arginine, valine, and proline in diets including pretreated P. palmata. In 
diets including untreated P. palmata, threonine digestibility was significantly higher at a 
7.5% inclusion level. In contrast, at a 15% inclusion level, diets containing untreated P. 
palmata showed higher glutamic acid digestibility than the pretreated diet.

European seabass juveniles accepted all diets well, and no mortality occurred (Table 4). 
In diets containing P. palmata, no effects of treatment or dietary inclusion level were 
observed. Final body weight was significantly higher in fish fed 7.5PP (15.1%), 7.5PPT 
(13.3%), 15PP (18.1%), and 15PPT (11.8%) diets compared to the control diet. Weight gain 
and daily growth index were similarly increased in these groups. The final body length was 
also significantly higher in fish fed the 7.5PP diet (3.2%) and 15PP diet (3.3%), while the 
final condition index was significantly higher in fish fed the 7.5PPT diet (9.5%) compared to 
the control diet. Feed intake was higher in fish fed all diets, including P. palmata, than in the 
control; however, the difference was only statistically significant with the 15PPT diet (8.6%). 
This resulted in feed efficiency being significantly higher in fish fed the 7.5PP, 7.5PPT, and 
15PP diets than in those fed the control diet (14.9%, 14.9%, 16.4%, respectively).

The protein efficiency ratio was also higher in fish fed diets containing P. palmata than 
in the control; however, the difference was only statistically significant with the 15PP diet 
(15.0%) (Table 4). Nitrogen retention (g/kg ABW/day) was significantly higher in fish fed 
the 7.5PP (42.1%) and 15PP (42.1%) diets compared to the control diet. Energy retention 
(kJ/kg ABW/day) was similar between the control diet and each test diet. Regardless of 
inclusion levels, pretreatment of P. palmata significantly decreased nitrogen retention (g/
kg ABW/day).

No differences were observed among diets for whole-body dry matter, lipid, ash, gross 
energy, or visceral index (Table 5). Regardless of dietary inclusion level, pretreatment of 
P. palmata resulted in a decrease in whole-body protein content. Compared with the con-
trol diet, the hepatosomatic index was significantly lower in fish fed 7.5PP (25%), 7.5PPT 
(20.9%), 15PP (30.4%), and 15PPT (29.1%) diets.
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Table 3   Apparent digestibility coefficients (%) of the diets

Control 7.5PP 7.5PPT 15PP 15PPT SEM
Dry matter 66.8 67.9 66.7 68.6 68.8 0.150
Protein 78.3 82.3 79.6 80.4 75.5 0.375
Lipids 80.2 83.1 77.0 87.1 71.8 0.868
Energy 74.6 76.5 76.6 77.1 71.4 0.352
Neutral detergent 

fiber
49.1 45.8 37.7 43.4 58.4 1.145

Amino acids
  Arginine, Arg 70.5 78.4 80.7■△ 74.8 66.3▲ 0.876
  Histidine, His 86.2 89.3 90.6 90.2 83.2 0.468
  Isoleucine, Ile 66.8 76.3■ 78.6■ 76.0■ 64.9 0.925
  Leucine, Leu 84.9 88.6 88.8 91.5■ 82.7 0.523
  Lysine, Lys 93.9 93.3 94.3 93.5 88.2■ 0.374
  Methionine, Met 91.7 94.7 93.5 96.0 88.6 0.428
  Phenylalanine, Phe 77.1 83.7 84.7 89.5■ 77.4 0.784
  Threonine, Thr 70.2 76.1■○ 68.2● 71.8 57.0■ 1.064
  Valine, Val 56.0 69.7■ 71.9■△ 74.3■ 55.9▲ 1.328
  Tyrosine, Tyr 70.5 77.5 81.6■ 82.5■ 68.2 0.966
  Alanine, Ala 91.2 92.4 92.4 94.7■ 88.3 0.348
  Aspartic acid, Asp 75.5 80.6 81.8■ 80.9 72.1 0.622
  Glutamic acid, Glu 77.1 80.8 82.0 86.5■○ 70.1● 0.913
  Glycine, Gly 93.4 93.9 94.6 82.1 92.2 0.771
  Serine, Ser 84.2 89.4■ 90.5■ 91.6■ 86.0 0.465
  Proline, Pro 86.9 90.0 90.5△ 93.1■ 85.5▲ 0.450

