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Abstract
In Europe, turbot aquaculture has a high potential for sustainable production, but the low 
tolerance to fishmeal replacement in the diet represents a big issue. Therefore, this study 
investigated the effects of more sustainable feed formulations on growth and feed perfor-
mance, as well as nutritional status of juvenile turbot in recirculating aquaculture systems. 
In a 16-week feeding trial with 20 g juvenile turbot, one control diet containing traditional 
fishmeal, fish oil and soy products and two experimental diets where 20% of the fishmeal 
was replaced either with processed animal proteins (PAP) or with terrestrial plant pro-
teins (PLANT) were tested. Irrespective of diets, growth performance was similar between 
groups, whereas the feed performance was significantly reduced in fish of the PAP group 
compared to the control. Comparing growth, feed utilisation and biochemical parameters, 
the results indicate that the fish fed on PAP diet had the lowest performance. Fish fed the 
PLANT diet had similar feed utilisation compared to the control, whereas parameters of 
the nutritional status, such as condition factor, hepato-somatic index and glycogen con-
tent showed reduced levels after 16  weeks. These effects in biochemical parameters are 
within the physiological range and therefore not the cause of negative performance. Since 
growth was unaffected, the lower feed performance of fish that were fed the PAP formula-
tion might be balanced by the cost efficient formulation in comparison to the commercial 
and the PLANT formulations. Present study highlights the suitability of alternative food 
formulation for farmed fish.
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Introduction

Aquaculture has the potential to ensure a reliable supply of seafood for the globally 
increasing demands and sustainable growth. In order to conserve and sustainably use 
aquatic resources, the reduction of the environmental footprint of aquaculture practices has 
become a high priority for the scientific community, producers and consumers. One of the 
major concerns is the challenge to feed farmed fish with diets that are nutritious but at 
the same time economically and environmentally sustainable (Glencross et  al. 2020). In 
the last decades, research efforts focused on the identification of major nutritional require-
ments for important farmed fish such as trout, salmon, sea bass or seabream (FAO 2020; 
Naylor et al. 2021). These efforts set the foundation for substitution of fishmeal and fish 
oil originating from wild pelagic fish with other sources (Hardy and Barrows 2003). This 
resulted in diet formulations with reduced fish content that improve growth and feed per-
formance (Olsen and Hasan 2012).

However, in many carnivorous farmed fish, a total replacement of fish products in the 
diets is still not feasible. In order to reduce dependence on traditional fishmeal and fish oil, 
the use of fishery and aquaculture by-products is a good alternative for sustainable aqua-
feeds (Bendiksen et al. 2011; Forster et al. 2005; Hua et al. 2019; Whiteman and Gatlin 
2005). Processed raw materials such as hydrolysates are more energy efficient than fish-
meal from by-products and were shown to improve growth and feed performance in farmed 
fish (Siddik et al. 2020).

Terrestrial plant materials are commonly integrated into commercial fish diets (Abdel-
Latif et al. 2022; Gatlin et al. 2007; Naylor et al. 2021; Tacon et al. 2011) enabling even 
fish-free diet formulations for carnivorous fish. In the case of soybean, however, these 
products are often associated with unsustainable production, long transportation and a high 
proportion of genetically modified strains. Furthermore, soybean meals and other vegeta-
ble ingredients introduce anti-nutrients, giving rise to a number of problems for the fish 
such as enteritis and reduced nutrient uptake and bioavailability (Baeverfjord and Krogdahl 
1996; Kaushik et al. 1995; Storebakken et al. 1998). This can be offset—at least to a cer-
tain point—by refining the plant protein sources (Glencross 2016; Jia et al. 2022; Naylor 
et al. 2009; Refstie et al. 2005), which, however, introduces costs and results in a trade-off 
between fish welfare/health and feed cost. Other alternative protein and oil crops such as 
pea, rapeseed and lupines proved to be suitable for fish feeds (Burel et al. 2000b; Glencross 
et  al. 2011; Omnes et  al. 2015; Øverland et  al. 2009; Zhang et  al. 2012). However, the 
availability at a competitive price and regular supply in sufficient quality is still a major 
issue that needs to be solved (Bähr et  al. 2014; Glencross et  al. 2020). Moreover, many 
consumers question whether plant materials are an acceptable and appropriate feed ingre-
dient for carnivorous fish (Feucht and Zander 2015).

Plant material as a basic commodity is used in a wide range of human consumption, 
feed for terrestrial livestock, biofuels and many other industrial applications. Therefore, 
the competition is high, and aquaculture feed producers should avoid to totally rely on 
plant materials. Therefore, researchers and feed producers emphasise that a broader 
range of alternatives is needed to facilitate the predicted increase in fed aquaculture pro-
duction (FAO 2020; Matos et al. 2017). Since the European crisis of the mad cow dis-
ease in 1990, terrestrial animal proteins were mostly banned from farmed animal feed 
formulations. Therefore, research on PAPs in fish feeds is scarce until recently. How-
ever, recent studies show that PAPs are suitable alternatives to fishmeal in fish diets 
(Campos et al. 2017; Karapanagiotidis et al. 2019; Lu et al. 2015; Wang et al. 2015; Wu 
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et  al. 2018). However, in 2013 non-ruminant PAPs (processed animal proteins) were 
re-authorised in the EU under very specific regulations allowing correctly categorised 
PAP in aquafeeds. The availability in large amounts in the EU and elsewhere as a by-
product from food production and its nutritional value qualifies PAPs as a sustainable 
feed ingredient for fish (Tacon et al. 2011).

Recently authorised as novel food and feed in the EU, insect derived products, such 
as protein and lipids, are valuable ingredients for aquaculture feeds. Insects can valorise 
unused plant material, not suitable for human consumption, and transform it into valuable 
nutrients (Newton et  al. 2005; Van Huis 2013). They are also part of the natural diet of 
many freshwater and marine fish species (Henry et al. 2015). Meals derived from the black 
soldier fly (Hermetia illucens) or mealworm (Tenebrio molitor) were already successfully 
tested in fish diets for carnivorous fish species such as Atlantic salmon (Salmo salar) (Li 
et al. 2020), rainbow trout (Oncorhynchus mykiss) (Jozefiak et al. 2019; Rema et al. 2019; 
Stadtlander et al. 2017) and red seabream (Pagrus major) (Ido et al. 2019).

