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Effects of dietary plant and
animal protein sources and
replacement levels on growth
and feed performance and
nutritional status of market-
sized turbot (Scophthalmus
maximus) in RAS
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One part of aquaculture sustainability is reducing the environmental footprint of
aquaculture feeds. For European aquaculture, this means finding feed ingredients
that are produced within the economic community, and that are not in conflict
with human consumption. This is especially challenging when formulating diets
for carnivorous fish such as turbot with low tolerance to fishmeal replacement
that are both nutritious and economically and environmentally sustainable.
Therefore, we investigated the effects of two novel and innovative feed
formulation concepts on growth and feed performance and the nutritional
status of market-sized turbot in a recirculating aquaculture system. In a 16-
week feeding trial, 440 turbot (300 + 9 g) were fed twice a day with a control diet
(CTRL), based on a commercial formulation, and four experimental diets. The
experimental diets were designed to investigate the effects of two formulations
concepts based on sustainable terrestrial plant proteins (NoPAP) or processed
animal proteins (PAP) and of 30% and 60% fishmeal replacement with emerging
feed ingredients (fisheries by-products, insect meal and fermentation biomass).
Turbot from the CTRL group had a similar growth and feed performance than fish
fed the NoPAP30 formulation, with a significant decline of performance in the fish
fed both PAP formulations and the NoPAP60. Comparing the two formulation
concepts with each other the voluntary feed intake and protein efficiency ratio on
tank basis as well as the individual weight gain and relative growth rate was
significantly higher in the fish from the NoPAP groups than PAP groups.
Furthermore, the apparent digestibility of nutrients and minerals was
significantly reduced in the fish fed with the diets with 30% and 60% fishmeal
replacement level compared to the fish from the CTRL group. In conclusion, the
performance of the fish fed the NoPAP30 formulation concept highlights the
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potential of the used combination of sustainable ingredients, such as fisheries by-
products, insect meal, microbial biomass and plant protein for turbot.
Furthermore, this study shows that turbot has a higher tolerance to the
incorporation of plant and insect protein than of processed animal protein.

KEYWORDS

insect meal, grow-out phase, by-products, digestibility, minerals, consumer,
sustainable, circular economy (CE)

1 Introduction

Anthropogenic activities, such as exploiting natural
resources, building infrastructures and producing food have
altered and shaped our planet and its ecosystems leading us
into the new Anthropocene epoch (Lewis and Maslin, 2015).
Within the Anthropocene, aquaculture may pose a risk as it can
have a range of environmental impacts and its reliance on
terrestrial agricultural products, fished marine protein and by
competing with human food consumption for fish feeds (Troell
et al., 2014; Keys et al., 2019). To conserve and sustainably use
the valuable ecosystems and resources, the reduction of the
environmental footprint of aquaculture feeds has become a high
priority for the scientific community, producers and consumers
(Glencross et al., 2020; Naylor et al., 2021). Furthermore, global
crises have highlighted the importance of locally sourced raw
materials and the reduction of the dependence on imports in
many production sectors (Folke et al., 2021; Sara et al., 2022).

For European aquaculture, this means to utilize sustainable
feed ingredients that are produced within the economic
community, such as plant protein from lupines and peas, and
that are used for human consumption, such as insect meal and
by-products from food processing of marine and terrestrial
animals. Research efforts focused on the identification of
major nutritional requirements for important farmed fish such
as trout, salmon, sea bass or seabream (FAO, 2020; Naylor et al.,
2021), resulting in diet formulations with reduced fish content
that improve growth and feed performance (Olsen and Hasan,
2012; Hua et al,, 2019). However, in many carnivorous farmed
fish, a total replacement of fish products in the diets is still not
feasible. The needed fish protein can be sourced from side-
streams of the aquaculture production sector (Vazquez et al.,
2020; Malcorps et al., 2021), which are a good alternative for
sustainable aquafeeds (Forster et al, 2005; Whiteman and
Gatlin, 2005; Bendiksen et al., 2011; Hua et al., 2019).
Processed raw materials such as fish protein hydrolysates are
more energy efficient than fishmeal from by-products and were
shown to improve growth and feed performance in farmed fish
(Siddik et al., 2020). Other alternative feed ingredient sources are
processed animal proteins from poultry and pork by-products of

Frontiers in Marine Science

02

the human food industry. The availability in large amounts in
the EU and elsewhere as a byproduct from food production and
its nutritional value qualifies processed animal proteins (PAPs)
as a sustainable feed ingredient for fish (Tacon et al,, 2011; Lu
et al,, 2015; Wang et al., 2015; Campos et al,, 2017; Wu et al,,
2018; Karapanagiotidis et al,, 2019). Insect meal derived from the
black soldier fly (Hermetia illucens) or mealworm (Tenebrio
molitor) is also a promising feed ingredient for carnivorous fish
such as Atlantic salmon (Salmo salar) (Li et al., 2020), rainbow
trout (Oncorhynchus mykiss) (Stadtlander et al., 2017; Jozefiak
et al., 2019; Rema et al., 2019). Insect larvae can valorize unused
plant material, not suitable for human consumption, and
transform it into valuable nutrients (Newton et al., 2005; Van
Huis, 2013). Microbial biomass, which is produced as a by-
product from food, beer and biogas production, can be a
valuable ingredient in aquafeeds (Oliva-Teles and Goncalves,
2001; Aas et al., 2006; Bendiksen et al., 2011; Tacon et al., 2011;
Olsen and Hasan, 2012; San Martin et al., 2020). Life-cycle
assessment revealed that insect meal and poultry by-product
meal are the most sustainable alternatives for partial fishmeal
replacement (Maiolo et al., 2020).

The European fish consumers prefer high value carnivorous
species such as salmon, trout, sea bass, and turbot (Petereit et al.,
2022b). Our approach within the GAIN2020 project (EU H2020
grant no. 773330) was to develop alternative feed formulation
concepts for a range of European aquaculture species such as
salmon, trout (Maiolo et al., 2021), sea bream (Naya-Catala et al.,
2021), sea bass (Petereit et al., 2022a) and turbot (Hoerterer
et al., 2022b) based on various proteins sourced through circular
economy tapping by-products and side-streams from food
production sectors.

The life cycle of a fish in aquaculture includes many different
stages with different needs for nutrition. Focusing on the life stages
that are fed with compound diets, the protein and energy
requirements of carnivorous fish generally decrease with increasing
size (Kousoulaki et al., 2015). Most feeding studies concentrate on
the juvenile stage of fish, since they respond quicker to nutritional
changes due to their fast growth, making studies more cost efficient
since statistically relevant growth differences appear in a shorter time
span (Charles Bai et al, 2022). However, it is also important to
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investigate the effects of alternative feed ingredients and formulation
on fish in the grow-out phase. The grow-out phase is for many larger
marketed fish such as salmon and turbot, the longest phase
accounting of 1-2 years (FAO, 2022b; FAO, 2022a). Turbot is
usually transferred at 4-6 month of age and with a body weight of
approximately 100g into land-based flow-through or recirculation
aquaculture systems (RAS) to start the grow-out phase (FAO, 2022b;
EUMOFA, 2022). Feeding costs account for 50%-60% of the overall
production costs in carnivorous fish species making feed quality an
important issue for a successful farming operation in European
aquaculture production (Davis and Hardy, 2022). Here, alternative
feed ingredients, which are often cheaper, offer the potential of
reducing feed costs. However, compared to traditional feed
ingredients such as fishmeal and soybean products, they differ
often in quality, nutritional composition, digestibility of nutrients
and availability of minerals (Glencross, 2016; Hua et al,, 2019). This
may affect growth, nutrient utilization and whole body composition
(Bonaldo et al,, 2015; Aragao et al., 2020) of carnivorous fish and lead
to an altered energy metabolism and energy allocation (Palma
et al., 2020).

