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Abstract

The objective of this study was to investigate the effects of different levels of poultry
hydrolysate (PH) on the performance and welfare of 94g per Atlantic salmon smolts. Five
experimental diets were fed to the fish for 43 days in triplicate 300L tanks, containing
0%/(Control), 5%(C5), 10%(C10), 15%(C15), and 20%(C20) of poultry hydrolysate. Growth
rate, feed conversion ratio, visceral fat analysis, liver, heart and faeces, whole body
composition and welfare operational indicators and blood samples were examined. Results
showed that the inclusion of PH 5% and 10% significantly improved growth rate and feed
conversion ratio compared to the control group. Blood serum analyses revealed no adverse
effects, and no mortality or cataract were observed. The control group had significantly
higher score for deformity, although the level was low. Severity of scale loss was higher for
the C20 group compared with the control. Scores for fin damage in active and healed phase
were low, although active dorsal fin damage was highest for the C5 group, while healed
pectoral fin damage was highest for the C10 group. Accumulation of fat around the viscera
was lower of the C10 and C20 groups, lower fat deposits were observed on the heart
surface of the C5, C10 and C15 groups compared with the control. Analyses of whole-body
composition revealed decreasing dry matter content with increasing inclusion of PH. The
fat content was higher in fish fed 5% PH, whereas the fat content was lowest for the fish fed
15% PH compared with the control. The ash content of the PH groups did not differ from
the control group, but the condition factor was higher for the C15 group compared with the
control. The slaughter yield was significantly lower for all groups fed PH (0.5-0.8% units),
while inclusion of 5% PH significantly improved the faeces texture. These findings show
that dietary inclusion of CH affects growth, lipid deposition pattern, fish welfare and
consistency of faeces, suggesting that the inclusion of poultry hydrolysate at 5-10% in the
diet for Atlantic salmon smolts can enhance production efficiency without compromising

their welfare.
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1. Introduction
As the global population continues to grow, the demand for food production, including

seafood, is increasing rapidly. To meet this demand, the aquaculture sector is evolving and
expanding globally. In 2020, the production of fish and seafood for human consumption

reached 87.5 million tonnes globally, with Salmonids accounting for 32.6% of aquaculture
species. Norway is the leading producer of farmed salmon, exporting USD 11 billion worth

of the fish. (FAO.,2020).

Improving the quantity and quality of salmon production requires addressing one of the
main challenges: sufficient availability of sustainable feed ingredients. There are various
issues with the current feed ingredients. One of the major environmental concerns is that
marine sources that require a large volume of pelagic fish are disrupting the ocean ecology,
leading to overfishing and a rapid decline in the availability of pelagic fish used for fish
meal and fish oil. Additionally, the increasing demand for fish stocks in sea farms
exacerbates the need for more feed ingredients, perpetuating the demand for captured

fisheries to meet the high demand for fish meal and fish oil (Shepherd and Jackson, 2013).

Another issue is that plant-based ingredients have their own set of problems. The
dependence on imported plant-based ingredients and the need for arable land is high,
leading to competition for these ingredients for human consumption and other livestock.
As a result, the current reliance on obtaining all these sources of ingredients is
environmentally damaging and creates a broad range of issues that are volatile and

unstable (Fry etal., 2016).

Feed production accounts for roughly 50% of the production costs for both in-land and net

pen operations. (Torrissen et al.,2011).

In Norway, salmon feed ingredients have been developed into lowering the percentage of
marine oils and protein due to the decreased availability and increasingly high cost of
fishmeal and fish oil (Aas et al,, 2022). The percentage of marine protein sources dropped

from 65.4% in 1990 to 12.1% in 2020 as illustrated in figure 1.
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Figure 1. Percentage of feed sources in Norwegian salmon feed from 1990 to 2020 (Aas et
al,2022).

1.1 Sustainable feed ingredients

Aquaculture is a rapidly growing industry globally and has become an important source of
protein for human consumption. Salmonids, such as Atlantic salmon, are the most farmed
species in Norway and contribute significantly to the country's economy. The growth of
this industry is, however, dependent on the availability and sustainability of high-quality
feed ingredients. Fishmeal, a key ingredient in salmon feed, has become scarce and
expensive in recent years. As a result, there is a need to explore alternative protein sources

for use in salmon feeds.

Even though the current feed ingredients are formulated to be economically viable, there is
need to search for sustainable feed ingredients. With advanced technologies, it opens
opportunities for sourcing more sustainable ingredients and that provide nutrients and

proteins essential for the fish.

To achieve sustainability in aquafeed, there is a Life Cycle Assessment (LCA) which is
applied to feed ingredient to assess its environmental impact. This encourages good

decision-making and the importance of accessing novel ingredients.

The general framework of LCA is categorised into four stages. This is usually collected data

to establish the different type of levels that products should be assessed in terms of



environmental impact, marketing, transportation, storage, and waste management

(Hauschild et al., 2018).

1.2 Poultry Protein

Poultry protein has been widely used as a feed ingredient for various aquatic species,
including salmon. Poultry protein sources such as poultry by-product meal, poultry meal,
and feather meal are rich in high-quality proteins, essential amino acids, minerals, and

vitamins that are important for the growth and development of fish (Dong et al., 1993).

Numerous studies have reported positive effects of including poultry protein in different
species of fish diets. For example, a study found that inclusion of poultry meal in Rainbow
trout (Oncorhynchus mykiss) diets resulted in increased growth performance and improved
feed conversion (Steffens., 1994). Similarly, a recent study showed that replacing fishmeal
with poultry meal in juvenile black sea bass diets did not negatively impact growth
performance, feed efficiency, or nutrient digestibility (Dawson et al., 2018). However, as
poultry by-product lacks some essential amino acids such as lysine and methionine

(Gonzalez-Rodriguez et al., 2016).

Poultry by-product meal has also been shown to be an effective protein source for
salmonids. A study found that nutrient comparison between fishmeal with poultry by-
product meal in Rainbow trout diets resulted in similar growth performance and nutrient
utilization (Cheng and Hardy, 2002). Another study reported that fish meal substitution
with poultry by-product meal in juvenile Nile tilapia (Oreochromis niloticus) diets resulted
in similar growth performance and feed efficiency using 100% poultry by-product meal as

compared to fish meal (Yones and Metwalli, 2015).

Feather meal, a by-product of poultry processing, has also been investigated as a potential
protein source for salmon diets. A study found that inclusion of feather meal in Rainbow
trout diets resulted in similar growth performance and nutrient utilization as diets
containing fishmeal (Bureau et al.,2000). However, feather meal is known to have lower
protein digestibility compared to other poultry protein sources, which may limit its

inclusion in salmon diets.



In addition to its nutritional benefits, poultry protein can also be a cost-effective alternative
to fishmeal, which has become increasingly expensive and limited in supply due to
overfishing and environmental concerns. This makes poultry protein an attractive option

for aquaculture industries seeking sustainable and cost-effective feed ingredients.

Poultry protein sources such as poultry meal, poultry by-product meal, and feather meal
have been shown to be effective and sustainable feed ingredients for salmon diets,
providing essential nutrients and contributing to improved growth performance and feed

efficiency.

1.3 Current Poultry Protein as Feed Regulations in Norway

Norway largely adheres to the regulations set by the European Union. In 2009, a regulation
was established requiring animal by-products to be free from contamination and diseases
before being used in animal feed intended for human consumption (Regulation (EC) No
1069/2009). Poultry by-products can be vulnerable to contamination by several
pathogenic bacteria such as Salmonella, Campylobacter, Pseudomonas, Serratia,
Staphylococcus, Enterococcus, and Listeria (Rouger et al., 2017). However, these by-
products can be tested and sterilized to prevent contamination. Additionally, hydrolysis
may be a cost-effective method for further processing by-products and reusing them in

animal feed.

1.4 Fish Welfare in Salmon Farming
Fish welfare is an essential measurement of the biological and mental state of the animal.
There are several indicators to ensure good welfare for the farmed fish. In aquaculture, the

standard tool to measure welfare is using Operational Welfare Indicators (OWIs).

When designing, feed experiments. It is important to look at feeding behaviours, feed
intake and feeding patterns. This can also provide information for the wellbeing of the fish
and its acceptability to feed consumption. For Salmonids, a common challenge would be
feed competition between dominant fish and subordinate fish. This can be a stressful
situation for some fish and managing the appropriate feeding times is also essential and

should be included in feed trials (Campos et al., 2020).



1.5 Future of poultry hydrolysates in Salmon Farming

Several studies have suggested that replacing fish meal with poultry by-products in fish
feed can be effective for different fish species (Kureshy et al., 2000, Cruz-Suarez, et al.,
2007, Shapawi et al,, 2007). However, concerns about salmonella in European poultry have
made some consumers wary (Authority, E.F.S., 2018). Nevertheless, advances in
biotechnology have made it possible to produce safer and more sustainable feed
ingredients, and Norway is exploring these options (Ytrestgyl et al., 2015). To better
understand the impact of poultry by-products on fish feed, it is important to investigate
their effects on juvenile salmon in freshwater environments and to assess their impact on

welfare.