Other feed ingredients, such as micro- and macroalgae and microbial meals, are emerg-
ing as suitable protein and lipid sources for aquafeeds. Microbial biomass, which is pro-
duced as a by-product from food, beer and biogas production, can be a valuable ingredient 
in aquafeeds (Aas et  al. 2006; Bendiksen et  al. 2011; Oliva-Teles and Goncalves 2001; 
Olsen and Hasan 2012; San Martin et al. 2020; Tacon et al. 2011). In particular, microalgae 
are a valuable source with essential fatty acids in diets with a low level of fish oil. Addi-
tionally, algae and yeast can act as functional ingredients, increasing the health of farmed 
fish and crustaceans (Dineshbabu et al. 2019; Refstie et al. 2010; Vallejos-Vidal et al. 2016; 
Wan et al. 2019).

Novel feed formulations with a broad spectrum of ingredients can balance the ingredi-
ents’ quality, cost and availability, but most importantly, they need to satisfy the nutritional 
requirements of the farmed species. Thereby the effects of integrating alternative feed 
ingredients on fish performance and nutritional status have to be validated. In comparison 
to fishmeal, alternative ingredients differ in nutritional composition, digestibility of nutri-
ents and availability of minerals (Glencross 2016; Sugiura et  al. 1998). This may affect 
growth, nutrient utilisation and whole body composition of carnivorous fish and lead to an 
altered energy metabolism and energy allocation. Plant-based and carbohydrate-rich diets 
influenced the energy reserves, such as the hepatic content of glycogen and lipid in Atlantic 
salmon, rainbow trout (Krogdahl et al. 2004), Gilthead seabream (Sparus aurata) (Robaina 
et  al. 1995) and turbot (Scophthalmus maximus) (Miao et  al. 2016). Furthermore, plant-
based diets affected the mineral composition and availability in rainbow trout (Antony Jesu 
Prabhu et al. 2018; Read et al. 2014) and Atlantic salmon (Silva et al. 2019; Storebakken 
et al. 2000).

Turbot is an important species in EU aquaculture due to its high value and reputation 
and low competition with fishery production (EUMOFA 2018). It has a high potential for 
sustainable production due to the controlled farming cycle, production practices (RAS and 
flow-through systems) and its robustness, enabling high-density farming and domestication 
(FAO, 2005, 2005; Aksungur et al. 2007; Bischoff et al. 2018; EUMOFA 2018; Li et al. 
2013). However, as a carnivore, turbot has a low tolerance to fishmeal reduction (Burel 
et al. 2000a, 2000b; Nagel et al. 2012; von Danwitz et al. 2016) and is a sensitive and thus 
suitable candidate for testing novel feed formulations. Therefore, the present study aims to 
evaluate the effects of two novel feed formulations for sustainable turbot production, with 
moderate fishmeal replacement and using feed ingredients of terrestrial animal and plant 
origin, on the growth and feed performance, apparent digestibility of nutrients, energy stor-
age and apparent availability of minerals and trace elements.
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Material and methods

Experimental diets

All experimental diets were formulated to be isonitrogenous (530 g  kg−1). Due to spe-
cies’ behaviour and size, 3  mm pellets with positive buoyancy (floating) were manu-
factured by extrusion at SPAROS LDA (Olhão, Portugal). All diets, including the con-
trol diet, were produced using the same facility and extrusion parameters to minimise 
technological differences. There were three treatments, including two novel formu-
lations and one control diet, which was mimicking a typical current commercial for-
mulation used for turbot. In the control diet, the main protein sources were fishmeal 
(500 g  kg−1), wheat gluten (110 g  kg−1) and soy protein concentrate (100 g  kg−1). In the 
two experimental diets, the commercial fishmeal was fully replaced with fish by-prod-
ucts (meal and hydrolysates), and the overall fish-derived content was reduced by 20% 
to 400  g   kg−1. The remaining protein was sourced with emerging ingredients such as 
insect meal, single cell meal and algae meal. Soy-derived ingredients were replaced by 
pea protein and pea starch. Furthermore, in all experimental diets, DHA-rich algae and 
rapeseed oil replaced 60% of fish oil. The content of the respective experimental diets 
as well as the control diet is shown in Tables 1 and 2. Once the experimental feeds were 
produced, they were delivered from Portugal to the experimental facility at the Alfred 
Wegener Institute Helmholtz Centre for Polar and Marine Research (AWI) in Bremer-
haven (Germany). Before and during the trials, the feed was stored at 4  °C to ensure 
continuous quality of the diets throughout the feeding experiment.

Experimental setup

Juvenile turbot (Scophthalmus maximus) were purchased from France Turbot (L’Épine, 
France), transferred in specified transport containers overland to the recirculating aqua-
culture systems (RAS) of the Centre for Aquaculture Research (ZAF) at AWI, accli-
mated to the RAS for 2  weeks prior to starting the 16  week (112  days) experimental 
trial. A total of 750 turbots with a mean weight (± SD) of 20.2 ± 0.4 g and a mean total 
length of 10.1 ± 0.1  cm were randomly distributed into 15 tanks (50 fish per tank, 5 
tanks per diet). The RAS consisted of 36 tanks, each with a bottom area of 1  m2 and a 
volume of approx. 700 L. The condition of the process water was monitored constantly 
with a SC 1000 Multiparameter Universal Controller (Hach Lange GmbH, Germany), 
and the nutrient concentration was measured with the QuAAtro39 AutoAnalyzer (SEAL 
Analytical, Germany) twice a week (see Table 3).