In this study, we used a variety of key performance
indicators for growth, feed utilization and nutritional status to
find an alternative formulation for marked-sized turbot to the
currently used commercial formulation, which has a similar
performance and is economically attractive. In a bi-directional
approach, we investigated (1) the effects of two novel and
innovative feed formulation concepts based on sustainable feed
ingredients such as plant protein, krill meal, insect meal and
microbial biomass without (NoPAP) and with the inclusion of
processed animal protein (PAP) and (2) how much fishmeal
could be replaced within these two formulation concepts
(replacement levels 30% and 60%).

2 Material and methods
2.1 Experimental diets

Based on the nutrient requirements of marked sized turbot, five
experimental diets were formulated to be isonitrogenous (crude
protein. ~520 g/kg as fed), isolipidic (crude lipid: ~160 g/kg as fed)
and isoenergetic (gross energy: 20 MJ/kg as fed) and manufactured
as 6 mm floating pellets by extrusion at SPAROS LDA (Olhao,
Portugal). The control diet (CTRL) was formulated to mimic a
current standard commercial diet used for turbot with 40% fishmeal
combined with 42% plant ingredients. One aspect of the feeding
trial was to replace 30% and 60% of the fishmeal content in the
novel formulation concepts. Additionally, the remaining fish-
derived protein sources were fully replaced by fishmeal and fish
protein hydrolysate (4% FHP) from fisheries by-products. The
difference in fishmeal content was replaced by a combination of

Frontiers in Marine Science

03

10.3389/fmars.2022.1023001

krill meal, insect meal and fermentation biomass (21% and 31%
respectively). One formulation concept contained 30% plant protein
concentrates (PPC) (NoPAP) and the second formulation concept
was based on 12% PPCs and on 21% processed animal proteins
(PAP). Furthermore, 50% of traditional fish oil in the control diet
was replaced by salmon oil from by-products and algae oil
Moreover, in the novel formulation concepts the selenium and
iodine from the vitamin and mineral premix was replaced by
enriched macro and microalgae to increase the bioavailability of
selenium and iodine for turbot. The formulation and chemical
composition of the experimental diets is shown in Tables 1 and 2.
Before and during the trials the feed was stored at 4°C to ensure
continuous quality of the diets throughout the feeding experiment.

2.2 Experimental setup

Turbot (Scophthalmus maximus) were purchased from France
Turbot (L’Epine, France), transferred in specified transport
containers overland to the Centre for Aquaculture Research
(ZAF) at the Alfred Wegener Institute Helmholtz Centre for
Polar and Marine Research (AWI, Bremerhaven, Germany). The
fish were acclimated to the recirculating aquaculture system (RAS)
for two weeks prior to starting the 16 week (112 days) experimental
trial. A total of 440 turbots with a mean weight (+ SD) of 300.0 +
8.5 g and total length of 25.3 + 0.1 cm were randomly distributed
into 20 tanks. The five experimental treatments were randomly
distributed between the 20 tanks with four replicate tanks per
treatment to counteract any possible tank effects. For more precise
growth parameters 330 fish (300.0 + 47.0 g and 25.3 + 1.0 cm) were
individually tagged with pit tags (7x1.35 mm, ISO 11784, Loligo
Systems AS, Denmark). The RAS consisted of 36 tanks each
containing 700 L with a bottom area of 1 m?® each. The
temperature (17.5 = 0.1°C), pH (7.6 + 0.1), conductivity (53.4 +
1.8 mS/cm), and oxygen saturation (97.3 + 5.3%) of the process
water was monitored constantly (N = 112 days, SC 1000
Multiparameter Universal Controller, Hach Lange GmbH,
Germany). The ammonium (0.12 + 0.05 mg/L), nitrite (0.4 + 0.3
mg/L), and nitrate (193.6 + 34.5 mg/L) concentration was measured
with an automated analyzer (QuAAtro39 AutoAnalyzer, SEAL
Analytical, Germany) twice a week (N = 28).

The fish were fed in the morning (9 am) a weight adapted
portion (1% of estimated tank biomass) and in the afternoon (2 pm)
ad libitum. In the afternoon, 30 min after the feeding the remaining
pellets were netted (mesh size 1 mm) from the tanks and counted.

2.3 Measurements and sampling

Fish were weighed to 0.2 g precision and measured in length
to 0.5 cm precision and tags were read to track individual growth
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TABLE 1 Formulation of the five experimental diets (Manufacturer of feed ingredients) for market-sized turbot.

Experimental diets

CTRL NoPAP30 PAP30 NoPAP60 PAP60

Ingredients (%)

Fishmeal LT70" 40.00 0.00 0.00 0.00 0.00
Fishmeal 60 (by—products)2 0.00 28.00 28.00 16.00 16.00
Fish protein hydrolysate' 4.00 0.00 0.00 0.00 0.00
Fish protein hydrolysate (by-products)® 0.00 4.00 4.00 4.00 4.00
Krill meal Qrill AQUA* 0.00 3.50 3.50 3.50 3.50
Porcine blood meal® 0.00 0.00 6.00 0.00 6.00
Poultry meal® 0.00 0.00 15.00 0.00 15.00
Insect meal” 0.00 8.75 8.75 13.70 13.70
Fermentation biomass® 0.00 8.75 8.75 13.70 13.70
Soy protein concentrate’ 10.00 7.50 0.00 7.50 0.00
Wheat gluten'’ 14.20 10.65 0.00 10.65 0.00
Wheat meal'! 17.83 11.65 12.17 1218 12.65
Fish oil' 7.00 3.50 3.50 3.50 3.50
Salmon oil'? 0.00 3.80 3.80 5.60 5.50
Algae oil? 0.00 1.00 1.00 1.20 1.20
Rapeseed oil'* 4.50 2.70 1.40 1.20 0.00
Vitamin & Mineral Premix'? 1.00 0.00 0.00 0.00 0.00
Vitamin & Mineral® *without Se & I 0.00 1.00 1.00 1.00 1.00
Vitamin E50'° 0.10 0.10 0.10 0.10 0.10
Betaine HCI' 0.05 0.05 0.05 0.05 0.05
Macroalgae'® 0.00 2.00 2.00 2.00 2.00
Macroalgae Se-rich'® 0.00 0.05 0.05 0.05 0.05
Microalgae Se-rich'’ 0.00 0.30 0.30 0.30 0.30
Antioxidant® 0.20 0.20 0.20 0.20 0.20
Sodium propionate®' 0.10 0.10 0.10 0.10 0.10
Monoammonium phosphate” 1.00 1.50 0.30 2.30 1.20
L-Lysine HCI 99%7 0.00 0.80 0.00 0.95 0.10
L-Taurine'” 0.00 0.08 0.01 0.20 0.13
Yttrium oxide®* 0.02 0.02 0.02 0.02 0.02