Additionally, research is needed to determine the optimal inclusion level of poultry
hydrolysate in the feed for achieving maximum growth and performance of Atlantic salmon
smolts. Moreover, understanding the sustainable benefits associated with using poultry
hydrolysate as a replacement for other protein sources in the feed for Atlantic salmon
smolts is critical. Unfortunately, there is a lack of research in this area. Therefore, the aim of
this study is to evaluate the effects of different inclusion levels of poultry hydrolysate on

the performance and welfare of Atlantic salmon smolts.



2. Theoretical Background
Aquaculture feed production is heavily reliant on imported ingredients, which leads to

competition for resources between human, land animal, pet food, and aquaculture
consumption (Tacon and Metian, 2008). Therefore, there is a need for diversity in feed
production, including locally produced and sustainable options. Poultry by-products could
be a promising and sustainable alternative to traditional fish meal in fish feed for Atlantic
salmon smolts. In this context, understanding the impact of poultry hydrolysate on the
growth, performance, and welfare of Atlantic salmon smolts is crucial. This study aims to
evaluate the effects of different inclusion levels of poultry hydrolysate on the performance

and welfare of Atlantic salmon smolts in a recirculating aquaculture system (RAS).

2.1 Current Feed ingredients

2.1.1 Fish Oil and Fish Meal
Fish oil and fish meal have been widely used in the aquaculture industry as the primary

ingredients in fish feed due to their high nutritional value. However, their extensive use has
led to concerns regarding overfishing, sustainability, and the impact on marine ecosystems.
In this section, the advantages, and disadvantages of using fish oil and fish meal as

ingredients in fish feed will be discussed in table 1.

Table 1. Advantages and Disadvantages of fish oil and fish meal in fish feed ingredients.

Advantages of fish oil and fish meal Disadvantage of fish oil and fish meal
High nutritional value: Fish oil and fish Overfishing: The extensive use of fish oil
meal are rich in high-quality proteins, and fish meal in aquaculture has led to
omega-3 fatty acids, and other essential concerns regarding overfishing and the
nutrients that are crucial for the growth depletion of wild fish stocks (Olsen and
and development of fish (Turchini and Hasan, 2012).

Torstensen, 2009).

Palatability: Fish oil and fish meal are Sustainability: The use of fish oil and fish
highly palatable and are often preferred by = meal in fish feed is not sustainable in the
fish over other types of feed (Miles and long run, and alternative sources of protein

Chapman, 2006). and oil must be explored (Nordahl, 2011).

Improved growth and health: Fish oil and Environmental impact: The use of fish oil



fish meal can significantly improve the
growth and overall health of fish
(Hardy,2010).

and fish meal in fish feed can have a
significant impact on marine ecosystems,
including the depletion of fish populations,

habitat destruction, and water pollution.

Easy digestion: Fish oil and fish meal are
easily digestible by fish, which helps in the

efficient utilization of nutrients.

FISHMEAL

WHOLE
13%

SOURCE: IFFO.

Cost: Fish oil and fish meal are expensive
ingredients, and their extensive use in fish
feed can significantly increase the cost of

production (Tacon and Metian 2008).

FISHOIL

WHOLE
52%

Figure 2. Pie chart of raw material utilised for reduction into fishmeal and fish oil in 2020

(FAO 2022).

As highly nutritious fish oil and fish meal are to improve the growth and health of fish. The
overreliance on these ingredients has led to overfishing, environmental degradation, and
increased production costs. This highlights the need for alternative sources of protein and
oil in the aquaculture industry. Additionally, as depicted in figure 2, the continued use of
whole fish for fish meal and fish oil production remains at over 50%, driving prices up
further. This is due to high demand and low supply. To promote sustainability in
aquaculture, it is important to explore new protein sources such as insect meal, microalgae,
and single-cell protein, and innovative approaches to feed processing and formulation that
incorporate locally sourced, sustainable ingredients while reducing waste. Achieving these

goals will require collaboration among researchers, industry professionals, and



policymakers to ensure the long-term health of both the aquaculture industry and the

environment.

2.1.2 Plant-based Ingredients

Fish feed has traditionally relied on animal-based ingredients, such as fishmeal and fish oil,

as a source of protein and energy. However, with the increasing demand for fish feed and

the limited availability of these ingredients, alternative sources of protein and energy, such

as plant-based ingredients, are being explored. The advantages and disadvantages of using

plant-based ingredients in fish feed are discussed in table 2.

Table 2. Advantages and disadvantages of plant ingredients in fish feed ingredients.

Advantages of plant ingredients

Disadvantages of plant ingredients

Cost-effectiveness: Plant-based ingredients
are generally less expensive than animal-
based ingredients, making them a cost-
effective alternative for fish feed.
Additionally, the production of plant-based
ingredients is less dependent on seasonal
fluctuations, making them a more reliable
and sustainable source of feed(Dalsgaard
etal.,, 2012).

Nutrient availability: Plant-based
ingredients can provide a wide range of
nutrients to fish, such as carbohydrates,
vitamins, and minerals. Soybean meal, for
example, is a good source of protein and
energy, and can replace up to 50% of
fishmeal in fish feed without affecting fish

growth or health (Huang et al.,2017).

Palatability: Fish can be more selective in
their feeding behaviour and may not
consume feed containing high levels of
plant-based ingredients (Drew et al., 2007).
The palatability of plant-based ingredients
can also vary depending on factors such as
processing, which can affect the taste and

texture of the feed.

Nutritional imbalances: The use of plant-
based ingredients in fish feed can lead to
nutritional imbalances, as these
ingredients may not contain all the
essential amino acids such as methionine,
lysine, tryptophan, and threonine required
for fish growth and health (Li et al,,2009).
This can result in reduced growth rates,
lower feed conversion efficiency, and an

increased risk of diseases.



Sustainability: As plant-based ingredients = Antinutrients: Some plant-based

do not require the use of marine resources, ingredients, such as soybean meal, can

their use in fish feed can reduce the contain antinutritional factors that may

pressure on wild fish stocks (Gatlin et al., affect fish health and welfare (Venkata

2007). This can help to make the Subash et al.,, 2020). These antinutritional

aquaculture industry more sustainable in factor can cause allergic reactions, reduce

the long run. feed intake, and increase the risk of
diseases.

The use of plant-based ingredients in fish feed can provide a cost-effective, sustainable, and
environmentally friendly alternative to traditional animal-based ingredients. However, the
use of these ingredients can also pose challenges related to digestibility, palatability,
nutritional imbalances, and potential allergens. Therefore, careful consideration should be
given to the selection, processing, and inclusion levels of plant-based ingredients in fish

feed, to ensure optimal fish growth, health, and welfare.

2.2 Alternatives to sustainable feed
Sustainable fish feed is an increasingly pressing issue in the aquaculture industry. The

current reliance on marine-based feed ingredients, such as fishmeal and fish oil, is
environmentally unsustainable and poses several problems, including overfishing and
disruption of ocean ecology (Tacon and Metian, 2008). Additionally, plant-based
alternatives have their own challenges, such as the need for arable land and competition

with human consumption and other livestock.

In recent years, there has been growing interest in alternative protein sources for fish feed,
including insect meal, microalgae, and single-cell protein. These sources have the potential
to reduce reliance on fishmeal and fish oil, while also being more environmentally
sustainable (Naylor et al.,2021). However, more research is needed to evaluate their

nutritional value and cost-effectiveness, as well as their impact on fish growth and health.

Furthermore, there is a need for innovation in feed processing and formulation, with a

focus on utilizing local, sustainable ingredients and minimizing waste. This may involve the



use of novel feed additives, such as probiotics and prebiotics, to enhance nutrient

utilization and fish health (Encarnacgao, 2016).

Overall, the search for sustainable alternatives to fish feed is ongoing and will require
collaboration between researchers, industry, and policymakers to ensure long-term

sustainability of the aquaculture industry.

2.3 Poultry Hydrolysates

Poultry by-products is an all-purpose product. For every tonne of chicken processed, 69%
of the meat is processed for human consumption, while the rest consists of by-products.
For feed trials, chicken by-product can be an important source of protein,
monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA) and amino acids
(Emery et al., 2014).

Chicken hydrolysates have been researched as an alternative protein source in fish feed
due to their high nutritional value, protein source, and digestibility. Hydrolysates are
derived from the hydrolysis of proteins from various sources, including animal and plant
sources. Chicken hydrolysates are obtained from the enzymatic breakdown of chicken
protein, resulting in smaller peptides and amino acids that are easier for fish to digest and

absorb.

Several studies have investigated the effects of chicken hydrolysates on fish growth, feed
utilization, and immune response. For example, a study found that replacing fishmeal with
poultry by-product meal in juvenile barramundi (Lates calcarifer) diets resulted in higher
fatty acids intake compared to fishmeal-based diets. Although, high number of fatty acids in
poultry by-product meal had an adverse effect in the immune response (Chaklader et al.,
2020). Similarly, another study demonstrated that poultry hydrolysate-based diets had
similar growth rates and feed utilization compared to fishmeal-based diets in humpback

grouper (Cromileptes altivelis) (Shapawi et al., 2007).