The fish were fed twice a day (9 am and 2 pm) ad libitum. After the fish were fed in 
the afternoon (30 min later), the remaining pellets were netted (mesh size 1 mm) from 
the tanks, dried for 24 h at 50 °C and weighed. To account for potential weight loss of 
the non-eaten pellets, duplicates of each experimental diet (2 g each) were incubated at 
16 °C and 100 cycles per minute in 100 mL water which was taken from the experimen-
tal recirculation system (30 ‰ salinity) (Obaldo et al. 2002). After 30 min, the content 
was sieved (mesh size 1  mm), the collected pellets were dried for 24  h at 50  °C and 
weighted. The weight loss was used to calculate the loss factor for later correction of the 
recovered non-eaten pellets (see Formula (6)).
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Table 1  Formulation (%) of the experimental diets for juvenile turbot (Scophthalmus maximus)

Control commercial-like formulation, PAP processed animal protein, PLANT plant-based protein
x  not disclosed; 1 Sopropêche, France; 2 Conserveros Reunidos S.A., Spain; 3 SONAC BV, The Nether-
lands; 4 SAVINOR UTS, Portugal; 5 Allmicroalgae, Portugal; 6 ADM, The Netherlands; 7 Roquette Frères, 
France; 8 CARGILL, Spain; 9 Casa Lanchinha, Portugal; 10 COSUCRA, Belgium; 11 Alltech, Ireland; 
12 Henry Lamotte Oils GmbH, Germany; 13 Novastell, France; 14 DL‐alpha tocopherol acetate, 255  mg; 
sodium menadione bisulphate, 10 mg; retinyl acetate, 26,000  IU; DL‐cholecalciferol, 2500  IU; thiamine, 
2 mg; riboflavin, 9 mg; pyridoxine, 5 mg; cyanocobalamin, 0.5 mg; nicotinic acid, 25 mg; folic acid, 4 mg; 
L‐ascorbic acid monophosphate, 80 mg; inositol, 17.5 mg; biotin, 0.2 mg; calcium pantothenate, 60 mg; 
choline chloride, 1960 mg. Minerals (g or mg  kg−1 diet): copper sulphate, 8.25 mg; ferric sulphate, 68 mg; 
potassium iodide, 0.7  mg; manganese oxide, 35  mg; organic selenium, 0.01  mg; zinc sulphate, 123  mg; 
calcium carbonate, 1.5 g; excipient wheat middlings; 15 DSM Nutritional Products, Switzerland; 16 ORFFA, 
The Netherlands; 17 Ocean Harvest, Ireland; 18 Kemin Europe NV, Belgium; 19 Disproquímica, Portugal; 
20 Ajinomoto EUROLYSINE S.A.S, France; 21 EVONIK Nutrition & Care GmbH, Germany; 22 Sigma 
Aldrich, USA

Ingredients Control PAP PLANT

Fishmeal1 50.00 0.00 0.00
Fishmeal (by-product)2 0.00 35.00 35.00
Fish hydrolysate (by‐product)x 0.00 5.00 5.00
Insect meal (Hermetia illucens)x 0.00 5.00 5.00
Porcine  hemoglobin3 0.00 2.50 0.00
Poultry  meal4 0.00 10.20 0.00
Microbial protein meal (methanotrophic bacteria)x 0.00 2.50 2.50
Yeast protein meal (Saccharomyces cerevisiae)x 0.00 2.50 2.50
Microalgae meal (Arthrospira platensis)1 0.00 0.00 2.00
Microalgae meal (Chlorella vulgaris)5 0.00 0.00 0.50
Microalgae meal (Tetraselmis chuii)5 0.00 0.00 0.20
Soy protein  concentrate6 10.0 0.00 0.00
Pea protein  concentrate7 0.00 5.00 12.40
Wheat  gluten7 11.00 10.00 11.50
Soybean  meal8 4.00 0.00 0.00
Wheat  meal9 8.00 0.00 0.00
Pea  starch10 4.00 8.99 8.89
Fish  oil1 11.60 4.64 4.64
DHA-Rich algae (Schizochytrium)11 0.00 1.08 1.08
Rapeseed  oil12 0.00 3.44 4.64
Rapeseed  lecithin13 0.00 0.80 0.80
Vitamin and mineral  premix14 1.00 1.00 1.00
Vitamin  C15 0.05 0.05 0.05
Vitamin  E15 0.05 0.05 0.05
Betaine  HCl16 0.00 0.50 0.50
Macroalgae  mix17 0.00 0.50 0.50
Antioxidant18 0.18 0.18 0.18
Sodium  propionate19 0.10 0.10 0.10
L-Tryptophan20 0.00 0.15 0.15
DL-Methionine21 0.00 0.30 0.30
L-Taurine16 0.00 0.50 0.50
Yttrium  oxide22 0.02 0.02 0.02
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Measurements and sampling

Fish were weighed to 0.2 g precision and measured in length to 0.5  cm precision every 
4 weeks. At the end of the 16-week trial, 6 individuals from each of the 15 tanks were 
sampled, from which 3 fish were used for tissue sampling to determine the energy reserves 
and 3 fish per tank were sampled as whole fish for proximate and mineral analysis. Fish 

Table 2  Chemical composition 
of the experimental diets as fed

Control commercial-like formulation, PAP processed animal protein, 
PLANT plant-based protein. Values are expressed as means from 
duplicates

Control PAP PLANT

Moisture (%) 4.1 7.3 6.7
Crude protein (%) 52.9 52.8 52.8
Crude lipid (%) 16.5 16.2 18.1
Ash (%) 7.1 10.5 9.9
Gross energy (MJ  kg−1) 23.1 20.8 21.2
Minerals and trace elements

  Calcium (Ca; g  kg−1) 8.1 22.1 19.1
  Potassium (K; g  kg−1) 4.0 7.4 7.6
  Magnesium (Mg; g  kg−1) 1.8 1.7 1.9
  Sodium (Na; g  kg−1) 4.7 6.8 7.6
  Phosphorus (P; g  kg−1) 10.1 14.5 14.5
  Ca/P ratio 0.8 1.5 1.3
  Arsenic (As; mg  kg−1) 7.1 6.1 5.8
  Copper (Cu; mg  kg−1) 29.4 18.6 19.1
  Iron (Fe; mg  kg−1) 278.9 347.3 319.6
  Manganese (Mn; mg  kg−1) 71.8 90.6 69.8
  Zinc (Zn; mg  kg−1) 206.9 174.5 186.3