CTRL, commercial-like formulation, formulation concepts (FC): NoPAP, plant-based protein, PAP, processed animal protein, level of fishmeal replacement (FR): 30/60

! Sopropéche SA, France;

2 Conserveros Reunidos SA, Spain;

* Blue whiting (Micromesistius poutassou) CP 49.9%, CF 1.0%, GAIN - Instituto de Investigaciones Marinas - CSIC, Spain;

* AKER Biomarine AS, Norway;

* SONAC BV, The Netherlands;

© SAVINOR UTS, Portugal;

7 Black soldier fly (Hermetia illucens) CP 57.8%, CF 8.5% (Supplier not disclosed);

8 Methylococcus capsulatus CP 68.2%, CF 9.8% (supplier not disclosed);

° ADM WILD BV, The Netherlands;

1% Roquette Freéres, France;

I Casa Lanchinha Lda, Portugal;

12 CF 98.3%, 4.6% EPA; 5.2% DHA, Sopropéche SA, France;

13 Alltech, Ireland;

14 Henry Lamotte Oils GmbH, Germany;

' Vitamins (IU or mg kg™ diet): DL-alpha tocopherol acetate, 255 mg; sodium menadione bisulphate, 10 mg; retinyl acetate, 26000 IU; DL-cholecalciferol, 2500 1U; 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
panthotenate, 60 mg; choline chloride, 1960 mg. Minerals (g or mg kg™ diet): copper sulphate, 8.25 mg; ferric sulphate, 68 mg; manganese oxide, 35 mg; zinc sulphate, 123 mg; calcium
carbonate, 1.5 g; potassium iodide*, 0.7 mg; organic selenium®, 0.01 mg; excipient wheat middlings;
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' DSM Nutritional Products Ltd, Switzerland;

'7 ORFFA Additives BV, The Netherlands;

8 GAIN - Salten Havbrukspark AS, Norway;

19 GAIN - Wageningen University & Research, The Netherlands;
20 Kemin Europe NV, Belgium;

*! Disproquimica, Portugal;

22 Aliphos BV, The Netherlands;

23 Indukern SA, Portugal;

** Sigma Aldrich, USA.

every four weeks. At the end of the 16-week trial, five fish from
each of the 20 tanks were sampled for tissue sampling to
determine the energy reserves and three fish per tank were
sampled as whole fish for proximate and mineral analysis of the
carcass. Fish were anesthetized with 500 mg/L tricaine methane
sulphonate (MS-222, Sigma Aldrich, Germany) prior to
exsanguination. After taking the weight (precision 0.01 g) and
length (precision 0.5 cm) fish were killed and tissues (liver and
filet without skin) were rapidly sampled on ice. The liver of 20
fish per treatment was weighed with 0.0001 g precision to
determine the hepato-somatic index (HSI). Both tissues were
shock frozen in liquid nitrogen and stored at -80°C until further
analysis. For digestibility analysis, the feces were sampled by
stripping anesthetized fish and pooled from all fish in one tank,
centrifuged at 4°C and 3,000g for 5 min, and the pellets were
frozen at -80°C until further analysis. To gain sufficient tissue
weight the fish carcasses were pooled (from the three fish taken
per tank), and cut into small pieces and stored at -20°C until
further analysis.

10.3389/fmars.2022.1023001

For analysis of the marketable products of turbot three fish
per tank (n = 12 per diet and N = 60 in total) were killed with a
blow to the head and separation of the gill artery. The fish were
weighed to 0.1 g precision and measured in length to 0.5 cm
precision, visceral and filet removed and weighted to 0.1 g
precision to determine the percentage of marketable gutted
whole fish and filet yield.

2.4 Chemical analysis of diets, whole
body and feces

The chemical analysis of the diets was conducted in
duplicates (n=10), while carcass and fecal samples were pooled
on tank level with four replicate tanks per experimental diet. The
carcass samples were minced frozen using a commercial meat
grinder homogeneously and refrozen The samples of the
experimental diets homogenized in a knife grinder (5000 rpm,
30 s, Grindomix GM 200, Retsch, Germany).

TABLE 2 Chemical composition of the five experimental diets for market-sized turbot as fed.

CTRL NoPAP30
Proximate composition
Moisture (%) 5 55
Crude Protein (%) 52.9 51.6
Crude Lipid (%) 17.2 15.9
Ash (%) 8.8 9.3
Energy (MJ/kg) 19.9 19.7
Mineral composition
Calcium (Ca, g/kg) 15.1 20.9
Copper (Cu, mg/kg) 12.8 18.7
Iron (Fe, mg/kg) 120.9 192.7
Potassium (K, g/kg) 8.4 6
Manganese (Mn, mg/kg) 19.5 28.3
Sodium (Na, g/kg) 9 6.6
Phosphorus (P, g/kg) 13.9 15.7
Selenium (Se, mg/kg) 2.2 3
Zinc (Zn, mg/kg) 61.2 72.7

Experimental diets

PAP30 NoPAP60 PAP60
5.7 7.1 6
51.2 50.5 517
15.9 16.2 162
9.9 7.5 8.5
19.6 19.1 19.7
23.2 135 18
18.1 185 18.1
281.1 254.6 364.8
6.5 53 6.2
20.3 223 234
6.3 5.7 5.4
15.7 14.4 15
33 3 2.3
74.9 64.5 72

CTRL, commercial-like formulation, formulation concepts (FC): NoPAP, plant-based protein, PAP, processed animal protein, level of fishmeal replacement (FR): 30/60
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The dry matter, ash, crude protein and crude lipid of the
experimental diets and fish carcass were determined after AOAC
(1980). Dry matter content of the diets and carcass was
determined by drying the samples at 105°C for 24 h. 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
carcass was determined following the automated Kjeldahl
Method. Due to small sample volume in the feces samples, the
total nitrogen in the freeze-dried feces 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 calorimeter
(Model 6100; Parr Instrument, Germany).

For the analysis of the mineral content, 0.2 g of freeze-dried
and homogenized samples of the experimental diets, carcass and
feces were digested in 3 ml nitric acid HNOj3 (65%, trace grade)
in a microwave oven (CEM MARS5, Kamp-Lintfort, Germany)
according to DIN EN 13805 (2014). After digestion, the samples
were diluted with milli-q water to 50 mL. Calcium, potassium,
magnesium, phosphorus, arsenic, copper, iron, manganese,
selenium, yttrium and zinc concentrations were analyzed in an
ICP-OES (iCAP7400, Fisher Scientific, Schwerte, Germany). As
reference fish muscle (ERM - BB422, EU) was used.

2.5 Glycogen 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. Filet and liver
samples of 5 individual fish per tank (20 fish per treatment)
were grinded under liquid nitrogen and approx. 200 mg tissue
was homogenized in 5x 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 Sonifier 450)
and homogenates were immediately divided for the analysis of
total and free glucose concentrations.

2.6 Data analysis

The growth parameters were based on initial body weight
(BW, g), final BW and final body length (BL, cm) and calculated
as follows.