Two-way-ANOVA Variable Source
Treatment Inclusion level Interaction

Dry matter ns ns ns
Protein ns ns ns
Lipids ns ns ns
Energy ns ns ns
Neutral detergent 

fiber
ns ns ns

Amino acids
  Arginine, Arg ns ** **
  Histidine, His ns ns ns
  Isoleucine, Ile ** *** ns
  Leucine, Leu ** * ns
  Lysine, Lys ns ns ns
  Methionine, Met * ns ns
  Phenylalanine, Phe ** ns ns
  Threonine, Thr *** *** **
  Valine, Val ns *** **
  Tyrosine, Tyr ns ns ns
  Alanine, Ala *** ** ns
  Aspartic acid, Asp * ** ns
  Glutamic acid, Glu * * **
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The activities of trypsin, chymotrypsin, amylase, and lipase in European seabass were not 
affected by the experimental diets, except for total protease activity, which was significantly 
lower in fish fed the 15PPT diet than in those fed the control diet (48.7%) (Table 6).

Plasma cholesterol, total protein, triglyceride, glucose, and albumin levels were not 
affected by the experimental diets (Table 7).

Discussion

P. palmata has been identified as a promising dietary ingredient for aquaculture that may 
contribute to the diversification of more sustainable aquafeed formulations. However, its 
potential as a feed ingredient remains underexplored, particularly in marine fish species. 
In the present study, the dietary inclusion of up to 15% P. palmata, replacing wheat 
meal, did not compromise the apparent digestibility of the diets. Moreover, its nutrient 
bioavailability seems to be higher than that of other macroalgae previously tested in 
European seabass. For example, the dietary incorporation of 8% Gracilaria gracilis 
reduced dry matter, protein, and energy digestibility (Valente et al. 2021), whereas the 
dietary incorporation of 10% Gracilaria cornea resulted in lower dry matter and lipid 
digestibility (Valente et al. 2006).

In the present study, we employed a novel approach by applying high-solid loading 
alkaline autoclaving (1 N NaOH for 30  min) to the macroalgae. Although the alkaline 
autoclave treatment at high solid loading significantly reduced neutral detergent fiber 
and increased soluble protein of P. palmata, the dietary inclusion of pretreated P. 
palmata did not improve overall digestibility. Indeed, it even reduced the digestibility 
of some amino acids. The reduction in digestibility may be linked to the effects of heat 
and alkali treatments on the chemical and physical properties of the treated P. palmata, 
which may have limited the access of digestibility enzymes to the digesta. Indeed, in the 
present study, after treatment, soluble protein increased from 3.66  mg/g in untreated P. 
palmata to 8.55 mg/g in treated P. palmata, suggesting that the treatment induced changes 
in protein conformation and possibly chemical modifications (Ghelichi et  al. 2024). 
Thermal treatment (50 and 90 °C for 15–60 min) has been reported to cause thickening 
and incipient gel formation of soluble P. palmata polysaccharide with a marked increase 
in viscosity (Lafeuille et  al. 2022). Moreover, thermal (temperatures above 60  °C) and 
alkaline treatments have also been reported to cause extensive restructuring of the 

PP untreated P. palmata, PPT alkaline-pretreated P. palmata, 7.5 and 15: dietary inclusion levels (%) of P. 
palmata
Values are presented as mean (n = 3) and pooled standard error of the mean (SEM)
■  Denotes significant differences (non-orthogonal contrast analysis) between the control diet and each test 
diet
ns-: non-significant (p ≥ 0.05); ⁎p < 0.05; ⁎⁎p < 0.01; ⁎⁎⁎p < 0.001
○, ● indicate differences between treatments; △, ▲ indicate differences between inclusion levels

Table 3   (continued)

  Glycine, Gly ns ns ns
  Serine, Ser ns ns ns
  Proline, Pro ** ** **
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Table 4   Growth performance and feed utilization of European sea bass juveniles fed the experimental diets