Amino acids (%)
  Arginine (Arg) 3.55 3.24 3.49
  Histidine (His) 1.24 1.18 1.17
  Isoleucine (Ile) 2.07 1.95 2.16
  Leucine (Leu) 3.26 3.26 3.27
  Lysine (Lys) 3.13 3.33 3.34
  Threonine (Thr) 2.09 1.97 2.02
  Tryptophan (Trp) 0.23 0.28 0.28
  Valine (Val) 2.09 2.35 2.31
  Methionine (Met) 1.07 1.14 1.21
  Cysteine (Cys) 0.26 2.34 0.28
  Phenylalanine (Phe) 2.35 0.26 2.39
  Tyrosine (Tyr) 1.99 1.97 2.01
  Alanine (Ala) 2.25 2.58 2.43
  Glycine (Gly) 2.42 2.52 2.16
  Proline (Pro) 3.02 2.66 2.57
  Serine (Ser) 2.28 2.11 2.13
  Taurine (Tau) 0.84 0.84 0.80
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were anaesthetized with 500 mg  L−1 tricaine methanesulfonate (MS-222; Sigma Aldrich, 
Germany). After recording weight (precision 0.01 g) and length (precision 0.5  cm), fish 
were sacrificed and tissues (liver and fillet without skin) were rapidly sampled on ice. The 
liver of three fish per tank (n = 15 fish per diet) was weighted with 0.0001 g precision to 
determine the hepato-somatic index (HSI). Both tissues were frozen in liquid nitrogen and 
stored at − 80 °C until further analysis. For digestibility analysis, the faeces were sampled 
by stripping anaesthetized fish and pooled from one tank, centrifuged at 4 °C and 3,000 × g 
for 5 min, and the pellets were frozen at − 80 °C until further analysis. To gain sufficient 
tissue mass, the whole fish bodies were pooled (from the 3 fish taken per tank), cut into 
small pieces and stored at − 20 °C until further analysis.

Chemical analysis of diets, whole body and faeces

The chemical analysis of the diets was conducted in duplicates (see Table 2) and of the 
whole body and faeces as pooled replicates per tank (n = 5 tanks per diet). The whole body 
samples were minced frozen using a meat grinder (MADO Primus, Germany), refrozen 
at − 20 °C and then freeze-dried for 48 h. The samples of the experimental diets and faeces 
were freeze-dried for 24 h. The experimental diets and whole body samples were further 
homogenised in a knife grinder (5000 rpm, 30 s, Grindomix GM 200, Retsch, Germany).

The moisture content, ash, crude protein, crude lipid and energy of the experimental 
diets, whole body fish and faeces was determined after AOAC (1980). Moisture content 
of the feeds was determined by drying the samples at 105 °C for 24 h. The moisture con-
tent of the whole body and faeces was determined by freeze-drying. Total ash content was 
determined by combustion of the samples in a muffle oven at 550  °C for 6 h. The total 
nitrogen in the feed and whole body samples was determined following the automated 
Kjeldahl Method. Due to small sample volume in the faeces samples, the total nitrogen 
was determined after the Dumas method. For all samples, the measured total nitrogen was 
converted to equivalent crude protein (%) by the numerical factor of 6.25. Crude lipid was 
determined by acid hydrolysis. Gross energy was measured in an adiabatic bomb calorim-
eter (Model 6100; Parr Instrument, Germany).

For the analysis of the mineral content, 0.2  g of freeze-dried and homogenised sam-
ples of the experimental diets, whole body and faeces was digested in 3  mL nitric acid 
 (HNO3) (65%, trace grade) in a microwave oven (CEM MARS5, Germany) according to 
DIN EN 13,805 (2014). After digestion, the samples were diluted with Milli-Q water to 
50  mL. Calcium, potassium, magnesium, phosphorus, arsenic, copper, iron, manganese, 
yttrium and zinc concentrations were analysed in an ICP-OES (iCAP7400; Fisher Scien-
tific, Germany). As reference fish muscle (ERM – BB422, EU) was used.

Glycogen and crude lipid content of liver and muscle tissue

Following the procedure described by Keppler and Decker (1988), glycogen content was 
determined photometrically after enzymatic hydrolysis of glycogen to glucose. Briefly, 
fillet and liver samples (3 individual fish per tank; 15 fish per diet in total) were grinded 
under liquid nitrogen, and approx. 200 mg tissue was homogenised in 5 × volume of ice-
cold 0.6 M perchloric acid (PCA) (w:v). After one cycle of 20 s at 6000 rpm and 3 °C using 
Precellys 24 (Bertin Technologies, France), samples were sonicated for 2 min at 0 °C and 
360 W (Branson Ultrasonics Sonifier 450; Fisher Scientific, Germany), and homogenates 
were immediately divided for the analysis of total and free glucose concentrations. Due to 
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small volume, the individual samples of liver and muscle were pooled (n = 5 tanks per diet) 
for the crude lipid content. Following the method of Folch et al. (1957) and Postel et al. 
(2000), the lipids in the muscle and liver tissue were extracted with 2:1 dichloromethane-
methanol (v/v) and an aqueous solution of 0.88% KCl (w:v). Crude lipid content was deter-
mined gravimetrically to the nearest 0.001 g and calculated as the percentage of lipids of 
tissue wet weight.

Data analysis (calculations and statistics)

The growth parameters were based on body weight (BW) and body length (BL) and calcu-
lated as follows.

The feed performance parameters, daily feed intake (DFI) and feed conversion ratio (FCR) 
were based on the feed intake (FI) in g of the offered amount of feed and the uneaten feed, 
which is corrected by the soluble loss factor. Total FI and WG for FCR were corrected for the 
lost biomass through mortalities and sampling.

The apparent digestibility (ADC) of the dietary nutrients and the apparent availability (AA) 
of minerals were based on the amount of the inert yttrium marker in the diet and faeces and 
the respective nutrient or element in faeces and diets.

(1)Weight gain (WG, g) = BWfinal − BWinitial

(2)Relative growth rate
(

RGR,%d−1
)

= 100 × (e
ln (BWfinal)−ln(BWinitial)

feeding days − 1)

(3)Condition factor (CF) = 100 ×
BW

BL3

(4)Hepato − somatic index (HSI) = 100 ×
liver weight

BWfinal

(5)Total Feed Intake
(

FItotal, g
)

= Feedoffered − (Feeduneaten × factorsoluble loss)

(6)factorsoluble loss = 1 + [1 − (
Feedfinal

Feedinitial
)]

(7)
Daily feed intake (DFI, % BW d−1) = 100 × FItotal∕

BWfinal + BWinitial

2
× Feeding days−1

(8)Feed conversion ratio (FCR) =
FItotal

WG

(9)Protein efficiency ratio (PER) =
weight gain

crude protein intake
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The glycogen content was calculated based on the concentration of total glucose 
 (ctotal glucose) subtracted by the concentration of free glucose  (cfree glucose).

whereas ∆A = the change in absorption, Vassay total = the total measurement volume 
of the assay (ml), Ɛ = the coefficient of extinction at 339 nm (6.3 mL µmo−1  cm−1), d = the 
thickness of layer for the cuvette (1  cm), Vsample = the sample volume (mL), DF = the 
dilution factor and  ctissue = the concentration of tissue wet weight in crude extract (mg 
 mL−1).