Weight gain (WG, g) = final BW - initial BW (1)
Specific growth rate (SGR)
In(final BW) -1In(initial B
100 x n( fina W)’ n(initial BW ) 2)
feeding days
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final BW

Condition factor (CF) = 100 X W 3)
B o - liver _ weight(g)
Hepato — somatic index (HSI) = 100 x final BW (4)

The feed performance parameters, Voluntary feed intake
(VFI) and feed conversion ratio (FCR) were based on the total
feed intake (FI) in g of the offered amount of feed and the
uneaten feed.

Total Feed Intake (FI, g) = Feedypeq — Feedyeaten  (5)
Voluntary feed intake (VFI, % average body weight (ABW)/d) (6)
= 100 x FI/(M/feeding days)
Feed jon ratio (FCR) F1 )
eed conversion ratio = —
wG
Protein efficiency ratio (PER)
WG
= — (8)
crude protein intake (g)
Whole fish gutted (%)
100 % BW - viscera weight (g) ©)
BW
ilet weight
Filet yield (%) = 100 x et weight (&) )

BW

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

ttri i
ADC dry matter (%) = 100 - (100 xw> (11)

yttriumfem

ADC protein (%)

tri . roteiny,,
= 100 [ 100 x M PTOTMyece (12)
yttrlumfeces protein gy,
ADC mineral (%)
Hrium g, mineral
= 100- (100 x Y rfumd,et % : feces (13)
PHIUM e mineraly;,,

The glycogen content was calculated based on the
concentration of total glucose subtracted by the concentration of
free glucose. The difference between Absorptions AA (A2 - Al), the
total measurement volume of the assay Vassay total (mL), the
coefficient of extinction at 339 nm (¢ = 6.3 mL/umol cm), the
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thickness of layer d = 1 cm for the cuvette, the sample volume
Vsample (mL), the dilution factor (DF) and the concentration of
tissue wet weight in crude extract Cjgue (Mg/mL).

Total glucose/free glucose concentration (Cioal glucose/fice glucose> 11101/ Mg) (14)
_ AA X Vasay toul /e « DF
Texd x V, fisse

sample

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

Glycogen content (mg/g wet weight tissue)

= (Ctotal glucose — Cfree glucose) X 162 (15)

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 five treatments. Two-way ANOVA was used to
determine significant differences and interaction between the
novel formulation concepts (NoPAP vs. PAP; FC) and level of
fishmeal replacement (30% vs. 60%; FR). Whenever there were
statistically significant differences an All Pairwise Multiple
Comparison Procedure was performed using the Holm-Sidak
method (overall significance level P = 0.05) to find the difference
within the treatments. Values are given as means + standard
deviations (SD).

3 Results

We present results relevant to the commercial culture on a
tank basis (Table 3; n = 4 tanks per treatment) and growth
performance on an individual basis (Table 4; average n = 66
fish per treatment, total N = 330 fish). Survival was 98 + 4%
(N = 20 tanks), with no significant differences between
experimental groups.

10.3389/fmars.2022.1023001

3.1 Growth and feed performance
per tank

The fish from the control (CTRL) group had a significantly
higher (One-way ANOVA; P = 0.043) final body weight (BW)
than the fish from in the NoPAP60 and PAP60 groups, with no
significant differences to the fish from the NoPAP30 and PAP30
groups (Table 3). The fish from the CTRL group had a
significantly higher biomass gain (One-way ANOVA; P =
0.041) and specific growth rate (SGR) (One-way ANOVA; P =
0.010) than in the fish from the NoPAP60, PAP30 and PAP60
groups, with no significant difference to the fish from NoPAP30
group. The feed conversion ratio (FCR) was significantly (One-
way ANOVA; P = 0.008) increased in the fish from the
NoPAP60, PAP 30 and PAP60 groups compared to the fish
from the CTRL groups), with no difference to the fish from the
NoPAP30 group. The protein efficiency ratio (PER) was highest
in the fish from the CTRL group and significantly decreased
(One-way ANOVA, P = 0.001) in the fish from the NoPAP60,
PAP30 and PAP60 groups, with no significant difference to the
fish from the NoPAP30 group. The voluntary feed intake (VFI)
with an average value of showed no significant differences
between all experimental groups, with a slightly higher value
in the fish from the PAP60 group. Fish fed with the PAP
formulation concept (FC) had a significantly increased VFI
(Two-way ANOVA ‘FC’; P = 0.028) and decreased PER
compared (Two-way ANOVA FC’; P = 0.017) to fish fed the
NoPAP formulations, with no effect by replacement level (FR)
and no interaction between formulation concept and
replacement level (Two-way ANOVA ‘FC x FR’).

3.2 Individual growth performance

Due to the higher number of total replicates (N = 330), the
analysis of the growth of the individually tagged fish revealed

TABLE 3 Performance parameters of turbot fed five experimental diets (n=4).

Experimental diets

CTRL NoPAP30 PAP30
Initial BW (g) 303.2 + 10.4 301.5 + 3.7 298.4 + 13.9
Final BW (g) 511.2 + 38.0 485.0 + 21.6 4582 + 31.6*

Biomass gain (g) 4057.9 + 695.0 3458.0 + 136.5 2956.9 + 581.4*

SGR (%/day) 0.47 + 0.05 0.44 £ 0.05 0.37 + 0.08*
VFI (% ABW/day) 0.61 + 0.04 0.62 + 0.01 0.63 + 0.02
FCR 1.3£0.1 1.5+0.1 1.7 £0.2*
PER 1.5+0.1 1.3 +0.0 1.1 £ 0.1**

Two-Way ANOVA P-value

NoPAP60 PAP60 FC FR FC x FR
2989 7.9 299.7 +7.3 0.796 0.888 0.664
458.8 + 34.9* 4462 + 11.4* 0.163 0.175 0.601
30511 + 679.1*  2989.5 + 205.4** 0.248 0435 0.362
0.38 +0.10* 0.36 + 0.03** 0.091 0.082 0.664
0.62 +0.03 0.67 +0.03 0.028 0.128 0.116
1.7 +0.3* 1.8 0.0 0.072 0.185 0.481
1.2+ 0.2% 11+ 0.0 0.017 0.072 0.282

CTRL, commercial-like formulation, formulation concepts (FC): NoPAP, plant-based protein, PAP, processed animal protein, level of fishmeal replacement (FR): 30/60.

BW, body weight; SGR, specific growth rate; VFI, Voluntary feed intake; FCR, feed conversion ratio; PER, protein efficiency ratio.
Values are expressed as means + SD (n = 4), significant differences in One-way ANOVA and Multiple comparisons versus CTRL group with the Holm-Sidak method are indicated by

asterisks (*P < 0.050; **P < 0.010), significant differences at P< 0.050 in Two-way ANOVA.
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TABLE 4 Growth performance parameters of individually tagged turbot (N = 330) fed five experimental diets.