In addition to their nutritional benefits, chicken hydrolysates have also been shown to
enhance the immune response of fish. A study found that feeding common carp (Cyprinus
carpio) with a diet containing 50% chicken hydrolysates replacing fishmeal resulted in
similar growth responses and immune function compared to a 50% fish meal diet (Wu et

10



al,, 2022). In addition, a study showed that juvenile Nile tilapia (Oreochromis niloticus) fed
with a diet containing chicken hydrolysates provided a palatability index of 12.3% and did
not affect feeding behaviour (Alves et al,, 2019).

Despite these benefits, there are also some potential disadvantages associated with the use
of chicken hydrolysates in fish feed. One concern is the risk of transmitting diseases from
poultry to fish through the feed. Another concern is the potential for the accumulation of
contaminants, such as heavy metals and antibiotics, in the hydrolysates. However, these

risks can be mitigated through proper processing and quality control measures.

The use of chicken hydrolysates in fish feed has several advantages, including high
nutritional value, palatability, digestibility, and immune-enhancing effects. However, there
are also potential disadvantages associated with their use, including the risk of disease

transmission and the accumulation of contaminants.

Processing poultry by-products can result in significant greenhouse gas emissions,
particularly from the use of electricity and heating. In fact, acidification and eutrophication
during processing have been identified as major contributors to environmental damage
(Campos et al., 2020). When compared to fish oil and fish meal, the environmental impact
of the latter is even higher (table 1.). Specifically, fish oil results in 57% to 73% higher

environmental damage, while fish meal causes 31% to 64% higher environmental damage.

Overall, more research is needed to fully understand the potential benefits and risks of

using chicken hydrolysates in fish feed.

2.3.1 Nutrition content in poultry by-products
Poultry by-products are a valuable source of protein and nutrients that can be used in

animal feed formulations. The key nutritional components of poultry by-products can be

grouped into three categories: protein, amino acid and fatty acids.

Poultry by-products are a highly digestible source of protein. The protein content of
poultry by-products can vary depending on the type of by-product and processing methods
used. Generally, poultry by-products contain between 50-70% protein, with some by-

products such as chicken meal containing up to 90% protein (dos Santos Cardoso et al,
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2021). Hence poultry might be considered a good protein source as Salmonids requires

around 400g/kg of protein (Hardy, 1996).

Poultry by-products are a rich source of essential amino acids, including lysine, methionine,
and cysteine. These amino acids are essential for animal growth and development and
must be obtained through the diet. Poultry by-products also contain non-essential amino

acids such as glutamine, arginine, and glycine (Cho and Kim, 2010).

Poultry by-products are also a source of essential fatty acids, including omega-3 and
omega-6 fatty acids. The fatty acid content of poultry by-products can vary depending on
the fatty acids in the feed provided for the animals, the type of by-product and processing
methods used. Chicken fat, for example, is generally a rich source of omega-6 fatty acids,

while chicken liver is a good source of omega-3 fatty acids (Subhadra et al.,2006).

2.4 Biotechnology in protein processing
Poultry by-products are an important source of high-quality proteins and other valuable

nutrients. Biotechnology plays an important role in the processing of poultry by-products,

affecting their nutritional value and environmental impact.

Enzymatic hydrolysis: Enzymatic hydrolysis is a process that uses enzymes to break down
proteins in poultry by-products into smaller peptides and amino acids shown in figure 3.
This process can improve the digestibility and nutritional value of the proteins and produce

bioactive peptides with health-promoting properties (Wubshet et al., 2018).

Product
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Figure 3. Processing steps in enzymatic hydrolysis of poultry by product (Wubshet et al.,
2018).
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Microbial fermentation: Microbial fermentation is a process that uses microorganisms to
break down complex organic compounds in animal proteins into simpler compounds such
as organic acids, amino acids, and vitamins. This process can improve the nutritional value
of the by-products and produce value-added products such as probiotics, enzymes, and

organic acids (Hou et al., 2017).

These biotechnological approaches have shown promise in improving the nutritional value
and sustainability of poultry by-products. However, further research is needed to fully

evaluate their potential and to address any safety and regulatory concerns.

2.5 Salmon Smolt in Recirculation Aquaculture System (RAS)
Atlantic salmon (Salmo salar) is an economically important species in aquaculture, and the

smolts phases is a crucial step in their life cycle. Smolts are the juvenile stage of salmon that
undergo a morphological transformation to adapt to seawater environments, which is
essential for their survival and growth in the ocean. This process, known as smoltification,
involves significant changes in the gills, enzymes, ion transporters, and ion channels of the

salmon (McCormick., 1995, Nilsen., 2007).

RAS technology provides better control of water quality, which may results in better
growth performance and a significant reduction in mortality (Ulgenes et al., 2008). As the
farming practices vary significantly between RAS and the traditional flow through farming
systems, including higher density and higher vulnerability regarding water quality. It is
essential to investigate the effects of supplementing novel ingredient in feed, including
inclusion of poultry hydrolysate on the performance and welfare of Atlantic salmon smolts

produced in RAS.

2.6 Feed and welfare
Proper nutrition is crucial for the welfare of farmed fish, as it helps prevent diseases and

improves growth rates. However, some aspects of fish feed production and use can
negatively impact fish welfare. Therefore, it is important to apply the OWIs tool to monitor
and evaluate the process of farming fish to ensure that the fish are raised in an ethical

environment. OWIs are derived from Nofima welfare indicators (Noble et al., 2018), and a
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summary map is shown in figure 4. Research has shown that the type and quality of fish

feed can significantly impact welfare indicators (Santurtun et al,, 2018).

Several key OWIs are relevant to fish feed and welfare. These include feeding behaviour,
growth rate, health, mortality rate, and water quality. Feeding behaviour involves
monitoring how fish behave when feeding, and a healthy diet should promote active
feeding with no aggression or competition for food. Growth rate is important to ensure
healthy growth, while monitoring health and mortality rates is essential for detecting
potential issues. Water quality, including temperature, pH, and oxygen levels, also affects

fish welfare (Santurtun et al., 2018).

Environment based Group based OWIs :;'w‘llidlm based
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solids e HS|
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¢ Feed in intestine

Figure 4. Operational Welfare Indicator (OWIs) presented as Environmental based, Group
based and individual based OWIs (Noble et al,, 2018).
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3. Materials and Methods

3.1 Experimental design
The fish used for this research were farmed Atlantic salmon smolt (Salmo salar L.) and the

feed trial was conducted at the Center for Sustainable Aquaculture, Norwegian University
of Life Sciences (NMBU, As, Norway) using a Recirculated Aquaculture System during the
period of January 6t to March 24th 2022. The fish were weight initially, after an acclimation

period until February 10t and at the termination in March.

The experimental design of the study involved transferring 225 Atlantic salmon smolts to
tanks at 28 weeks post hatching, with an average weight of 94.2g (range 93.7g to 94.7g) per
fish. Following a 31-day acclimatization period, the fish were fed experimental diets. 15 fish
were allocated per tank, and there were a total of 15 circular tanks, each approximately
300L in volume. The diets were randomly assigned to the tanks in triplicate, and the fish
were fed for 24 hours every day over a period of 43 consecutive days. Any uneaten feed

and faeces were collected daily on a mesh to calculate the feed conversion ratio.

3.2 The Feed and Poultry hydrolysates coating procedures
The feed pellets, formulated by Aller Aqua A/S (Christiansfeld, Denmark) Thalassa Ex 2mm,

were coated with chicken hydrolysates purchased from GePro Gefliigel-Protein (Diepholz,
Germany), the formulated list is shown in table 4. The minerals and amino acids found in

the chicken hydrolysates are listed in Table 3 and Appendix 1.
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Table 3. A summary of minerals and amino acids found in the Chicken hydrolysates, GePro

Gefliigel-Protein,AquaTrac Sol SD.

Trace Elements

Copper (Cu) | 10.3 mg/kg

Zinc (Zn) | 34.4 mg/kg

Iron (Fe) | 102.9 mg/kg

Manganese (Mn) | 8.3 mg/kg

Amino Acids

Alanine | 3.4%

Arginine | 4.1%

Aspartic Acid | 4.9%

Cystine | 0.6%

Glutamine acid | 9.3%

Glycine | 8.9%

Histidine | 1.0%

Isoleucine | 1.8%

Leucine | 3.4%

Lysine | 3.5%

Methionine | 1.0%

Phenylalanine | 1.8%

Proline | 5.1%

Serine | 2.6%

Taurine | 1.1%

Threonine | 2.1%

Tyrosine | 0.9%

Valine | 2.2%




Table 4. Ingredients list formulated by Aller Aqua (Aller Thalassa Ex,2mm).

Raw Material Feed Composition (%)

Fish Meal | 24.00

Maize Gluten | 17.50

Soya Meal | 14.68

Wheat | 14.31

Sunflower Protein Concentrate | 8.00

Rapeseed Oil | 4.54

Fish oil | 4.50

Pea Protein | 4.00

Shrimp Meal | 3.00

Soya Protein Concentrate | 3.00

MonoAmmonium Phosphate | 0.66

Vitamin A & D3 | 0.50

Minerals (Mn,Calsium,Zn,Cu) | 0.15

Propyl Gallate (E310) | 1.00

3.2.1 Preparation of Chicken Hydrolysate Mixture
AquaTrac Sol SD, a commercial chicken hydrolysate powder, was mixed with water in a
ratio of 3:2 (60% chicken hydrolysate powder to 40% water. The mixture was then heated

and kept warm in a bath at 40°C to prevent clumping.