The glucose concentration was converted to glycogen content using the molecular 
weight of the glucosyl moiety in glycogen with Mr = 162 g  mol−1.

Statistical analysis

Statistical analysis was conducted with Sigma Plot (12.5, Systat Software, Germany). One-
way analysis of variance (ANOVA) was used to determine significant differences between 
the treatments. Whenever there were statistically significant differences, an all pairwise 
multiple comparison procedure was performed using the Holm-Sidak method (overall sig-
nificance level p = 0.050) to find the difference within the treatments. Values are given as 
means ± standard deviations.

Results

Growth and feed performance

The experimental feed formulations did not significantly affect the growth of the juvenile 
turbots, and the survival during the experimental period was high with 0% mortalities 
(Table 4). After 16 weeks, the fish from the control group increased their weight 3.25 fold 
(65 g), whereas the fish fed with the experimental diets only increased their weight 3.10 
fold (by an average of 62  g). The fish accepted all diets with a daily feed intake (DFI) 
of 0.99 ± 0.03% BW  d−1 (n = 15 tanks). The feed conversion ratio (FCR) in the fish from 
the control group was significantly lower than in the fish from the PAP group, with no 
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significant differences to the fish from the PLANT group. The protein efficiency ratio 
(PER) was significantly higher in the fish from the control group than in the PAP group 
with no significant differences to the fish from the PLANT group. The condition factor 
(CF) was significantly affected by the experimental diets (Table 4). The CFs of fish from 
PLANT group were significantly lower than of the fish in the control and the PAP group. 
However, the CF significantly increased in all treatments from the initial to the final (t-test; 
p =  < 0.001).

Table 4  Performance parameters of the juvenile turbot (Scophthalmus maximus) fed the experimental diets 
for 16 weeks (n = 5 tanks per diet)

Control commercial-like formulation, PAP processed animal protein, PLANT plant-based protein. Values 
are expressed as means ± SD, and values with different letters within the same line are significantly different 
(p < 0.050), F and p values from one-way ANOVA.

Control PAP PLANT F p

Initial body weight (g) 20.2 ± 0.3 20.1 ± 0.5 20.4 ± 0.4 0.402 0.677
Final body weight (g) 85.2 ± 9.7 82.9 ± 6.1 82.1 ± 9.5 0.183 0.835
Weight gain (g) 65.0 ± 9.5 62.8 ± 5.9 61.7 ± 9.2 0.203 0.819
Relative growth rate (%  d−1) 1.29 ± 0.09 1.27 ± 0.06 1.25 ± 0.09 0.293 0.751
Daily feed intake (% BW  d−1) 0.98 ± 0.03 1.01 ± 0.04 1.00 ± 0.03 0.985 0.402
Feed conversion ratio 0.87 ± 0.03b 0.92 ± 0.03a 0.90 ± 0.02ab 5.059 0.026
Protein efficiency ratio 2.17 ± 0.07a 2.06 ± 0.06b 2.10 ± 0.05ab 4.031 0.046
Initial condition factor 1.96 ± 0.02 1.94 ± 0.02 1.95 ± 0.03 0.767 0.486
Final condition factor 2.11 ± 0.01a 2.10 ± 0.01a 2.07 ± 0.02b 7.750 0.007

Table 5  Proximate whole body composition on wet weight basis and apparent digestibility coefficient of 
juvenile turbot (Scophthalmus maximus) fed the experimental diets for 16 weeks (n = 5 tanks per diet)

Control commercial-like formulation, PAP processed animal protein, PLANT plant-based protein. Values 
are expressed as means ± SD, and values with different letters within the same line are significantly different 
(p < 0.050), F and p values from one-way ANOVA

Control PAP PLANT F P

Moisture (%) 74.1 ± 1.3 76.6 ± 0.9 74.4 ± 3.5 1.802 0.207
Crude protein (%) 16.2 ± 1.1 15.2 ± 0.8 16.1 ± 2.6 0.491 0.624
Crude lipid (%) 4.5 ± 0.4a 3.5 ± 0.4b 3.9 ± 0.5ab 6.585 0.012
Ash (%) 3.7 ± 0.3 3.9 ± 0.1 4.3 ± 0.6 3.039 0.086
Gross Energy (MJ  kg−1) 5.2 ± 0.6 4.6 ± 0.2 5.3 ± 0.8 2.130 0.162
Apparent digestibility coefficient

  Dry matter (%) 83.2 ± 1.1a 77.1 ± 1.7b 77.2 ± 1.9b 23.103  < 0.001
  Crude protein (%) 92.0 ± 0.5a 89.8 ± 0.7b 89.7 ± 0.7b 22.626  < 0.001
  Gross Energy (%) 85.2 ± 0.8 86.4 ± 2.2 86.3 ± 1.1 1.027 0.388
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Whole body composition, apparent digestibility and energy reserves

The whole body composition with moisture content, crude protein, ash content and energy 
content did not differ significantly between fish fed the different diets (Table 5). Fish from 
the PAP group had a significantly lower crude lipid content than the fish from the con-
trol group with no significant differences to the fish from the PLANT group. The apparent 
digestibility coefficients (ADC) of dry matter and crude protein were significantly higher in 
the fish from the control group compared to the fish from the experimental groups, whereas 
the ADC of energy was not affected (see Table 5).

The hepato-somatic index (HSI) of fish fed the control diet was significantly higher than 
that of the fish from the experimental groups (Table 6). The hepatic glycogen was signifi-
cantly higher in the fish fed the control than in the fish fed the PLANT diet, with no sig-
nificant difference to the fish from the PAP group. The hepatic lipid content, glycogen, and 
lipid content in the muscle of turbot showed no significant differences between groups (see 
Table 6).

Mineral analysis of the diets, mineral balance and apparent availability

The mineral content of the whole body showed no significant differences in the fish from 
all diets, except for arsenic and copper concentration in the PLANT-feeding fish that 
was significantly higher than in the control fish, with no significant differences to PAP 
(Table 7).