Experimental diets Two-Way ANOVA
P-value

CTRL (n = 67) NoPAP30 (n = 66) PAP30 (n = 65) NoPAP60 (n = 66) PAP60 (n=66) FC FR FCxFR

Initial BW (g) 302.0 + 444 300.6 +45.2 301.4 + 46.6 299.6 + 47.0 296.4 + 52.6 0.840  0.611 0.732
Final BW (g) 511.9 £ 103.9 a 484.5 + 95.3 ab 459.8 + 87.1 b 459.0 + 102.6 b 4457 £ 1053 b 0.117  0.102 0.635
Final CF 2.0 £ 0.2 ab 2.0 £ 0.2 ab 20+02a 20+02ab 19+02b 0.955  0.001 0.319
WG (g) 209.8 + 86.5 a 184.0 + 66.2 ab 158.4 + 63.3 bc 159.4 + 74.6 bc 1494 £ 71.7 ¢ 0.038  0.050 0.363
SGR (%/day) 0.46 £0.17 a 0.42 +0.11 ab 0.37 £ 0.13 be 0.37 £ 0.14 be 035+0.13 ¢ 0.048  0.033 0.289

CTRL, commercial-like formulation, formulation concepts (FC): NoPAP, plant-based protein, PAP: processed animal protein, level of fishmeal replacement (FR): 30/60

BW, body weight; CF, condition factor; WG, weight gain, SGR: specific growth rate.

Values are expressed as means + SD per experimental diet; different superscript letters (a, b, c) indicate significant differences at P < 0.050 in One-way ANOVA and All Pairwise Multiple
Comparison Procedures with Holm-Sidak method, significant differences at P < 0.050 in Two-way ANOVA.

more comprehensive effects of the dietary formulations interaction of formulation concepts with level of replacement
(Table 4). The fish from the CTRL group had a significantly (Two-way ANOVA FC x FR’; P = 0.007) resulting in a
(One-way ANOVA; P = 0.001) higher final BW than the fish significantly higher crude protein content in the fish fed with
from the PAP30, NoPAP60 and PAP60 groups, with no the NoPAP30 diet (P = 0.006) and in fish from the PAP60 group
significant differences to the NoPAP30 group. The condition (P = 0.010) compared to the fish fed the NoPAP60 diet.
factor (CF) significantly increased (N = 330 fish; t-test; p< 0.001) Furthermore, the energy content of 4.9 + 0.3 MJ/kg (n = 8) in
from initially 1.8 + 0.2 to finally 2.0 + 0.2 in all groups. However, the fish from the 30% replacement groups was significantly higher
only the CF from the fish in the PAP30 group was significantly than 4.1 + 0.6 MJ/kg (n = 8) in of the 60% groups (Two-way
higher than in the fish from the PAP60 group (One-way ANOVA FR’; P = 0.009). The mineral composition of the fish
ANOVA; P = 0.012). The weight gain (WG) and specific carcasses did not significantly differ between all treatments
growth rate (SGR) in the fish from the CTRL group was (Table 5). The mean carcass contents of all tanks (N = 20) of
significantly (One-way ANOVA; P< 0.001) higher than in the 13.7 + 3.4 g/kg calcium, 0.7 + 0.1 mg/kg copper, 9.6 + 8.1 mg/kg
fish from the NoPAP60 PAP30 and PAP60 groups, with no iron, 2.8 + 0.3 g/kg potassium, 18.1 + 4.0 mg/kg manganese, 1.9 +
significant differences to the NoPAP30 group. Furthermore, the 0.2 g/kg sodium, 7.9 * 1.6 g/kg phosphorus, 0.5 + 0.1 mg/kg
fish from the NoPAP30 group had a significantly higher WG and selenium, 16.4 + 2.2 mg/kg zinc.

RGR than the fish from the PAP60 group, with no significant The fish from all experimental groups (N = 60) with a mean
differences to the PAP30 and NoPAP60 group. total body weight of 534.1 + 80.8 g resulted in 94.1 + 0.8%

Considering the replacement levels, the CF, WG and SGR of marketable whole fish gutted and a filet yield of 41.5 + 4.2% with
the fish from 30% groups were significantly higher than in the no significant differences between all diets.

60% groups (Two-way ANOVA ‘FR’, P = 0.001, P = 0.050, P =

0.033, respectively). Furthermore, the WG and SGR of the fish

fed with the NoPAP formulation were both significantly higher 3.4 Apparent digestibility of dry matter,

compared to the fish from the PAP groups (Two-way ANOVA crude protein and minerals

‘FC, P = 0.038, P = 0.048). However, no interaction was found

between the formulation concept and replacement level (Two- Due to a small sample volume of the feces collected from two

way ANOVA FC x FR)). tanks of the PAP30 group, the mineral analysis including the
yttrium levels failed. Hence, the apparent digestibility
coefficients (ADCs) from the fish from the PAP30 group (n =

3.3 Proximate and mineral composition 2) are not statistically sound.
on wet weight basis of the carcass and The ADC of dry matter (Table 6) in the fish from the CTRL
dress-out loss and filet yleld group was significantly (One-way ANOVA, P< 0.001) higher
than in fish from the PAP30, NoPAP60 and PAP60 groups, with
The proximate composition on wet weight basis of the fish no significant difference to the fish from the NoPAP30 group.
carcass did not significantly differ between the five treatments Furthermore the fish from the 30% replacement groups had a
(One way ANOVA, see Table 5) with a mean of all tanks (N = 20) significantly higher ADC of dry matter than the fish in the 60%
of 74.9 + 1.7% moisture, 17.2 + 0.7% crude protein, 3.7 + 1.0% replacement groups (Two-way ANOVA ‘FR’, P = 0.006). The
crude lipid, 4.7 + 0.8% ash and 4.6 + 0.6 MJ/kg gross energy. ADC of crude protein in the fish from the CTRL group was
However, there were significant differences considering the significantly decreased in the fish from the NoPAP60 and PAP60
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TABLE 5 Chemical composition of the fish carcass on wet weight basis of market-sized turbot fed with fed five experimental diets.

Experimental diets

Two-Way ANOVA P-value

CTRL NoPAP30 PAP30 NoPAP60 PAP60 FC FR FC x FR

Proximate composition

Mean body weight (g) 418.6 + 57.9 427.1 £61.6 392.2 + 64.5 347.6 + 78.5 341.0 + 32.8 0.514 0.055 0.654
Moisture (%) 737 £2.6 742 + 0.5 75.0 £ 0.4 75.6 +2.0 757 £ 1.4 0.527 0.116 0.626
Crude Protein (%) 17.7 £ 1.3 17.5 £ 0.6 170 £ 02 $ 165+ 0.6 § 17.4 £ 0.1 $§ 0.331 0.162 0.007
Crude Lipid (%) 38+1.0 46+ 1.1 3.8+ 0.6 3.0+ 1.3 34+16 0.729 0.071 0.266
Ash (%) 46 £03 46 £09 47 £09 52+09 42+08 0.293 0.575 0.129
Energy (MJ/kg) 48 +0.7 51+04 47 +£03 4.1+08 42+05 0.884 0.034 0.682
Mineral composition