3.2.2 Preparation of Poultry Hydrolysate-Enriched Pellets

To prepare the feed for the fish trial, the Aller Thalassa Ex 2mm pellets were air-fried with
intermittent mixing until their temperature reached 30-40°C. Afterward, one kilogram of
Aller Aqua pellets was mixed with varying percentages (0%, 5%, 10%, 15%, and 20%) of a
chicken hydrolysate mixture that had been previously prepared. These different feed
mixtures were labeled as Control diet (no poultry inclusion), C5 diet (5% poultry
hydrolysate inclusion), C10 diet (10% poultry hydrolysate inclusion), C15 diet (15%
poultry hydrolysate inclusion), and C20 diet (20% poultry hydrolysate inclusion). To

homogenize the mixture, a Kenwood mixer was used at low speed for a few seconds, while
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maintaining the temperature at 40°C. Any excess fluids were removed, and the pellets were

manually mixed to ensure uniformity.

3.2.3 Drying and Storage
The chicken hydrolysate-enriched pellets were spread on a tray and left to dry. After

drying, they were packed in an airtight container and stored at 9°C in a dry storage facility.

3.3 Water Quality

During the feed experiment, the water temperature in the system was maintained at 14°C
throughout the experimental period, and the temperature was monitored regularly to
ensure consistency. However, there were some fluctuations in temperature over a period of
three days, when it temporarily dropped to 10.2°C on the 11th of March 2022, but
subsequently rose back to 14.1°C within two days (12th March: 12.7°C and 13th March:
13.6°C). The pH of the water in the outlets was also monitored, with readings of 7.9 on the

13th of January 2022, 7.8 on the 1st of February 2022, and 7.8 on the 22nd of March 2022.

The concentration of NH4-N mg/L in the inlet was 0.09, while the outlet consistently
recorded a value of <0.05 mg/L. The concentration of NO2-N mg/L in the outlet was
approximately 0.03. To ensure optimal conditions for the aquatic organisms, the water was
constantly oxygenated to maintain levels above 85%. The water flow was also maintained

atarate of 8.0 to 10.0 L/min.

3.4 Sampling procedures
In this study, individual numbering and weighing of all fish were carried out on the last

feeding day until the end of the trial. On the 35th day of the feeding trial, one fish per tank
was removed for a smoltification test (Appendix 2), leaving 14 fish per tank for sampling.
Prior to sampling, fish were then individually collected and anesthetized with Finquel vet
(Trikainmesilat, MSD Animal Health Norge AS). A blow was administered to ensure death,
after which the fish were transported to a nearby lab section for examination. Each
individual fish was photographed under standardized light conditions, using an iPhone

camera to assess fin damage, cataracts, scale loss, and vertebral deformities.

The first 10 fish from each tank were then gutted to determine gender by inspecting the

gonads, and visceral fat was visually scored on a scale of 1 (clearly visible) to 5 (not visible)
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(Figure 5). Hearts were visually scored on a scale of 0-3, where 0 indicated no visible fat on
the ventricle, and 3 indicated visible fat on the ventricle (Figure 6). Fecal scoring was done
on a scale of 1 (solid excrement) to 3 (loose excrement similar to diarrhea). The livers and
hearts of the fish were dissected, weighed, and pooled per tank to calculate the
hepatosomatic index (HSI) and the cardiosomatic index (CSI). Additionally, fecal samples

were collected and pooled per tank for further analysis.

Finally, the last four fish from each tank were frozen at -18 degrees Celsius to analyze the
whole-body composition. The fish were not starved and were provided with feed for 24

hours, except for the fish used for analysing the whole-body composition.

N
2R,

Figure 5. . Scale of assessment of visual liver colour (a) and visceral fat according to visibility
of pyloric cacea (b) of Atlantic Salmon (Salmo Salar L.) (Mgrkgre et al, 2020).

(a)
1
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Scale for assessment of fat deposits on the heart surface of Atlantic salmon

score 0 score 1 score 2 score 3

Figure 6. Scoring assessment with the visible fat on the heart in Atlantic Salmon (Salmo Salar
L.) (Formanowicz, 2022).

3.5 Welfare Assessment

The welfare of the experimental fish was evaluated through visual scoring of OWIs using
photographs taken with an iPhone camera of ten slaughtered fish per tank. The reliability
and non-invasive nature of this method have been previously established. The OWIs are

detailed in Appendix 3(Noble et al., 2018).

Assessment of fin damage was done on four regions: Dorsal, Pectoral, Caudal and Anal. The
severity of the damage was classified as active or healed, with scores ranging from 0 (no
damage) to 3 (severe damage). Scale loss was assessed using a score of 0 (no loss) to 3
(large area of loss 210% of the fish). Vertebral deformity was scored from 0-3, with 0

indicating no deformity and 3 indicating extreme deformity.

Skin hemorrhages were evaluated on a scale of 0 (no haemorrhaging) to 3 (significant
bleeding), along with severe scale loss and skin blisters. Cataracts were assessed using a

visual score illustrated in figure 7.
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0. No cataract 1. Cataractcovers 2. Cataract covers 3. Cataract covers 4 (ataract covers
less than 10% of between 10 and 50 to 75% of lens ~ ©ver 75% of lens
lens diameter 50% of lens diameter diameter

diameter

Figure 7. Diagnosing and classifying eye cataracts. (Noble et al,, 2018).
3.6 Blood plasma

Blood samples were obtained from the ductus cuvieri of fish, with each specimen yielding
1.00-1.50 ml of blood. To prevent clotting, an anticoagulant, haperinnatrium 100 [U/ml
(see Appendix 4), was added to the samples. The samples were then subjected to
centrifugation at 4000g for 10 minutes to separate the plasma and serum components.
Only the plasma fraction was collected and stored at -25°C, with each blood sample yielding
0.5-0.75 ml of plasma. Pooled sampled per tank were subjected to analysis at NMBU
Sentrallaboratoriet (S-lab) in As, Norway, following the method described by Tietz (1995).

3.7 Calculations
Feed Intake was calculated as,

Total Feed Intake per Tank

Feed Intake (grams in DM per fish) =

Number of fish per tank
The Feed Conversion Ratio (FCR) was calculated as,
FCR <gram) B Total Feed Intake
gram)  Final Body Weight (Wet) — Initial Body Weight (Wet)

Specific Growth Rate (SGR) was calculated as,

SCR (%Body Weight) _ [(n final Body Weight — In Initial Body Weight) x 100]

Day Total Experiment Days

Where, In = Natural Logarithm

21



Condition Factor (CF) was calculated as,

_ Body weight(g)
~ (Body Length(cm))3

CF

Slaughter yield (%) was calculated as,

_ Gutted weight (g)

1
Body weight (g) * 100

Hepatosomatic Index (HSI) was calculated as,

_ Liver weight (g)

HSI x 100%

~ Body weight (g)
Cardiosomatic Index (CSI) was calculated as,

_ Heart weight (g)

CSI X 100%

~ Body weight (g)

3.8 Statistical Analysis

In this study, the performed statistical analysis using the Statistical Analyses ANOVA to
determine significant differences among the dietary groups. The software used for the
statistical analysis was SAS software programming (SAS Institute, Cary, NC, USA; version

9.4). The P-values were calculated and a value below 0.05 was considered statistically

significant.
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4. Results
4.1 Weight gain

Weight gain was observed in all treatment groups as shown in figure 8, with the highest
weight gain observed for fish fed the C5 diet, which had a weight increase of 103.94+6.6 g.
The C5 diet also resulted in a significantly higher body weight (P<0.0055) compared to the
Control, C10, C15, and C20 diets. However, there was no significant difference in weight
gain observed among the other diets except for C5. C10, C15, and C20 had slightly lower

weight gain compared to the Control diet.

Atlantic Salmon Smolts
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Figure 8. Weight gain in grams for the different diets. The superscripts above the error bars
indicate significant differences between dietary treatments (P<0.05).
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4.2 Fish Growth Performance

The growth performance of Atlantic smolt fed on poultry-by product inclusion is presented
in table 5. Although C10, C15, and C20 diets resulted in slightly lower weight gain
compared to Control, the differences were not statistically significant (P<0.247) for Specific
Growth Rate (SGR). There was no mortality observed in any of the diets during the trial
period. The initial weight of fish in all diets was similar, ranging from 109.67+0.29 grams to
128.09+0.35 grams. The final weight of fish fed on different diets ranged from 202.33+1.26
grams to 232.03+6.25 grams. The highest weight gain was observed in fish fed C5 diet
103.94+6.55 grams, while the lowest was in fish fed C20 diet 80.87+4.84 grams.

Table 5. Body weight after a four-week acclimation period, final body weight, weight increase

(grams) and specific growth coefficient (%) (mean * standard error).