For all analysed minerals, the apparent availability (AA) was highest in the control diet 
compared to the experimental diets, except for potassium and sodium, where the AA in the 
control was lowest (Table 7). No significant differences were found in the availability of 
calcium, arsenic and zinc. The potassium and sodium availability in the control was sig-
nificantly lower than in the experimental diets. In contrast, the availability of magnesium, 
copper and iron was in the control significantly higher than in the experimental diets. The 
phosphorus availability was in the control diets significantly higher than in the PLANT 
diet, with no significant differences to the PAP diet. The manganese availability was in the 
PLANT diet significantly lower than in the control and PAP diet.

Table 6  Hepato-somatic index (n = 15 fish per diet), glycogen in wet tissue (n = 15 fish per diet) and lipid 
content in dry tissue (n = 5 tanks per diet) in the liver and muscle of juvenile turbot (Scophthalmus maxi-
mus) fed the experimental diets for 16 weeks

Control commercial-like formulation, PAP processed animal protein, PLANT plant-based protein. Values 
are expressed as means ± SD; values with different letters within the same line are significantly different 
(p < 0.050), F and p values from one-way-ANOVA

Control PAP PLANT F P

Hepato-somatic index 1.8 ± 0.3a 1.5 ± 0.3b 1.5 ± 0.3b 4.177 0.022
Liver glycogen (mg  g−1) 63.7 ± 23.9a 48.0 ± 17.2ab 46.4 ± 16.0b 3.666 0.034
Liver lipid (mg  g−1) 452.0 ± 56.5 486.6 ± 54.9 527.2 ± 64.8 2.044 0.172
Muscle glycogen (mg  g−1) 1.7 ± 0.7 1.8 ± 0.7 2.1 ± 0.7 1.411 0.255
Muscle lipid (mg  g−1) 64.3 ± 20.6 90.8 ± 37.4 77.0 ± 35.2 0.861 0.447
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Discussion

In the present study, the more sustainable feed formulations, in which fish-derived 
ingredients were reduced by 20%, resulted in juvenile turbot with similar growth com-
paring to the control (commercial-type feed) group. This is congruent with literature 
where decreased growth and feed performance were observed when more than 30–35% 
of fishmeal was replaced by processed animal protein (Dong et  al. 2016), insect meal 
(Kroeckel et  al. 2012) and plant protein (Bian et  al. 2017; Bonaldo et  al. 2015; Burel 
et al. 2000a; Fournier et al. 2004; Hermann et al. 2016; von Danwitz et al. 2016). Nev-
ertheless and not unexpected, compared to controls, fish that were fed the slightly leaner 
experimental diets were less capable of building up energy reserves as the hepato-
somatic index (HSI) and the slightly lower liver glycogen show, possibly augmented 
by a slightly lower apparent digestibility of dietary protein (2%) and energy (3%) of 
the control diet compared to the experimental diets. The fish in the PAP group had the 
poorest feed conversion, whereas other parameters showed no clear picture. In any case, 

Table 7  Analysed concentrations on wet weight basis in the whole body and apparent availability (AA) 
of minerals and trace elements in turbot (Scophthalmus maximus) fed the experimental diets for 16 weeks 
(n = 5 tanks per diet)

Control commercial-like formulation, PAP processed animal protein, PLANT plant-based protein. Values 
are expressed as means ± SD, and values with different letters within the same line are significantly different 
(p < 0.05), F and p values from one-way ANOVA

Control PAP PLANT F P

Calcium (Ca; g  kg−1) 10.41 ± 2.16 10.02 ± 1.91 12.40 ± 2.25 1.832 0.202
Potassium (K; g  kg−1) 2.79 ± 0.35 3.02 ± 0.22 3.13 ± 0.48 1.061 0.376
Magnesium (Mg; g  kg−1) 0.33 ± 0.05 0.35 ± 0.02 0.39 ± 0.05 3.138 0.080
Sodium (Na; g  kg−1) 1.52 ± 0.21 1.63 ± 0.09 1.77 ± 0.20 2.305 0.142
Phosphorus (P; g  kg−1) 6.34 ± 1.22 6.48 ± 0.89 7.70 ± 1.21 2.254 0.147
Ca/P ratio 1.64 ± 0.04 1.54 ± 0.08 1.61 ± 0.07 2.735 0.105
Arsenic (As; g  kg−1) 0.72 ± 0.09b 0.83 ± 0.10ab 0.91 ± 0.08a 5.642 0.019
Copper (Cu; mg  kg−1) 0.48 ± 0.06b 0.53 ± 0.02ab 0.60 ± 0.08a 4.288 0.021
Iron (Fe; mg  kg−1) 4.74 ± 0.7 7.37 ± 2.52 6.67 ± 1.12 3.430 0.066
Manganese (Mn; mg  kg−1) 13.25 ± 3.70 11.25 ± 1.59 15.27 ± 2.64 2.611 0.114
Zinc (Zn; mg  kg−1) 11.22 ± 1.22 11.35 ± 0.61 13.23 ± 1.85 3.608 0.059
Apparent availability

  Calcium (Ca; %) 58.7 ± 14.9 45.6 ± 16.5 37.7 ± 25.8 1.451 0.273
  Potassium (K; %) 88.1 ± 1.2b 93.4 ± 1.1a 94.0 ± 0.9a 46.210  < 0.001
  Magnesium (Mg; %)  − 61.7 ± 22.6a  − 151.5 ± 37.6b  − 142.1 ± 37.4b 10.992 0.002
  Sodium (Na; %)  − 30.6 ± 37.5b 13.1 ± 19.2a 30.9 ± 5.5a 8.323 0.005
  Phosphorus (P; %) 88.1 ± 1.9a 78.7 ± 7.2ab 77.8 ± 7.1b 4.578 0.033
  Arsenic (As; %) 91.8 ± 2.0 90.4 ± 2.9 90.1 ± 2.1 0.751 0.493
  Copper (Cu; %) 62.4 ± 5.4a 36.0 ± 2.8b 41.9 ± 3.5b 58.949  < 0.001
  Iron (Fe; %) 46.9 ± 4.3a 17.4 ± 3.6b 17.7 ± 7.1b 52.347  < 0.001
  Manganese (Mn; %) 72.5 ± 11.5a 52.8 ± 7.3a 32.4 ± 23.5b 8.156 0.006
  Zinc (Zn; %) 46.0 ± 6.6 27.3 ± 15.9 26.2 ± 21.3 2.484 0.125
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the results of present study indicate that successful substitution of traditional fishmeal 
and fish oil can be achieved in turbot. It can further be speculated that an equal frac-
tion of digestible energy contents between the different diets would have led to an even 
better similarity in fish performance between the diets of the GAIN project alternative 
formulations as it was shown with similar formulation in Gilthead seabream (Aragao 
et al. 2020). Even though the crude lipid content in the PLANT diet was 2% higher than 
in the control and PAP diet, a possible effect of this on the turbot can be negligible. The 
crude protein level (52%) used in present study is sufficiently high for turbot to mini-
mise possible effects of the differing crude lipid level as previously observed in juvenile 
turbot (Sevgili et al. 2014).