Calcium (Ca, g/kg) 134 £43 132 +25 13.6 + 4.1 132 +28 14.9 + 4.7 0.473 0.417 0.790
Copper (Cu, mg/kg) 0.7 +0.1 0.8+0.2 0.7 £0.1 0.6 +0.1 0.7 £0.31 0.347 0.314 0.277
Iron (Fe, mg/kg) 11.1 £ 10.8 14.1 +11.8 92+9.7 53+04 8.4 +23 0.883 0.288 0.340
Potassium (K, g/kg) 29+0.1 3.0+0.3 28+02 25+04 2.6 +0.3 0.705 0.074 0.529
Manganese (Mn, mg/kg) 17.0 £53 18.6 £ 3.9 16.5 £ 4.0 17.6 £2.9 20.8 +4.4 0.606 0.146 0.216
Sodium (Na, g/kg) 19+0.1 2.0+0.2 1.9+0.1 19+02 19+03 0.603 0.542 0.591
Phosphorus (P, g/kg) 7.8+20 78+ 12 78+ 19 76+ 13 85+23 0.449 0.444 0.671
Selenium (Se, mg/kg) 05+0.1 05+0.1 0.5+0.1 0.4+0.2 0.4+0.1 0.803 0.585 0.917
Zinc (Zn, mg/kg) 16.6 £2.3 181+15 158 £ 1.7 150 £ 2.1 16.7 £ 1.3 0.877 0.845 0.067

CTRL, commercial-like formulation, formulation concepts (FC): NoPAP, plant-based protein, PAP: processed animal protein, level of fishmeal replacement (FR): 30/60
Values are expressed as means + SD (n = 4), same superscript characters ($, §) indicate significant differences at P < 0.050 in Two-way ANOVA.

groups, with no significant differences to the fish from NoPAP30
and PAP30 groups.

The ADCs of all evaluated minerals were significantly
affected by the experimental diets except for copper, iron and
zinc (Table 6). The ADC of calcium and sodium in fish from the
control was significantly (One-way ANOVA, P = 0.003 and P<

TABLE 6 Apparent digestibility coefficients (ADC) of nutrients and minerals

0.001, respectively) higher than in the fish from the NoPAP60
and PAP60 groups with no significant differences to fish from
the NoPAP30 and PAP30 groups. The fish from CTRL group
had a significant (One-way ANOVA, both P< 0.001) higher
potassium and selenium ADC than the fish from NoPAP30,
NoPAP60 and PAP60 groups, with no significant difference to

of market-sized turbot fed with fed five experimental diets.

Experimental diets Two-Way ANOVA

CTRL (n =4) NoPAP30 (n =4) PAP30 (n=2)

ADC Nutrients

Dry matter (%) 80.1 +2.0a 71.6 + 2.4 ab 694 +03b
Crude Protein (%) 945+ 10a 88.5 + 2.0 ab 86.6 + 2.4 ab
ADC Minerals

Calcium (Ca, %) 345+56a 321+107 a 15.4 + 0.2 ab
Copper (Cu, %) 46.5 + 15.6 442 +69 285+ 1.8
Tron (Fe, %) 6.0 6.1 1.9 + 4.6 126 + 3.3
Potassium (K, %) 974+ 04 a 95.4 + 0.9 be 95.9 + 0.0 abc
Manganese (Mn, %) 65.1+86a 49.9 +17.7 ab 49.4 + 1.1 ab
Sodium (Na, %) 659 +56a 443+ 113a 38.4 + 0.4 ab
Phosphorus (P, %) 712+ 12a 509 + 14.6 a 484 +38b
Selenium (Se, %) 80.7+7.0a 62+52b 70.2 + 1.2 ab$
Zinc (Zn, %) 59.7 £ 11 61.5+ 6.7 403 +7.1

P-value

NoPAP60 (n=4) PAP60 (n=4) FC FR FCxFR

643 + 7.1 be 564 +6cd 0.118 0.006 0.353
85.0+4.0b 76.6 £ 55 ¢ 0.042 0.012 0.180
-30.6 +44 b -223+138Db 0.780 0.006 0.408
41.6 + 8.4 324+97 0.019 0.876 0.484
12+43 =55+ 11.1 0.618 0.040 0.053
925+09d 94+ 12cd 0.090 <0.001 0.363
12.2 + 25.6 ab 2.6 +347b 0.730 0.014 0.756
2.7+19.7b 0.8+222b 0.700 0.002 0.838
269 +212b 188 +£125b 0.560 0.012 0.761
68.4 + 3.3 b$ 50.8 + 5.5 c$$ 0.096 0.028 <0.001
50.9 + 18.8 4147 0.043 0.487 0.391

CTRL, commercial-like formulation, formulation concepts (FC): NoPAP, plant-based protein, PAP: processed animal protein, level of fishmeal replacement (FR): 30/60
Values are expressed as means + SD (n = 4), different superscript letters (a, b, ¢, d) indicate significant differences at P < 0.050 in One-way ANOVA and All Pairwise Multiple Comparison
Procedures with Holm-Sidak method, same superscript characters ($, §) indicate significant differences in the interaction at P < 0.050 in Two-way ANOVA.
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the fish from the PAP30 group. The fish from the CTRL group
showed a significantly higher ADC of phosphorus (One-way
ANOVA, P = 0.003) compared to the fish from the PAP30,
NoPAP60 and PAP60 groups with no significant differences to
fish from the NoPAP30 group. Furthermore the fish from the
CTRL group showed a significantly (One-way ANOVA, P =
0.017) higher ADC of manganese than the PAP60 group with no
significant differences to the fish from the other groups.

The formulation concept affected the ADC for potassium,
being significantly higher in the fish from the NoPAP groups
compared to the PAP groups (Two-way ANOVA ‘FC, P =
0.026). The level of fishmeal replacement significantly affected
(Two-way ANOVA FR’) the ADCs of calcium (P = 0.006),
potassium (P< 0.001), sodium (P< 0.001) and selenium (P =
0.006) being higher in the turbot from the 30% replacement
groups compared to fish from the 60% groups. The ADC for
selenium was significantly (Two-way ANOVA ‘FC x FR’) higher
in the PAP30 compared to PAP60 (P< 0.001) and compared to
the NoPAP30 group (P = 0.005). Fish from the NoPAP60 group
also had a significantly higher selenium ADC than the fish from
the PAP60 group (P< 0.001).

3.5 Energy reserve parameters

The energy reserve parameters such as hepato-somatic index
and glycogen storage in liver and muscle were not significantly
affected by the diets. The hepato-somatic index of the sampled
fish was on average 1.5 + 0.4 (N = 100 fish). The glycogen
content in the liver ranged from 48.8 + 26.5 mg/g (n = 20) in fish
from the PAP30 group to 38.4 + 23.2 mg/g (n = 20) in fish from
the PAP60 group with a total mean of 43.0 + 23.9 mg/g (n =
100). The glycogen in the muscle ranged from 3.3 mg/g in the
fish from the NoPAP30 and PAP30 groups to 2.8 mg/g (n = 20)
in fish from the NoPAP60 group with a total mean of 3.1 + 1.0
mg/g (n = 100).

4 Discussion

In this study, we observed adverse effects on growth and feed
performance as well as the nutrient utilization of marked-sized
turbot fed with diets of different levels of processed animal
proteins (PAP) and a high level of sustainable feed ingredients
without the inclusion of PAPs (NoPAP) compared to the turbot
from the control group (CTRL) fed with a commercial
formulation. On an individual fish basis, due to a higher
sample number (N = 330) these effects were more
comprehensive and could be traced either to the formulation
concept or to the fishmeal (FM) replacement level.