PP untreated P. palmata, PPT alkaline-pretreated P. palmata, 7.5 and 15: dietary inclusion levels (%) of P. 
palmata
Values are presented as mean (n = 3) and pooled standard error of the mean (SEM)
■ Denotes significant differences (non-orthogonal contrast analysis) between the control diet and each test 
diet (7.5PP; 7.5PPT; 15PP; 15PPT)
Two-way ANOVA: ns: non-significant (p ≥ 0.05); ⁎p < 0.05
1 Initial or final condition index = (IBW or FWB/IBL3) × 100
2 Daily growth index = (FBW1/3 − IBW1/3)/time in days) × 100
3 Feed efficiency = wet weight gain/dry feed intake
4 Protein efficiency ratio = wet weight gain/crude protein intake
5 Nitrogen or energy retention, NR or ER (g or kJ g/kg/day) = ((FBW × carcass N or energy content)—
(IBW × carcass N or energy content))/(ABW × number of days)

Control 7.5PP 7.5PPT 15PP 15PPT SEM
Initial body weight (IBW, g) 38.0 38.0 38.0 38.0 38.0 0.001
Final body weight (FBW, g) 68.4 78.7■ 77.5■ 80.8■ 76.5■ 1.423
Weight gain (g/kg/day) 7.71 9.39■ 9.24■ 9.71■ 9.07■ 0.226
Initial body length (IBL, mm) 160.1 161.1 160.1 159.5 160.5 0.088
Final body length (FBL, mm) 187.0 192.9■ 189.1 193.1■ 190.8 0.390
Initial condition index1 0.93 0.91 0.94 0.93 0.92 0.002
Final condition index1 1.05 1.09 1.15■ 1.12 1.11 0.016
Daily growth index2 0.98 1.24■ 1.22■ 1.30■ 1.19■ 0.036
Feed intake (% BW/day) 1.16 1.22 1.20 1.24 1.26■ 0.160
Feed efficiency3 0.67 0.77■ 0.77■ 0.78■ 0.72 0.015
Protein efficiency ratio4 1.53 1.74 1.74 1.76■ 1.62 0.032
Nitrogen retention (g/kg ABW/day)5 0.19 0.27■ 0.24 0.27■ 0.21 0.005
Energy retention (kJ/kg ABW/day)5 100.9 116.2 114.2 104.0 99.9 3.930
Mortality (%) 0.0 0.0 0.0 0.0 0.0 0.000
Two-way-ANOVA Variable Source

Treatment Inclusion Interaction
Initial body weight (IBW, g) ns ns ns
Final body weight (FBW, g) ns ns ns
Weight gain (g/kg/day) ns ns ns
Initial body length (IBL, mm) ns ns ns
Final body length (FBL, mm) ns ns ns
Initial condition index ns ns ns
Final condition index ns ns ns
Daily growth index ns ns ns
Feed intake (% BW/day) ns ns ns
Feed efficiency ns ns ns
Protein efficiency ratio4 ns ns ns
Nitrogen retention (g/kg ABW/day)5 * ns ns
Energy retention (kJ/kg ABW/day)5 ns ns ns
Survival (%) ns ns ns
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polysaccharide–protein matrix of P. palmata and alterations in the tertiary structure of 
the proteins, promoting protein unfolding and aggregation (Coelho et  al. 2025; Harnedy 
and FitzGerald 2013). Such structural modifications of both polysaccharide and protein 
fractions likely promote the formation of a more compact, less enzyme-accessible digesta, 
thereby contributing to the treatment’s adverse effect on digestibility, which was more 
evident at 15% than at 7.5% dietary inclusion.