Indicators Control C5 C10 C15 C20
Initial weight | 120+2.27 128.09+£0.35 109.67+0.29 115.33+3.83 123+0.11
Final weight | 206.6£10.4 232.0+6.3 202.3+1.3 205.9+13.5 203.9%4.7

Weight gain | 86.6+x12.7 103.9+6.6 92.7+1.6 90.6x17.3 80.9+4.8

SGR%/day | 1.12%0.06 1.28+0.06 1.09+0.06 1.11+0.06 1.1+0.06

24



4.3 Whole Body Composition
4.3.1 Dry Matter

The whole-body analysis dry matter content varied significantly between the dietary
treatment (figure 9). The highest dry matter content was observed in salmon fed the
control diet 30.1 + 0.3, which was significantly greater than the dry matter content of the
C20 diet 29.03 £ 0.3 with a p-value of 0.0278 and of 29.07 + 0.3 C15 diet with p-value of
0.0319. Additionally, a regression line was plotted from the control diet with the highest
dry matter content to the C20 diet with the lowest dry matter content, indicating a gradual

decrease in dry matter content with increasing levels of C20 in the diet.

Atlantic Salmon Smolts y =-0.291x + 30.347

R?=0.9132
30.50

30.30
30.10
29.90
29.70

ab

29.50

Dry Matter (%)

29.30

29.10
28.90
28.70

28.50
Control c5 Cc10 C15 Cc20
Diets

Figure 9. Dry matter in percentage of whole body of salmon smolts fed increasing inclusion of
poultry hydrolysate from 0% (Control), 5% (C5), 10% (C10), 15% (C15) to 20% (C20).
Different letters above the error bars indicate significant differences between dietary

treatments (P<0.05).
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4.3.2 Ash

The whole body of the salmon smolts fed the C15 diet 2.6 *+ 0.08 had significantly higher
ash content as compared to the C5 diet 2.33 £+ 0.08 at a p-value of 0.0455. The lowest ash
content was observed for the salmon fed in the C20 diet 2.30 + 0.08 with a p-value of

0.0283(figure 10).
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Figure 10. Ash in percentage of whole body of salmon smolts fed increasing inclusion of
poultry hydrolysate from 0% (Control), 5% (C5), 10% (C10), 15% (C15) to 20% (C20).
Different letters above the error bars indicate significant differences between dietary

treatments (P<0.05).

4.3.3 Crude Fat

The percentage of fat content among the experimental diets is shown in figure 11. Salmon
fed the C5 diet had the highest fat content compared to the other diets with a p-value of
0.0086. Conversely, the C15 diet had the lowest fat content 6.90 + 0.168 with a p-value of
0.0010 between Diet C5 8.03 + 0.168.
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Figure 11. Fat in percentage of whole body of salmon smolts fed increasing inclusion of
poultry hydrolysate from 0% (Control), 5% (C5), 10% (C10), 15% (C15) to 20% (C20).
Different letters above the error bars indicate significant differences between dietary

treatments (P<0.05).
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4.4 Condition Factor
The condition factor was highest for salmon fed the C15 diet 1.31+0.038 and lowest for the
salmon fed the Control diet 1.25£0.042, with a significant difference (P=0.0406) observed

in figure 12. No significant difference was observed between the salmon fed C5, C10 and

C20 diets.
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Figure 12. The condition factor of salmon smolts fed increasing inclusion of poultry
hydrolysate from 0% (Control), 5% (C5), 10% (C10), 15% (C15) to 20% (C20). Different
letters above the error bars indicate significant differences between dietary treatments
(P<0.05).

4.5 Feed Conversion Ratio (FCR)
The feed conversion ratio (FCR) was the highest for the salmon fed the control diet 0.803 +
0.0477 and between the C20 diet 0.786 + 0.0477, that was significantly lower compared

with the salmon fed the C10 diet 0.6197 + 0.0477 (P=0.03) as described in figure 13.

28



Atlantic Salmon Smolts
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Figure 13. Feed Conversion Ratio (FCR) of salmon smolts fed increasing inclusion of poultry
hydrolysate from 0% (Control), 5% (C5), 10% (C10), 15% (C15) to 20% (C20). Different
letters above the error bars indicate significant differences between dietary treatments
(P<0.05).
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4.6 Gutted weight and Slaughter yield
Gutted weight was highest for C5 diet and significantly different from dietary groups C10,

C15, and C20. The Control diet had a significantly different gutted weight compared to the
C10 diet, which had the lowest gutted weight. Slaughter yield was significantly different
among diets, with the Control diet having the highest yield, while C5, C10, C15, and C20 had
the lowest yields (Table 6).

Table 6. Gutted weight and slaughter yield of Atlantic smolt salmon fed with by-poultry
inclusions from 0%, 5%, 10%, 15% and 20%. Results are shown mean # standard error and

different letters indicate significant differences between dietary treatments (P<0.05).

Diets | Control C5 C10 C15 C20 P-
Value
Gutted | 188.7+13.6ab 204.1+13.5a 170.63£13.7c | 184.7+12.5bc 184.6+13.6bc 0.043
Weight(g)
Slaughter | 89.1+£0.5a 88.3+0.5b 88.40+0.5b 88.6+0.2ab 88.34+0.5b 0.09
yield (%)

4.7 Blood serum
The results of the blood analysis showed no significant differences for several parameters

including amylase, AP (Alkaline Phosphate), albumin, AST(Aminotransferase), FFA (Free
Fatty Acids), globulins, glucose, chloride, TP (Total Protein), CK (Creatine Kinase) or bile
salts among the different dietary treatments (Table 7). However, phosphorus levels were
significantly different (P=0.1454), with the highest levels observed in the C10 diet
5.04%0.26 and the lowest in the C15 diet 4.14+0.26 with a P-value of 0.0510. Potassium
levels also showed a significant difference (P-Value = 0.0455), with the highest levels
observed in the C10 diet and the lowest in the C15 diet. Sodium levels were also
significantly different, with the C10 diet having the highest levels compared to the C5 diet

having the lowest levels, with a P-value of 0.053.
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Table 7. Different blood enzymes, fatty acids, minerals are presented among the different

diets. Significant differences are marked as alphabets, SEM represents Standard Error Mean.

Blood Treatment Types
Analysis Cco C5 C10 C15 C20 SEM P-value
Amylase 1284 1247 1359 1261 1214 80.18 0.7629
AP 203.67 204 216.67 207 214.67 21.25 0.9616
Albumin 19 18.67 19 18.33 18.67 0.93 0.9836
AST 359.33 345.33 373.67 336.67 397.33 54.29 0.9349
CK 5335.33 | 4846.67 | 10181 5934.33 8035 2345.74 | 0.5032
Phosphorus 4.27ab 4.24ab 5.04a 4.14b 4.17b 0.26 0.1454
FFA 0.27 0.2 0.33 0.23 0.23 0.064 0.6679
Bile Salts 24.67 14.67 41.33 13.33 10.33 12.58 0.5049
Globulins 14 13.67 14 13.67 14.67 0.68 0.8335
Glucose 5.47 5.3 5.83 5.43 5.37 0.29 0.7288
Chloride 132.67 132.67 132.67 132 132 0.76 0.8409
Calcium 2.77 2.73 2.97 2.77 2.80 0.10 0.5017
Sodium 159.67ab | 158.67b @ 162.67a | 159.00ab | 159.00ab 1.29 0.2440
Potassium 5.07ab 5.4ab 5.87a 4.93b 5.27ab 0.29 0.2472
Na:K Ratio 31.77 31.07 27.8 32.27 30.4 1.82 0.4875
Cholesterol 9.17 8.8 9.1 8.67 9.2 0.40 0.8327
Creatine 13.67 20.33 27 22.33 29.33 5.75 0.3948
Lipase 14.67 12.67 13.67 13.67 14 0.91 0.6490
Amyloid 10 9.33 10.33 9.67 9.67 0.39 0.4853
TP 33.33 32.33 33 32.33 33.33 1.42 0.9695
Triglyceride 2.33 2.70 2.87 2.30 3.20 0.401 0.5052

4.8 Fish Welfare

No mortality or cataracts were observed during the feed trial. From table 8, the viscera fat

score was found to be significantly different between the control group and the groups fed

with C10 and C20 diets, with the control group having the highest fat score and C20 having

the lowest. The highest HSI (%) value was observed for the group fed with C10, while the

lowest was observed for the control group. Heart score was highest for the control group,

while it was lowest for the C15 group. Liver weight was found to be highest in the C5 group

and lowest in the control group. Faeces scoring showed the highest value for the control

group and lowest in the C5 group.
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Further analysis of the data revealed that there was no significant difference in liver score

and CSI (%) among the groups. Heart weight was also found to be similar among all groups.

The P-values for all the parameters are reported in table 8.

Table 8. Visual scoring of visceral fat, fat accumulation on the heart surface and liver colour
and faeces, and the liver and heart weight (g) and % of heart and liver relative to the body

weight (HSI and CSI,%). Results are shown as mean # standard error for Atlantic Salmon

smolts fed diets with increasing levels of poultry hydrolysates 0% (Control), 5% (C5), 10%
(C10) 15%(C15) and 20%(C20).