There are only a few studies, which investigate the effects of
alternative feed ingredients on the growth and feed
performance of larger sized turbot with an initial body
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weight (BW) of more than 100 g. In order to classify the
observed growth performance, we first compare the growth
performance of the fish from the CTRL group (initial BW:
303 g; weight gain (WG): 210 g; specific growth rate (SGR):
0.47%/day; mean water temperature: 17.5°C) with growth data
and models for turbot in similar aquaculture settings.
Compared to the modeled growth performance of strain B
(WG: 215 g and SGR: 0.48%/day at 16.5°C water temperature)
in Lugert et al. (2019) and to the data from Baer et al. (2011) the
fish from the CTRL group had a normal growth performance.
However, the growth was lower compared to the models from
Arnason et al. (2009) (WG: 385 g and SGR: 0.74%/day at 17.5°
C) and Lugert et al. (2019) for strain A (WG: 270 g and SGR:
0.57%/day at 16.5°C) and to the data from Weif} and Buck
(2017) (initial BW: 201 g; SGR: 0.82%/day at 16.4°C). This
comparably lower growth performance of the fish from the
CTRL group might be explained by the origin of the turbot
strain used in the present study. Turbot is known to exhibit
counter gradient variation (Imsland et al., 2000) and strains
from lower latitudes, such as France, show generally lower
growth compared to populations from higher latitudes, such as
Norway and Iceland (Imsland et al., 2001).

The feed performance of the fish from the CTRL group
measured as voluntary feed intake (VFI: 0.61% ABW/day) and
feed conversion ratio (FCR: 1.3) was slightly better than modeled
for strain B at 16.5°C (0.56% ABW/day and 1.47, respectively) in
Lugert et al. (2019). Arnason et al. (2009) calculated the
optimum temperature at 16.1°C for the FCR for large turbot
(499g) at a value of 0.77, which is similar to the water
temperature in this study.

The growth and feed performance the turbot from the CTRL
group exhibited, it can be considered as normal for a strain from
France and the diet-dependent effects should be comparable to
other studies using smaller turbot.

There were no diet-dependent effects on the proximate
composition (N = 20) of the carcass with values within the
range of turbot (Dietz et al., 2012; Bonaldo et al.,, 2015; Fuchs
et al., 2015; Bian et al., 2017; Hoerterer et al., 2022b). However,
this is expected since the proximate composition of growing fish
is mainly determined by fish size, life cycle stage and energy
intake (Shearer, 1994), which did not differ in this study.
Similarly for the mineral composition of the carcass, where
data for turbot is rare but similar to previous studies (van
Bussel et al.,, 2014; Hoerterer et al., 2022b), and is similar to
those of other species (Antony Jesu Prabhu et al., 2016).
Differences in the mineral composition are only expected
when there are strong deficiencies in the diet (Shearer, 1994)
and are further influenced by the mineral concentrations in the
rearing water (van Bussel et al., 2014; Antony Jesu Prabhu et al.,
2016). Both factors are not present in this study, since the diets
were formulated and manufactured to meet the species-specific
demands for macro- and micronutrients and all fish were kept in
the same rearing water.
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The nutritional status (N = 100) indicated by the hepato
somatic index (HSI) and glycogen content in liver and muscle
did not show any diet-dependent effects. The HSI of the turbot
in this study were on the lower range of compared to other
studies (Dietz et al., 2012; Bonaldo et al., 2015; Nagel et al., 2017)
it can be considered as normal. The in general lower HSI might
be attributed to the French strain used in this study, as similar to
growth turbot strains from France exhibit lower BW and lower
HSI compared to strains from other countries such as Norway
(Schlicht et al., 2019), Great Britain (Arfsten et al.,, 2010) and
Iceland (Imsland et al., 2001). Positively correlated to the HSI is
the hepatic glycogen as it is stored in the liver as an energy
reserve and therefore influences the liver weight (Hemre et al.,
2002). The glycogen levels in liver and muscle are also within the
expected range (Liu et al., 2014; Guerreiro et al,, 2015; Zeng et al.,
2015; Miao et al., 2016).The nutritional status indicators show
that at the end of the study, the fish could be considered as
healthy and the energy allocation not negatively affected.

4.1 Effects of the formulation concepts
and fish meal replacement level

Similar to salmonids (Hua and Bureau, 2012), this study
suggest that the tolerance to FM replacement depends on the
group of alternative ingredients. At lower levels of FM
replacement, these effects cannot be detected, as shown in the
preceding study with smaller turbot (initial BW: 20 g), there
were no significant differences between the PAP and PLANT
(analogue to NoPAP) formulation concepts (Hoerterer et al.,
2022b), which might be contributed to the comparably low FM
replacement level of 20%. In order to further explain the
differences in protein digestibility and growth further analysis
of the amino-acid profile of the diets and a more detailed
evaluation of the variability of the nutritional value for the
specific fish species could be helpful to optimize the
formulation concepts (Glencross et al., 2020). The results from
this study suggest that the inflection point of FM replacement
level for turbot lies between 30% and 60% and might be higher
for plant protein ingredients that for animal protein ingredients.
This means that more fishmeal could be replaced with plant
protein ingredients in the diets and maintain similar
performance as the currently used practical diets. This could
lead to an economic advantage since the calculated costs of the
NoPAP formulation is lower than of the commercial diets.

4.1.1 Growth and feed performance

The growth performance of the market-sized turbot was
better in the fish from the NoPAP groups as well as the 30% FM
replacement groups, without any interactions between those
factors. A similar pattern was observed for the protein
efficiency ratio (PER). These performance indicators obtained
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in the present study showed that the market-sized turbot could
better utilize the NoPAP than the PAP formulations,
independent from the FM replacement level. Even though the
fish from the PAP groups consumed more of the diets on a daily
basis, they were not able to compensate the growth and feed
utilization. Similar to this study, plant proteins allowed a higher
level of FM replacement of 35% and more without negatively
affecting growth rate (Burel et al., 2000a; Fournier et al., 2004;
Bonaldo et al., 2015; Hermann et al., 2016; von Danwitz et al.,
2016; Bian et al., 2017). Whereas, turbot growth reacts more
sensitive to FM replacement by terrestrial animal derived
proteins such as insect meal (20%, Kroeckel et al., 2012) and
feather meal (30%, Cao et al, 2020). Looking at the possible
interactions between the formulation concepts and the level of
FM replacement, only the crude protein content of the carcass
was affected. The fish from the PAP60 group had a significantly
higher crude protein content in the carcass than in fish from the
NoPAP60 group, reflecting the low crude protein content in the
NoPAP60 diet (50.5%). This is in contrast to Shearer (1994) who
suggested that fish size is the main factor influencing the crude
protein of the carcass.