In line with the apparent digestibility of the diets, dietary inclusion of P. palmata did 
not affect digestive enzyme activities, except for total protease activity in fish fed the 
15PPT, which was lower than in the control. Previous studies have reported variable 
effects of dietary macroalgae inclusion, which may be related to the type of algae tested 
or differences between fish species. Also, in European sea bass, the dietary inclusion of 
5% Rugulopteryx okamurae resulted in a marked reduction in digestive enzyme activity, 
which was partially or almost completely reversed when the macroalgal biomass was 
hydrolyzed or fermented (Vizcaíno et  al. 2024). Similarly, in Nile tilapia (Oreochromis 
niloticus), fermentation of Enteromorpha prolifera increased gastrointestinal protease, 

Table 5   Whole-body composition (% fresh weight), hepatosomatic, and visceral indices of European sea 
bass juveniles fed experimental diets

PP untreated P. palmata, PPT alkaline-pretreated P. palmata, 7.5 and 15: dietary inclusion levels (%) of P. 
palmata
Values are presented as mean (n = 3) and pooled standard error of the mean (SEM)
■ Denotes significant differences (non-orthogonal contrast analysis) between the control group and each test 
group (7.5PP; 7.5PPT; 15PP; 15PPT)
Two-way ANOVA: ns: non-significant (p ≥ 0.05); ⁎p < 0.05
1  Hepatosomatic index = (liver weight/whole body weight) × 100
2  Visceral index = (visceral weight/whole body weight) × 100

Initial Control 7.5PP 7.5PPT 15PP 15PPT SEM
Dry matter 26.9 35.1 33.6 33.7 33.8 33.5 0.353
Protein 15.0 15.2 16.4 15.6 16.3 14.7 0.120
Lipid 6.87 14.2 12.4 13.2 13.4 12.8 0.325
Ash 6.25 4.32 4.30 4.83 4.84 5.14 0.085
Gross energy (kJ/g) 6.91 9.66 9.72 9.69 8.91 8.97 0.161
Hepatosomatic 

index1
— 2.20 1.65■ 1.74■ 1.53■ 1.56■ 0.041

Visceral index2 — 11.3 9.74 9.48 10.0 9.20 0.122
Two-way-ANOVA Variable Source

Treatment Inclusion Interaction
Dry matter ns ns ns
Protein * ns ns
Lipid ns ns ns
Ash ns ns ns
Gross energy (kJ/g) ns ns ns
Hepatosomatic 

index1
ns ns ns

Visceral index2 ns ns ns



	 Aquaculture International (2026) 34:174174  Page 14 of 21

Table 6   Intestine enzyme activity (mU/mg protein) of European seabass juveniles fed the experimental 
diets

PP untreated P. palmata, PPT, alkaline-pretreated P. palmata, 7.5 and 15: dietary inclusion levels (%) of P. 
palmata
Values are presented as the mean (n = 9) and pooled standard error of the mean (SEM)
■ Denotes significant differences (non-orthogonal contrast analysis) between the control diet and each test 
diet (7.5PP; 7.5PPT; 15PP; 15PPT)
Two-way ANOVA: ns: non-significant

Control 7.5PP 7.5PPT 15PP 15PPT SEM
Total protease 131.3 105.7 101.8 110.4 67.3■ 7.159
Trypsin 59.5 49.0 52.3 52.5 46.8 3.800
Chymotrypsin 3.81 4.12 3.74 3.37 5.22 0.207
Amylase 13.9 20.4 13.6 13.2 14.8 0.911
Lipase 29.3 40.8 27.3 31.7 36.3 1.495
Two-way-ANOVA Variable Source

Treatment Inclusion Interaction
Total protease ns ns ns
Trypsin ns ns ns
Chymotrypsin ns ns ns
Amylase ns ns ns
Lipase ns ns ns

Table 7   Plasma metabolite quantification (mg/dL) of European sea bass juveniles fed with the experimental 
diets

PP untreated P. palmata, PPT alkaline-pretreated P. palmata, 7.5 and 15: dietary inclusion levels (%) of P. 
palmata
Values are presented as mean (n = 9) and pooled standard error of the mean (SEM)
No significant differences were found (non-orthogonal contrast analysis) between the control group versus 
each test group (7.5PP; 7.5PPT; 15PP; 15PPT)
Two-way ANOVA: ns: non-significant (p ≥ 0.05)

Control 7.5PP 7.5PPT 15PP 15PPT SEM
Total protein 159.5 143.2 159.4 156.8 140.3 1.386
Albumin 0.77 0.62 0.77 0.59 0.75 0.013
Cholesterol 122.7 134.4 145.6 128.6 148.5 1.636
Triglycerides 697.2 679.3 793.4 740.7 721.6 6.575
Glucose 64.4 64.1 67.0 71.4 76.2 0.780
Two-way-ANOVA Variable Source