Growth and feed performance

The relative growth rate (RGR) was similar between all groups, on average 1.27 ± 0.08% 
 d−1 (n = 15 tanks) indicating that the different diets did not affect turbots’ energy alloca-
tion with respect to growth performance. In the present study, the RGR was higher by 
0.01 percentage points compared to the specific growth rate (SGR), which is widely used 
in literature (i.e. Arnason et al. 2009; Bonaldo et al. 2011; Burel et al. 1996; Nagel et al. 
2012). However, it is incorrect in concept to express the SGR as a percentage increase in 
daily weight, and therefore, the RGR is used instead (Hardy and Barrows 2003). The pre-
sented RGR results were lower than those of similar sized turbot based on the majority of 
available literature data (Arnason et al. 2009; Burel et al. 1996; Fuchs et al. 2015; Imsland 
et al. 1996; Nagel et al. 2017) but moderate to high compared to turbot in commercial RAS 
(Baer et al. 2011).

The feed conversion ratio (FCR) and protein efficiency ratio (PER) were significantly 
better in the control than in the PAP group. However, the differences between the FCRs 
in all diets were small with a mean value of 0.90 ± 0.03 (n = 15), and the daily feed intake 
(DFI) was approximately 0.99% BW  d−1 resulting in a RGR in the expected range (Burel 
et al. 1996). Furthermore, the turbot strain used in the present study might have a lower 
growth rate per se, as turbot exhibit counter gradient variation (Imsland et al. 2000). Strains 
from lower latitudes, such as France, show generally lower growth and feed efficiency 
compared to populations from higher latitudes, such as Norway and Iceland (Imsland et al. 
2001).

In present study, the differences in FCR might be overestimated due to the higher mois-
ture content in the experimental diets compared to the control diet. The same pattern as for 
the FCR was observed in the protein efficiency ratio, with the highest value for the control, 
followed by PLANT and PAP. In line with literature, in the present study, the apparent 
digestibility coefficient (ADC) of protein in turbot decreased (> 90% in the control group 
with 450 g   kg−1 fishmeal) when the fishmeal inclusion level is reduced (Bai et al. 2019; 
Bonaldo et al. 2011; Li et al. 2019; Liu et al. 2014b; Regost et al. 1999). When combin-
ing all feed performance indicators, the fish from the control group had the best perfor-
mance followed by the PLANT group and the PAP group where fish showed the lowest 
performance.

Even though the condition factor (CF) of turbot from the PLANT group showed sta-
tistically a difference to the control and PAP group (2.07 vs. 2.11 and 2.10, respectively), 
the physiological relevance is minor and does not indicate poorer nutritional status. CFs 
above 2 indicate an overall good nutritional status of the fish, as presented CFs are similar 
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to values of in previous studies (Fuchs et al. 2015; Nagel et al. 2017; von Danwitz et al. 
2016; Wanka et  al. 2019; Weiß and Buck 2017). In previous studies, a reduced CF was 
observed in turbot fed with plant-based diets (Bonaldo et al. 2015) and insect meal-based 
diets (Kroeckel et al. 2012) at a substitution/replacement level of more than 55%. In line 
with present study, reduced CF in fish fed with different PAPs was not observed in previous 
studies for European sea bass (Campos et al. 2017), Gilthead seabream (Karapanagiotidis 
et al. 2019) and rainbow trout (Lu et al. 2015). However, this might be biased by a lack of 
studies on this feed ingredient.

Nutritional and energy status

In this study, fish from the control group had a significantly higher HSI than the fish from 
the two experimental groups (1.8 vs. 1.5 and 1.5, respectively). The HSI of the control 
group is good for juvenile turbot (Bonaldo et al. 2015; Dietz et al. 2012; Nagel et al. 2017). 
The hepatic glycogen of the control, PAP and PLANT fed turbot (63.7 mg  g−1, 48.0 mg  g−1 
vs. 46.4 mg  g−1, respectively) followed a similar pattern indicating a positive correlation 
between glycogen as energy reserve in a good nutritional status and the HSI (Guerreiro 
et al. 2015a; Liu et al. 2014a; Miao et al. 2016; Zeng et al. 2015). Hepatic glycogen serves 
in many fish species as an energy reserve, and high glycogen deposition leads to increased 
liver weight in many fish species (Hemre et  al. 2002). The liver lipid content was not 
affected by the diet, which is in line to a study by Guerreiro et al. (2015b) on European 
seabass that were fed with plant protein compared to fish protein. The effects of the diet on 
the hepatic lipid content might be minor since turbot does not store excess dietary lipid in 
the liver or muscle (Leknes et al. 2012; Liu et al. 2014a; Regost et al. 2001). The muscle 
glycogen and lipid content were not affected by the diets, whereas the muscle glycogen 
(1.9 mg  g−1, calculated for all animals, irrespective of diet group) was on the lower range 
of 1–12  mg   g−1 compared to previous studies (Miao et  al. 2016; Pichavant et  al. 2002; 
Soengas et al. 1995).