4.1.2 Apparent digestibility of nutrients

The effects on the growth and feed performance by the
formulation concepts and by the level of fishmeal replacement
might be contributed to the fact that the digestibility of the
single ingredients used to replace the fish protein fraction
differs greatly and these effects accumulate at higher
replacement levels. The ADC of protein was higher in the
turbot from the NoPAP groups than in the PAP groups. This
reflects the results from previous studies reporting a higher
digestibility of plant protein (70 - 96%; Burel et al., 2000b, 84 -
86%; Bonaldo et al., 2011) than the digestibility of insect meal
(63%; Kroeckel et al., 2012) or of processed animal proteins
(75 - 78%; Davies et al., 2009, 70-74%; Cao et al., 2020).
Similar to growth and in line with previous studies the ADC
of crude protein in turbot decreases with FM inclusion level
(Regost et al., 1999; Bonaldo et al., 2011; Liu et al., 2014; Bai
etal., 2019; Li et al., 2019). Furthermore, the fishmeal from by
products and the fish protein hydrolysate might have a lower
protein digestibility (47%; Davies et al., 2009) as well, but the
effects only accumulate in the fish fed the diets with the higher
replacement. The level of FM replacement also had an effect
on the energy content of the carcass and ADCs of dry matter
and of some minerals. The ADC of dry matter manly depends
on composition of macronutrients present in the diets, and
can depend on the carbohydrate levels in plant-based diets
(REF). In order to get a more detailed picture into the causes
of decreased digestibility of protein, amino acid composition
and digestibility and possible anti-nutritional factors (Hua
et al., 2019)present further analysis of the single ingredients
and diets need to be done to evaluate the variability of the
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nutritional value for the specific fish species (Glencross
et al., 2020).

4.1.3 Apparent digestibility of minerals

The digestibility of minerals strongly depends on the
bioavailability in the ingredients (Lall and Kaushik, 2021). In
this study, the mineral composition of the fish carcass was not
affected by the formulations concepts nor by the level of FM
replacement indicating no deficiencies. However, the ADCs of
most minerals measured, except for copper and zinc, were
correlated to the level of FM in the diets, being highest in the
CTRL group and lowest in the 60% replacement groups. This
indicates a lower bioavailability of the minerals in the alternative
feed ingredients, due to different mineral composition leading to
interaction between minerals in by-product fish meals, the
presence of mineral binding compounds such as phytate in
plant ingredients (Lall, 2022). Especially in the case of calcium
and sodium, the low levels might indicate an increased uptake of
calcium and sodium from seawater, due to low dietary levels
(Lall, 2022). Copper and zinc availability was lower in the PAP
groups than in the NoPAP groups indicating lower availability in
animal derived feed ingredients. Besides the correlation to the
FM replacement level, the low selenium digestibility in the
PAP60 indicates a higher availability in the low fishmeal
replacement levels within the PAP formulation and the 60%
replacement levels compared to the NoPAP formulation. This
might be contributed to the fact, that the dietary selenium level
was lowest in the PAP60 group.

4.2 Performance of the sustainable
formulations concepts in comparison to
a commercial formulation

On a tank basis, fish from the CTRL and NoPAP30 groups
(n = 4) had similar final BW, biomass gain, SGR, FCR and PER,
whereas feeding the PAP and NoPAP60 formulations negatively
affected these performance indicators in the fish. A similar
pattern was observed on an individual basis, in final BW, WG
and SGR, with fish from the PAP60 group having a significantly
lower performance than the fish from the NoPAP30 group. The
ADCs of dry matter and crude protein as well as the macro
minerals calcium, potassium, sodium and phosphorus and of the
trace minerals manganese and selenium follow the same pattern.
Even though no diet-dependent effects on growth performance
and VFI could be detected in the preceding study on smaller
turbot fed with the same formulation concepts with 20%
fishmeal replacement, the PAP formulation concept negatively
affected feed utilization (FCR, PER, ADC) (Hoerterer
et al., 2022b).

At final sampling, the condition factor (CF) of the
individually tagged fish from the PAP60 (1.9) group was
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significantly lower compared to the fish from the CTRL group
(2.0). The difference is very small and the CFs presented in the
fish from all groups is considered as normal (Fuchs et al., 2015;
von Danwitz et al., 2016; Nagel et al., 2017; Weif8 and Buck,
2017; Wanka et al., 2019), whereas turbot strains from France
appear to have a lower CF (Imsland et al., 2000; Arfsten et al.,
2010). In smaller turbot the CF was reduced at FM replacement
levels of 45% by fermented soybean and blood meal in turbot
(Dan et al,, 2021; Zheng et al., 2022) more than 55% with plant-
based diets (Bonaldo et al., 2015) and insect meal-based diets
(Kroeckel et al., 2012). Similar to previous studies with smaller
turbot, the CF of larger turbot has a higher tolerance at high FM
replacement levels with plant protein ingredients than with
animal protein ingredients.

The present results suggest that the NoPAP30 formulation
could be an adequate alternative for the practical diets currently
used in commercial turbot aquaculture. The PAP60 formulation
seems to be the least suitable alternative to the practical diet,
having the lowest overall performance, also compared to the
NoPAP30 formulation.

4.3 Marketable product and prediction of
feed and production costs

For a fish farmer’s revenue and overall production costs the
growth and feed performance, price and amount of marketable
product and feed costs are variable and therefore offer the
opportunity to lower costs or/and increase profit. Turbot is
considered a high value species in Europe and, depending on the
market and country, sold as live/fresh or frozen fish (unit price
between 7.30 €/kg to 17.18 €/kg) starting from 0.5 kg to larger
fish of up to 3 kg (EUMOFA, 2022). In this study, the different
diets did not affect the amount of the marketable products gutted
fish (94%) and filet (42%) and lying within the commercial range
(Arfsten et al., 2010; Schlicht et al., 2019).

The present results on growth and feed performance indicate
that the NoPAP30 formulation has the highest potential to be
used in the grow-out phase of commercial turbot aquaculture.
Compared to the commercial diet, the NoPAP30 formulation is
cheaper, therefore offering the opportunity to increase profits
(Tirano et al., 2021). The lower formulation costs of the PAP
formulation and being the more sustainable choice considering
environmental impacts in life cycle assessment (Maiolo et al,
2020) will not outweigh the lower growth performance in this
study. However, the price and competitiveness of the today’s
standard feed ingredients might change due to shortages, thus
further increasing the economic benefits of the alternative
ingredients. Furthermore, to make sustainable fish products
more attractive, communication efforts should include and
target the preferences for sustainable lifestyle and products of
the different consumer groups, which are known to be
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influenced by age, education and location of stakeholders/
consumers (Maesano et al., 2020; Hoerterer et al., 2022a).

5 Conclusion

Comparing the growth and feed performance among all
experimental diets as well as the potential costs, we can conclude
that the NoPAP30 formulation is an environmentally sustainable
and economically viable alternative to the current commercial/
standard formulation. Furthermore, the performance of the fish fed
the PAP30 and NoPAP60 formulations was similar showing that
turbot has the potential for further fishmeal reduction with the
alternative feed ingredients used in the NoPAP formulation
concept. The fish fed with the PAP60 formulation had overall the
lowest performance leading to the conclusion that processed animal
protein is not a suitable feed ingredient for market-sized turbot at
high inclusion and when compared to other sustainable alternatives
such as plant protein. Further experimental studies in combination
with meta-analyses and/or nutritional model simulations could find
the inflection point. We conclude that for plant-based ingredients
investigated here this breaking point is at a higher FM replacement
level than for processed terrestrial animal protein ingredients used
in the PAP.

In addition to the performance of the fish, the sustainability
of the feed ingredients and the economic benefits for the fish
farmer, other factors influence the sustainable development of
European aquaculture. Consumers are becoming increasingly
interested in the production processes of their food (health and
welfare issues concerning animal husbandry, feeding and
slaughter), making the communication of the life cycle analysis
of a product necessary, thus warranting more transdisciplinary
aquaculture research.
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