Diets | Control C5 C10 C15 C20 P-

value

Viseral fat | 2.49+0.20a | 2.40+0.20ab | 2.22+0.20bc | 2.34+0.18ab | 2.10+0.20bc | 0.058
score

Liver | 3.71+0.18 3.55+0.18 3.52+0.18 3.67x0.16 3.66+0.18 0.416
colour
score

HSI, (%) | 1.07+0.07c | 1.11+£0.07ac | 1.20+0.07a | 1.10+0.06b | 1.16+0.07ab | 0.094

CSIL, (%) | 0.12+0.01 0.13+0.01 0.13+0.01 0.13+0.01 0.12+0.01 0.454

Heart | 1.06£0.22a | 0.68+£0.21b | 0.68+0.22b | 0.61+£0.20b | 0.82+0.22ab | 0.061
score

Heart | 0.26£0.02ab | 0.29£0.02a | 0.25£0.02b | 0.28+0.02ab | 0.26+0.02b | 0.213
weight(g)

Liver | 2.27+0.21b | 2.55+0.21a | 2.35+0.21ab | 2.32+0.20ab | 2.41+0.21ab | 0.536
weight(g)

Faeces | 1.93+0.19a | 1.57+0.19b | 1.80+0.19ab | 1.70+£0.18ab | 1.86+£0.19a | 0.113
score

4.8.1 Fin Damage
Operational Welfare Indicators were also used to assess fin damage with visual scoring

ranging from 0 to 3, 0 indicating a whole fin present and 3 indicating very little fin

remaining described in table 9. The highest active fin damage score was observed in the

dorsal fin, with a score of 0.37+0.10 of the C5 diet group. In the pectoral fin, the highest

active fin damage score was 0.30+0.09 in the C5 diet group.
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Table 9. Damage of dorsal, pectoral and caudal fin in active phase. Results are presented as

mean # standard error for Atlantic salmon smolts fed diets with poultry hydrolysates ranging

from 0% (Control), 5% (C5), 10% (C10) 15%(C15) and 20%(C20).

Fin Damage

(Active)

Control

C5

C10

C15

C20

Value

Dorsal

0.34+0.088

0.37+0.102

0.20+0.075

0.20+0.075

0.33+0.088

0.459

Pectoral

0.10+0.057

0.30+0.086

0.13+0.064

0.03+0.033

0.17+0.069

0.057

Caudal

0.90+0.057

0.73+0.082

0.67+0.088

0.77+0.079

0.87+0.064

0.177

Anal

0.07+0.047

0.07+0.046

0.13+0.064

0.03+0.033

0.03+0.033

0.529

Another welfare indicator considered was the healed fin damage (table 10). For the dorsal

fin, the highest healed fin damage score was observed in the C10 0.67+£0.01 diet group. In

the pectoral fin, the C10 diet group was the highest while the other diets showed no signs

of fin damage (healed). In the pectoral fin, C19 and C15 shows similar fin damage, while the

other diets showed no signs of fin damage (healed). Lastly, in the anal area, C5 and C10

showed minor fin damage 0.03+0.033 while the other diets have no signs of fin damage

(healed).

Table 10. Damage of dorsal, pectoral, and caudal fin in healed phase. Results are presented as

mean # standard error for Atlantic salmon smolts fed diets with poultry hydrolysates ranging

from 0% (Control), 5% (C5), 10% (C10) 15%(C15) and 20%(C20).

Fin Damage Control C5 Cc10 C15 C20 P-
(Healed) Value
Dorsal | 0.38+0.089 | 0.47+0.104  0.67+0.100 | 0.53+0.093 | 0.47+0.093 | 0.459
Pectoral | 0.00£0.00 | 0.00+0.00 | 0.03+0.033 | 0.00+£0.00 | 0.00+0.00 | 0.057
Caudal | 0.00+£0.00 | 0.00+0.00 | 0.03+0.033 | 0.03+0.033 | 0.00+0.00 | 0.177
Anal | 0.00£0.00 | 0.03+0.033 | 0.03+0.033 | 0.00+0.00 | 00.00+£0.00 | 0.529
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4.8.2 Scale loss

Figure 14 represents the scale loss scores obtained during the study. The results indicate
that the highest scale loss score was observed in the C20 diet group with a score of
2.50+0.104. In contrast, the control group had the lowest score of 1.90+0.113. The
statistical analysis revealed a p-value of 0.007, indicating a highly significant difference

between the two groups.

Atlantic Salmon Smolts

b

2.5
ab
a ab
a

2
1.5
1
0.5
0

0 c15 C20

b
Control C5 C1
Diets

Scale Loss score

Figure 14. Scale loss of salmon smolts fed increasing inclusion of poultry hydrolysate from 0%
(Control), 5% (C5), 10% (C10), 15% (C15) to 20% (C20). Different letters above the error bars

indicate significant differences between dietary treatments (P<0.05).

4.8.3 Vertebrate deformities

Minor vertebrate deformities were observed in the control group (0.10 + 0.057), whereas
the inclusion of poultry hydrolysates from C5 to C20 diets did not show any deformities.
The p-value of 0.012 indicates that minor vertebrate deformities were detected in the

control diet.
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5. Discussion

5.1 Weight gain

The results showed that weight gain was observed in all treatment groups, with the highest
weight gain seen in fish fed the C5 diet, which had a weight increase of 103.94+6.55 g. This
suggests that the C5 diet may be more effective in promoting weight gain in fish compared

to the other diets.

Further analysis showed that the C5 diet also resulted in a significantly higher body weight
(P<0.0055) compared to the Control, C10, C15, and C20 diets. This finding indicates that
the C5 diet may be more suitable for fish growth and development, at least in the context of

this study.

Even though there was no significant difference in weight gain observed among the other
diets except for C5 diet. C10, C15, and C20 diets had slightly lower weight gain compared to
the Control diet. This suggests that while these diets may not be as effective as the C5 diet
in promoting weight gain, the different diets still show weight gain throughout the feed

trial.

In addition, a previous study has reported that higher substitutions of poultry by-product
meal, ranging from 50% to 75%, can cause a significant decrease in growth performance in
gilthead seabream (Sparus aurata L.) compared to fish meal (Nengas et al,, 1999). Itis
possible that higher inclusion of poultry by-product in fish feed may lead to issues with
palatability or digestion. However, the specific effects of higher inclusion levels of poultry
by-product on fish growth and development are not well understood and require further

investigation.

5.2 Fish Growth Performance

From the results, C5 diet showed the highest weight gain, the differences in weight gain
among the other diets were not statistically significant, indicating that these diets did not
have a negative impact on fish health. The absence of mortality in any of the diets during

the trial period further supports this claim.
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These results are consistent with previous studies that suggest poultry by-product meal
can serve as an alternative protein source in fish diets. Studies have shown that poultry by-
product meal is a good source of protein for fish and replacing fishmeal with poultry by-
product did not significantly affect growth performance in Nile Tilapia (Oreochromis
niloticus) (Soltan, 2009; Yang et al., 2004). Thus, these findings support the notion that the

inclusion of poultry by-products in fish diets can lead to improved growth performance.

5.3 Whole Body Composition

The present study investigated the impact of including poultry hydrolysate at different
levels in the diets of Atlantic salmon smolts on their dry matter, ash, and crude fat. The
results revealed significant differences in dry matter content among the experimental diets,
with the control diet exhibiting the highest dry matter content. Furthermore, the ash
content of the fish varied among diets, with the C15 diet displaying a significantly higher
ash content than the C5 diet, while the C20 diet had the lowest ash content. Interestingly,
the C5 diet had the highest fat content among all the diets, while the C15 diet had the
lowest fat content. These findings demonstrate that including poultry hydrolysate in fish
diets can have a significant impact on the composition of the fish, and therefore should be

considered when formulating fish feeds.

5.4 Condition factor

From the results, the effect of different diets on the condition factor of salmon smolts. The
results showed that the C15 diet had the highest condition factor and was significantly
different from the control diet. This finding indicates that the inclusion of poultry by-
products can enhance the overall condition and health of salmon smolts. These results are
consistent with a previous study that investigated the replacement of fishmeal with poultry
by-product in juvenile hybrid grouper fish (Epinephelus fuscoguttatus x Epinephelus
lanceolatus) diets (Zhou et al., 2019). The study found that the grouper fish with 10% to
20% poultry by-product replacement had a higher condition factor than those with higher
percentages of replacement. These findings suggest that there may be an optimal level of

poultry by-product inclusion that can lead to improved condition and health in fish.
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5.5 Feed Conversion Ratio

The results showed that the control group had the highest FCR, while the group fed with
the C10 diet had the lowest FCR. These findings suggest that a 10% inclusion of poultry
hydrolysate in the diet may have a positive impact on FCR.

However, as the inclusion level of poultry hydrolysate increased to 15% and 20%, the FCR
became similar to that of the control diet. This finding is consistent with a previous study
conducted on catfish (Clarias geriepinus) that found replacing 20% of fishmeal with poultry
by-products resulted in a lower FCR compared to the control group (Abdel-Warith et al.,
2001). However, as the inclusion level of poultry by-products increased beyond 20%, the

FCR ratio increased with the percentage increment of poultry by-products.

5.6 Gutted Weight and Slaughter yield

The results of the experiment revealed that the C5 diet had the highest gutted weight of
204.07g, which could be attributed to the higher weight gain observed in this group during
the experiment. However, the slaughter yield was lower in the C5 diet at 88.30% as
compared to the control diet with the highest yield of 89.13%. Although the difference in

yield was not statistically significant, it may be noteworthy from a commercial perspective.