Considering the lower HSI and hepatic glycogen of the PAP and PLANT fed turbot, 
we can conclude that the experimental diets used in present study did alter the nutritional 
status of turbot to a certain degree without negatively affecting the growth. The decreased 
apparent digestibility of the experimental diets might have caused a reduced surplus on 
energy resulting in slightly smaller liver masses and thus HSI in PAP and PLANT fed tur-
bot. Interestingly, it has been shown that the reduction and replacement of fishmeal with 
alternative feed ingredients could lead to contradicting results. Decreasing fishmeal content 
may lead to a decreased HSI (Bai et al. 2019; Gu et al. 2017; Kroeckel et al. 2012; von 
Danwitz et al. 2016; Wanka et al. 2019), unchanged HSI (Bonaldo et al. 2015; Fuchs et al. 
2015; Wang et al. 2016; Weiß and Buck 2017) or even increased HSI (Dietz et al. 2012; 
Fournier et al. 2004; Nagel et al. 2017). This aspect might be worth investigating in more 
detail to unravel the observed variation in HSI, hepatic glycogen and lipid dependent on 
alternative feed ingredients.

Mineral balance, utilisation and availability

The concentrations of calcium, potassium, sodium, phosphorus, iron and manganese 
were lower in the control diet than in the experimental diets. The type of fishmeal used 
can explain the elevated ash, calcium and phosphorus content in the experimental diets. 
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Fishmeal from fish by-products has a higher ash content containing much calcium and 
phosphorus due to a higher content of bones compared to traditional fishmeal (Olsen and 
Hasan 2012). These differences, however, did not significantly affect the concentration 
of minerals and trace element in the whole body of turbot, which are similar to those of 
other species (see meta-analysis by Antony Jesu Prabhu et al. 2016). However, the manga-
nese concentration was twice as high as the maximum described for different fish species 
(Antony Jesu Prabhu et al. 2016) and for turbot in RAS (van Bussel et al. 2014). This might 
be due to accumulation effects in the whole body, which was already described in turbot 
(Ma et al. 2015) and Atlantic salmon parr (Lorentzen et al. 1996).

Even though there were no diet-dependent effects on the concentrations of calcium, 
arsenic and zinc, the apparent availability magnesium, copper and iron were signifi-
cantly higher in the fish from the control group than in the fish fed with the experi-
mental diets. Furthermore, the apparent availability of phosphorus and manganese was 
significantly reduced in fish fed the plant-based diet compared to the fish fed the control. 
Potassium and sodium had a significantly reduced apparent availability in the fish fed 
the control compared to the fish fed the experimental diets. Substances such as phytate 
in plant-based feed ingredients are known to bind minerals and, thus, reduce the avail-
ability of phosphorus, iron and zinc in fish (Kumar et al. 2012). The inclusion of rape-
seed in diets leads to a reduced availability of phosphorus, manganese, iron and zinc 
but increased copper availability in turbot (von Danwitz et  al. 2016). The potassium 
and sodium availability was in general high and was significantly higher in fish fed the 
experimental diets than in the control group (93% and 94% in PAP and PLANT vs. 88% 
in control). In contrast, the potassium availability in rainbow trout was higher in the 
fishmeal-based diet than in the plant-based diet (Antony Jesu Prabhu et al. 2015, 2018).

Since the mineral concentrations in the whole body are similar in the fish from all 
experimental groups, it can be concluded that the mineral and trace element demand 
was sufficiently covered and that the elevated mineral concentration in the experimental 
diets was balanced by elevated excretion rates.

Prediction of feed and production costs

The present results of growth performance indicate that alternative feed formulations 
can be used in commercial aquaculture for juvenile turbot. Since feed costs are the larg-
est cost factor in the production, small differences in the FCR can balance feed costs 
and could make more cost efficient formulations attractive. The animal-based formula-
tion (PAP) presented in this study has a lower cost with a commercial margin than the 
commercial-like control formulation, whereas the plant protein formulation (PLANT) 

Table 8  Estimated feed costs 
for typical turbot (Scophthalmus 
maximus) farms with the 
alternative feed formulations

Control commercial-like formulation, PAP processed animal protein, 
PLANT plant-based protein

Control PAP PLANT

Full cost with commercial margin (€  ton−1) 2373 2027 2569
Feed cost to produce fish (€  ton−1) 2064 1865 2312
Change over control (%) −10 12
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is more expensive (see Table 8). Taking this study’s FCRs into consideration, the feed 
costs to produce one ton of turbot is still lower with the PAP formulation than the con-
trol and the PLANT formulation. Feeding juvenile turbot with the PAP formulation 
could lead to a cost reduction of 10% compared to the control, whereas feeding the 
PLANT formulation would increase the costs by 12%.

Conclusion

The present study highlighted that fish by-products are a suitable replacement for com-
mercial fishmeal and that protein sources derived from terrestrial plants or animals can 
replace 20% of the overall fish-derived ingredients without compromising growth perfor-
mance and body composition of juvenile turbot. These findings are a promising start for 
further research to find the optimal replacement of marine ingredients, in order to ensure 
acceptable feed utilisation and deviations from nutritional status. Overall, the alternative 
diet formulations may produce leaner fish, which have the potential for muscle growth 
rather than adiposity, and the slightly lowered apparent digestibility of protein suggests that 
waste production within a commercial aquaculture system would not be much higher than 
with feeding the control diet. Furthermore, the feed formulation based on processed animal 
protein (PAP) seems to be an economical feasible alternative for juvenile turbot since the 
lower feed related production costs balance the slightly poorer feed conversion. Further 
studies on turbot in the grow-out phase will investigate how a higher fishmeal replacement 
will affect the performance.

Besides the effects of the alternative feed formulations on fish performance, the eco-
nomic and environmental benefits of the diets, the consumers’ acceptance of the diet for-
mulations need to be considered. Alternative feed ingredients, sourced through circular 
economy processes, could be more environmentally sustainable (Maiolo et  al. 2020) but 
may also increase production costs. Hereby particularly, insect and algae production could 
be included in an integrated multi trophic aquaculture (IMTA) system, which reduces the 
environmental impact by recycling of nutrients (Barrington et  al. 2009; Milhazes-Cunha 
and Otero 2017). Many consumers are concerned that feed ingredients, such as by-products 
from terrestrial animals, may not be safe (Glencross et al. 2020). Furthermore, they express 
the concern that the feed formulations with high levels of plant ingredients might not be 
species appropriate and impair the animal welfare of cultured fish (Feucht and Zander 
2015). Therefore, in addition to the marketing of more sustainable aquaculture products 
in Europe, such socio-economic aspects need to be considered when developing new and 
innovative fish diets for commercial important fish species.
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