Treatment Inclusion Interaction
Total protein ns ns ns
Albumin ns ns ns
Cholesterol ns ns ns
Triglycerides ns ns ns
Glucose ns ns ns
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amylase, and lipase activities (Yang et al. 2016). In red sea bream fed diets containing up 
to 15% G. lemaneiformis, no significant differences were also observed in protease and 
amylase activities. However, lipase activity decreased at the highest dietary inclusion levels 
(12–15%) (Xuan et al. 2019). In contrast, rainbow trout (Oncorhynchus mykiss) protease 
activity was decreased in diets containing 12% G. pygmaea. Similarly, lipase activity was 
increased in fish fed 6–12% G. pygmaea, while amylase activity was not affected by dietary 
macroalgae inclusion level (Sotoudeh and Mardani 2018).

Studies evaluating the effect of pretreated macroalgae on digestibility in fish are still 
limited, and the available evidence suggests that outcomes depend on the fish and macroalgae 
species, as well as the processing method used. Previously, two technological processes for 
macroalgae treatment were tested: a physical–mechanical rupture using a vibratory grinding 
mill to disrupt algal cell walls, and an enzymatic lysis applied after physical disruption 
using a commercial enzyme cocktail containing lipase, pectinase, cellulase, and amylase. 
The physical–mechanical rupture treatment did not improve the digestibility of dry matter, 
protein, lipid, or energy in either G. gracilis or U. rigida (Batista et  al. 2020a, 2020b). In 
contrast, the enzymatic treatment of U. rigida even reduced the digestibility of lipids, protein, 
and methionine (Batista et  al. 2020a, 2020b). On the other hand, a physical–mechanical 
rupture process based on a vibratory grinding method, followed by controlled drying of the 
disrupted biomass, was implemented in G. gracilis, which increased both protein and energy 
digestibility (Valente et al. 2021).

Dietary inclusion of P. palmata as a replacement for wheat meal significantly improved 
the growth performance of European seabass compared with the control, with no 
differences observed between inclusion levels or treatment types. Voluntary feed intake 
was slightly higher with the diets including P. palmata than in the control, although the 
difference was not statistically significant (except for the 15PPT group). On the other hand, 
feed efficiency increased (except for the 15PPT group), indicating that the enhanced growth 
was due to improved nutrient utilization rather than increased feed consumption. Given its 
limited contribution to total dietary protein, these effects are unlikely to result from protein 
replacement but rather from the macroalga’s functional properties, such as the presence of 
bioactive compounds or improved palatability.

Accordingly, N retention (g/kg ABW/day) was also higher in fish fed the P. palmata 
diets, and the difference from the control was statistically significant in the groups fed the 
untreated macroalgae. These results suggest that this red macroalga can be incorporated 
into diets for European seabass at levels up to 15% as a dietary ingredient with potential 
to contribute to more sustainable aquafeed formulations. Previously, studies in Atlantic 
salmon (Salmo salar) also reported no adverse effects on growth when up to 15% P. pal-
mata was incorporated into the diet (Wan et al. 2016). The effects of dietary inclusion of 
red macroalgae seem to be species- and level-dependent. For example, in European sea 
bass, the dietary inclusion of 8% G. gracilis did not affect growth and feed utilization, 
whereas 10% G. cornea reduced growth (Valente et  al. 2006, 2021). On the other hand, 
in gilthead sea bream (Sparus aurata), dietary inclusion of 2.5–5% G. gracilis improved 
growth performance (Passos et al. 2021). At the inclusion levels tested, these macroalgae 
should be regarded primarily as a functional dietary ingredient rather than as a conven-
tional protein source, although they may have potential beneficial effects on fish perfor-
mance, possibly through bioactive compounds that enhance nutrient utilization and meta-
bolic efficiency. Contrary to expectations, dietary inclusion of treated P. palmata did not 
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further improve growth performance and reduced the N retention (g/kg ABW/day). It is 
known that both the biomass-to-solvent ratio and the alkaline solvent used in the treatment 
of P. palmata affect protein and essential amino acids yield. For example, at low biomass-
to-liquid ratios (1:20 and 1:15), KOH and NaOH were shown to extract higher amounts of 
protein and essential amino acids than Na₂CO₃ (Idowu et al. 2024). However, the heat and 
alkali treatment applied in this study may have induced the oxidation of some amino acids 
(e.g., methionine, tyrosine, and threonine) and the formation of protein–protein and pro-
tein–carbohydrate crosslinks, thereby decreasing digestibility (Cabral et al. 2022; El Hosry 
et  al. 2025). Furthermore, the feed intake of the 15PPT diet was higher than that of the 
control diet, which may be related to the lower digestibility of some essential amino acids 
in the treated diets, leading the animals to increase their voluntary feed intake to meet their 
nutritional needs, as also previously observed in European seabass (Peres and Oliva-Teles 
1999; Boujard et al. 2004).