Interestingly, the study also revealed that there was a significant difference in gutted
weight between the C5 diet (204.07+13.54g) and the C10 diet (170.63+13.65g). This
finding suggests that the inclusion level of poultry hydrolysate in the diet has a significant
impact on the growth of Atlantic salmon smolts. Additionally, the results for slaughter yield
were significantly different between the control diet (89.1+0.5) and the C5 diet (88.3+0.5).
These results suggest that the inclusion of poultry hydrolysate in the diet may have an

impact on the processing yield of Atlantic salmon smolts.

5.7 Blood serum

The blood analysis revealed that the tested diets did not significantly impact most of the
parameters such as amylase, AP (Alkaline Phosphate), albumin, AST(Aminotransferase),
FFA (Free Fatty Acids), globulins, glucose, chloride, TP (Total Protein), CK (Creatine
Kinase) or bile salts. However, significant differences were found in phosphorus,

potassium, and sodium levels among the diets. The C10 diet had the highest levels of
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phosphorus and potassium, while sodium levels were slightly higher in the C10 diet but
consistent in the other diets. The observed differences in electrolyte levels could be

attributed to differences in diet composition.

These findings are consistent with previous research, which has suggested that poultry
hydrolysate in salmon feed can improve the availability of phosphorus (Skonberg et al,
1997). Further research is needed to understand the exact mechanisms behind these
differences and their potential health outcomes. Additionally, the study found that the
higher levels of sodium and potassium in the C10 diet could have positive effects on the
overall performance and welfare of smolts, as these electrolytes are essential for

physiological changes in smolts, including osmoregulation (Philip et al, 2022).

Overall, the results suggest that while the different diets may not have a significant impact

on most blood parameters, there may be subtle differences in electrolyte levels.

5.8 Fish welfare

The present study investigated the effects of different inclusion levels of poultry
hydrolysate on the welfare of Atlantic salmon smolts by measuring the visceral fat score,
heart score, and liver score, as well as the HSI and CSI across the various diets. The results
suggest that the diets were nutritionally balanced and met the requirements of the fish, as
indicated by the absence of mortality or cataracts in all groups. Furthermore, the inclusion
of poultry hydrolysate had a positive effect on reducing fat accumulation in the fish, as
evidenced by the significant differences observed in fat score and HSI values between the
control group and the groups fed with C10 and C20 diets. The study also showed that a
high-lipid diet can lead to frequent cataract formation, highlighting the positive effects of
including poultry hydrolysates on preventing cataracts (Waagbg et al., 2003).

The liver weight was highest in the C5 group, which may indicate that this group had a
higher metabolic rate and was utilizing nutrients more efficiently. However, the faeces
scoring showed the highest value in the control group, which suggests that the control
group had a less efficient digestion and absorption of nutrients. The absence of significant

differences in liver score and CSI (%) among the groups suggests that the different
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inclusion levels of poultry hydrolysate did not have a significant effect on liver health or

protein utilization efficiency.

5.8.1 Fin damage

The present study utilized Operational Welfare Indicators to assess the extent of fin
damage in Atlantic salmon smolts. The results showed that the highest active fin damage
score was observed in the dorsal region of the fish, with the C5 diet group having a score of
0.37£0.102. Similarly, in the pectoral region, the highest active fin damage score was
0.30+0.086 in the C5 diet group. Although the scores indicate minor damage, it is important

to note the potential welfare implications for the fish.

Another welfare indicator considered in this study was healed fin damage. The healed fin
damage scores obtained for the various diets are presented in Table 10. In the dorsal
region, the C10 diet group had the highest score for healed fin damage. In the caudal area,
the control group had the highest score for healed fin damage, with a score of 0.90+0.057.
For the anal area, the highest healed fin damage score was observed in the C10 diet group,
with a score of 0.13+0.064. The C10 and C15 diets had the highest scores for healed fin
damage in the caudal region, while the C5 and C10 diets had the highest scores in the anal

region.

Overall, the results suggest that the inclusion of different diets had an impact on the extent
of fin damage in Atlantic salmon smolts. However, it is not proven if this is due to diet or

external factors.

5.8.2 Scale loss

Scale loss is another important welfare concern in fish, and the results of this study suggest
that diet plays a crucial role in scale loss and fish welfare. The higher scale loss score
observed in the C20 diet group may be due to the diet's composition or nutrient
deficiencies. Further research is needed to investigate the specific dietary factors that

impact scale loss in fish and to develop dietary interventions to promote fish welfare.
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5.8.3 Vertebral deformities

The study found that the control group had minor vertebral deformities, whereas the
inclusion of poultry hydrolysates in diets from C5 to C20 did not result in any deformities.
This suggests that poultry hydrolysates could be a promising solution to prevent vertebral
deformities in fish. The vertebrae play a crucial role in the biomechanical function of fish,
allowing for muscle anchoring, propulsion, and flexibility during locomotion (Webb., 1984),
as well as in maintaining calcium and phosphorus homeostasis (Graff et al., 2002).
Although the analysis of blood serum revealed that the C10 diet had the highest levels of
phosphorus, while the C15 diet had the lowest levels. This observation may be attributable
to the higher vitamin D content present in poultry by-products, as previous research has
demonstrated that vitamin D significantly influences the roles of calcium and phosphorus

in Atlantic salmon (Lock et al., 2007).

6. Conclusion

To summarize, this research provides insights into the use of poultry by-products and
hydrolysate as dietary ingredients in fish feed. While these ingredients can benefit fish
growth and nutrient availability, it's important to carefully consider the optimal inclusion
level to avoid negative impacts on processing yield and fish welfare. More research is
needed to determine the long-term effects of different diets on fish health and

development, and their interactions with factors like smoltification and fin healing.

Based on this study, an optimal range of poultry inclusion is between 5% to 10%, with C5
(5% inclusion) diet showing the highest growth performance, good scores in liver, heart
and faeces analysis, low scale loss and no fin damages, and C10 (10% inclusion) diet
showing the highest condition factor, lowest FCR, and lowest fin damage. Further research
with dietary factors in this range may lead to promising results for sustainable and cost-

effective aquaculture diets.
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7. Appendix
7.1 Appendix 1.

Information of Protein Hydrolysate from GePro, Aquatrac Sol.
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7.2 Appendix 2.

Smoltification Results for Sentral laboratory.
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7.3 Appendix 3.

Operational Welfare Indicator
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7.4 Appendix 4.

Blood Serum Heparin LEO used for centrifugation.

50



8. References

Aas, T.S,, Asgérd, T. and Ytrestgyl, T., 2022. Utilization of feed resources in the production of
Atlantic salmon (Salmo salar) in Norway: An update for 2020. Aquaculture Reports, 26,
p.101316.

Alves, D.R.S,, de Oliveira, S.R., Luczinski, T.G., Paulo, I.G.P., Boscolo, W.R,, Bittencourt, F. and
Signor, A., 2019. Palatability of protein hydrolysates from industrial byproducts for nile
tilapia juveniles. Animals, 9(6), p.311.

Authority, E.F.S., 2018. The European Union summary report on trends and sources of
zoonoses, zoonotic agents and food-borne outbreaks in 2017. EFSa Journal, 16(12).

Bureau, D.P., Harris, A.M., Bevan, D.J., Simmons, L.A., Azevedo, P.A. and Cho, C.Y., 2000.
Feather meals and meat and bone meals from different origins as protein sources in
rainbow trout (Oncorhynchus myKkiss) diets. Aquaculture, 181(3-4), pp.281-291.

Campos, L., Valente, L.M.P., Matos, E., Marques, P. and Freire, F., 2020. Life-cycle assessment
of animal feed ingredients: Poultry fat, poultry by-product meal and hydrolyzed feather
meal. Journal of Cleaner Production, 252, p.119845.

Chaklader, M.R,, Siddik, M.A. and Fotedar, R., 2020. Total replacement of fishmeal with
poultry by-product meal affected the growth, muscle quality, histological structure,
antioxidant capacity and immune response of juvenile barramundi, Lates calcarifer. Plos
one, 15(11), p.e0242079.

Cheng, Z.]. and Hardy, RW., 2002. Apparent digestibility coefficients of nutrients and
nutritional value of poultry by-product meals for rainbow trout Oncorhynchus mykiss
measured in vivo using settlement. Journal of the World Aquaculture Society, 33(4), pp-458-
465.

Cho, J.H. and Kim, I.H., 2011. Fish meal-nutritive value. Journal of Animal Physiology and
Animal Nutrition, 95(6), pp.685-692.

Dalsgaard, J., Verlhac, V., Hjermitslev, N.H., Ekmann, K.S., Fischer, M., Klausen, M. and
Pedersen, P.B., 2012. Effects of exogenous enzymes on apparent nutrient digestibility in
rainbow trout (Oncorhynchus mykiss) fed diets with high inclusion of plant-based
protein. Animal feed science and technology, 171(2-4), pp.181-191.

Dalélio, F.S., da Silva, ].N., de Oliveira, A.C.C., Tindco, I.D.F.F., Barbosa, R.C., de Oliveira
Resende, M., Albino, L.F.T. and Coelho, S.T., 2017. Poultry litter as biomass energy: A review
and future perspectives. Renewable and Sustainable Energy Reviews, 76, pp.941-949.