In the present study, dietary inclusion of P. palmata up to 15% did not affect the whole-
body proximate composition of European seabass, except for a lower whole-body protein 
content in fish fed diets containing pretreated P. palmata (7.5PPT and 15PPT). This 
reduction is consistent with the lower nitrogen retention (g/kg ABW/day) observed in fish 
fed the pretreated diets, regardless of inclusion level, suggesting reduced protein utilization 
efficiency. This effect may be associated with structural or chemical modifications of 
proteins induced by the pretreatment, potentially decreasing their bioavailability, as 
discussed previously. Also, in Atlantic salmon fed diets containing up to 15% P. palmata, 
the whole-body protein, ash, and energy content remained unaffected. However, lipid 
content was increased in fish fed diets with 5% algae (Wan et al. 2016). Similarly, European 
seabass fed diets containing up to 10% Gracilaria bursa-pastoris or G. cornea (Valente 
et al. 2006) or 8% G. gracilis (Batista et al. 2020a, 2020b) showed no significant changes 
in whole-body proximate composition. Likewise, diets containing 8% G. gracilis treated 
by vibratory grinding did not result in significant differences in whole-body or muscle 
composition in European seabass (Valente et al. 2021).

The visceral index (VI) also remained unchanged with diet composition. In contrast, the 
hepatosomatic index (HSI) was lower in fish fed diets containing P. palmata than in those 
fed the control diet. This reduction of HSI may be related to functional properties of P. 
palmata, which may have modulated hepatic lipid deposition. Indeed, in Atlantic salmon, 
the dietary inclusion of P. palmata improved liver health status, despite no changes in HSI 
or VI being observed (Wan et al. 2016). The functional properties of P. palmata require 
further evaluation.

The plasma metabolite profile of European seabass was also unaffected by either 
the inclusion level or pretreatment with P. palmata. Similarly, European seabass fed 
2.5–5% G. gracilis showed no changes in plasma glucose, total protein, or triglyceride 
levels (Passos et  al. 2021), while an increase in plasma glucose and a reduction of 
plasma triglycerides were observed when fed 8% G. gracilis (Batista et al. 2020a. 2020b; 
Valente et al. 2021). On the contrary, when fed a diet including 8% G. gracilis subjected 
to a physical–mechanical rupture treatment, plasma glucose and total protein levels were 
unaffected. However, plasma triglycerides were decreased compared to the control diet 
(Valente et al. 2021).
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Conclusion

The inclusion of up to 15% P. palmata in diets for European sea bass juveniles, replacing 
wheat meal, was well accepted and improved growth performance and feed efficiency with-
out compromising nutrient digestibility, digestive enzyme activity, or plasma metabolites. 
The pretreatment applied to the macroalgae in this study, although it significantly increased 
soluble protein content and decreased neutral detergent fiber, did not enhance fish per-
formance. Overall, these results support P. palmata as a promising dietary ingredient for 
juvenile European seabass and suggest that it may contribute to the development of more 
sustainable aquafeed formulations when used as a partial replacement for selected plant 
feed ingredients. Further research should evaluate its functional properties, define optimal 
inclusion levels in long-term trials, and assess its economic feasibility in practical feeds.
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