Dawson, M.R,, Alam, M.S., Watanabe, W.0., Carroll, P.M. and Seaton, P.]., 2018. Evaluation of
poultry by-product meal as an alternative to fish meal in the diet of juvenile Black Sea Bass
reared in a recirculating aquaculture system. North American Journal of Aquaculture, 80(1),
pp-74-87.

51



Dong, F.M,, Hardy, R.W., Haard, N.F., Barrows, F.T., Rasco, B.A., Fairgrieve, W.T. and Forster,
.P., 1993. Chemical composition and protein digestibility of poultry by-product meals for
salmonid diets. Aquaculture, 116(2-3), pp.149-158.

dos Santos Cardoso, M., Godoy, A.C., Oxford, ].H., Rodrigues, R., dos Santos Cardoso, M.,
Bittencourt, F., Signor, A., Boscolo, W.R. and Feiden, A., 2021. Apparent digestibility of
protein hydrolysates from chicken and swine slaughter residues for Nile

tilapia. Aquaculture, 530, p.735720.

Drew, M.D., Racz, V.J., Gauthier, R. and Thiessen, D.L., 2005. Effect of adding protease to
coextruded flax: pea or canola: pea products on nutrient digestibility and growth
performance of rainbow trout (Oncorhynchus mykiss). Animal Feed Science and
Technology, 119(1-2), pp.117-128.

Emery, J.A.,, Smullen, R.P. and Turchini, G.M., 2014. Tallow in Atlantic salmon
feed. Aquaculture, 422, pp.98-108.

Encarnacdo, P., 2016. Functional feed additives in aquaculture feeds. In Aquafeed
formulation (pp. 217-237). Academic Press

Fjelldal, P.G., Hansen, T., Breck, O., @rnsrud, R., Lock, E.]., Waagbg, R., Wargelius, A. and
Eckhard Witten, P., 2012. Vertebral deformities in farmed Atlantic salmon (Salmo salar L.)-
etiology and pathology. Journal of Applied Ichthyology, 28(3), pp-433-440.

Formanowicz, ., 2022. Product quality, fish welfare and salmon louse infestation of Atlantic
salmon and rainbow trout fed a diet supplemented with fermented soybean and macro algae
(Saccharina latissima) (Master's thesis, Norwegian University of Life Sciences, As).

Fry, ].P,, Love, D.C., MacDonald, G.K., West, P.C., Engstrom, P.M., Nachman, K.E. and
Lawrence, R.S., 2016. Environmental health impacts of feeding crops to farmed
fish. Environment international, 91, pp.201-214.

Gatlin IlI, D.M., Barrows, F.T., Brown, P., Dabrowski, K., Gaylord, T.G., Hardy, R.W., Herman,
E., Hu, G., Krogdahl, A., Nelson, R. and Overturf, K., 2007. Expanding the utilization of
sustainable plant products in aquafeeds: a review. Aquaculture research, 38(6), pp.551-579.

Gonzalez-Rodriguez, A., Celada, J.D., Carral, .M., Sdez-Royuela, M., Garcia, V. and Fuertes,
J.B., 2016. Evaluation of poultry by-product meal as partial replacement of fish meal in
practical diets for juvenile tench (Tinca tinca L.). Aquaculture Research, 47(5), pp-1612-
1621.

Graff, LE., Hgie, S., Totland, G.K. and Lie, @., 2002. Three different levels of dietary vitamin
D3 fed to first-feeding fry of Atlantic salmon (Salmo salar L.): effect on growth, mortality,
calcium content and bone formation. Aquaculture Nutrition, 8(2), pp.103-111.

52



Grisdale-Helland, B. and Helland, S.J., 1997. Replacement of protein by fat and carbohydrate
in diets for Atlantic salmon (Salmo salar) at the end of the freshwater
stage. Aquaculture, 152(1-4), pp.167-180.

Hardy, R.W., 1996. Alternate protein sources for salmon and trout diets. Animal Feed
Science and Technology, 59(1-3), pp.71-80.

Hardy, R.W., 2010. Utilization of plant proteins in fish diets: effects of global demand and
supplies of fishmeal. Aquaculture research, 41(5), pp.770-776.

Hauschild, M.Z., Rosenbaum, R.K. and Olsen, S.I., 2018. Life cycle assessment. Springer
International Publishing, Cham. https://doi. org/10.1007/978-3-319-56475-3 Book.

Huang, F., Wang, L., Zhang, C.X. and Song, K., 2017. Replacement of fishmeal with soybean
meal and mineral supplements in diets of Litopenaeus vannamei reared in low-salinity
water. Aquaculture, 473, pp.172-180.

Hou, Y., Wy, Z,, Dai, Z., Wang, G. and Wu, G., 2017. Protein hydrolysates in animal nutrition:
Industrial production, bioactive peptides, and functional significance. Journal of animal
science and biotechnology, 8, pp.1-13.

Kunst, T., 2002. Protein Modification to Optimize Functionality: Protein
Hydrolysates. Handbook of Food Enzymology, pp.236-251.

Li, M.H., Robinson, E.H., Tucker, C.S., Manning, B.B. and Khoo, L., 2009. Effects of dried algae
Schizochytrium sp., a rich source of docosahexaenoic acid, on growth, fatty acid
composition, and sensory quality of channel catfish Ictalurus

punctatus. Aquaculture, 292(3-4), pp.232-236.

Lock, E.J., Ornsrud, R., Aksnes, L., Spanings, F.A.T., Waagbo, R. and Flik, G., 2007. The vitamin
D receptor and its ligand 1a, 25-dihydroxyvitamin D3 in Atlantic salmon (Salmo
salar). Journal of endocrinology, 193(3), pp.459-472.

McCormick, S.D., 1995. 11 hormonal control of gill Na+, K+-ATPase and chloride cell
function. In Fish physiology (Vol. 14, pp. 285-315). Academic Press.

Miles, R.D. and Chapman, F.A., 2006. The Benefits of Fish Meal in Aquaculture Diets:
FA122/FA122, 5/2006. EDIS, 2006(12).

Mgrkgre, T., Moreno, H.M., Borderias, ]., Larsson, T., Hellberg, H., Hatlen, B., Romarheim,
0.H., Ruyter, B., Lazado, C.C., Jiménez-Guerrero, R. and Bjerke, M.T., 2020. Dietary inclusion
of Antarctic krill meal during the finishing feed period improves health and fillet quality of
Atlantic salmon (Salmo salar L.). British Journal of Nutrition, 124(4), pp.418-431.

Naylor, R.L., Hardy, R.W., Buschmann, A.H., Bush, S.R,, Cao, L., Klinger, D.H,, Little, D.C,,
Lubchenco, J., Shumway, S.E. and Troell, M., 2021. A 20-year retrospective review of global
aquaculture. Nature, 591(7851), pp.551-563.

53



Nengas, 1., Alexis, M.N. and Davies, S.]., 1999. High inclusion levels of poultry meals and
related byproducts in diets for gilthead seabream Sparus aurata L. Aquaculture, 179(1-4),
pp-13-23.

Nilsen, T.0., 2007. Molecular and Endocrine Aspects of Hypo-osmoregulatory Development
in Atlantic Salmon ( Salmo salar L.). Department of Biology, University of Bergen, Bergen.

Nordahl, P.G., 2011. Is the aquaculture industry caught in a fishmeal trap. An examination of
the fishmealsoybena meal relationship and research initiatives aimed at reducing the
fishmeal inclusion level in the fish feeds. Bergen, Norway.

Olsen, R.L. and Hasan, M.R,, 2012. A limited supply of fishmeal: Impact on future increases
in global aquaculture production. Trends in Food Science & Technology, 27(2), pp.120-128.

Philip, A.J.P., Fjelldal, P.G., Remg, S.C., Selvam, C., Hamre, K., Espe, M., Holen, E., Skjeerven,
K.H., Viks3, V., Subramanian, S. and Schrama, J.W., 2022. Dietary electrolyte balance of
Atlantic salmon (Salmo salar) freshwater feeds: Impact on osmoregulation, mineral
metabolism and performance in seawater. Aquaculture, 546, p.737305.

Regulation (EC) No 1069/2009 of the European Parliament and of the Council of

21 October 2009 laying down health rules as regards animal by-products and derived
products not intended for human consumption and repealing Regulation (EC)

No 1774/2002 (Animal by-products Regulation) extracted from https://eur-
lex.europa.eu/eli/reg/2009/1069/2019-12-14 (1stFeb, 2023).

Redell, L.A,, Rottiers, D.V. and Lemm, C.A., 1988. Lack of dietary effects on the timing of
smoltification in Atlantic salmon. The Progressive Fish-Culturist, 50(1), pp.7-11.

Rouger, A., Tresse, O. and Zagorec, M., 2017. Bacterial contaminants of poultry meat:
sources, species, and dynamics. Microorganisms, 5(3), p.50.

Santurtun, E., Broom, D.M. and Phillips, C.J.C., 2018. A review of factors affecting the welfare
of Atlantic salmon (Salmo salar). Animal Welfare, 27(3), pp-193-204.

Shapawi, R., Ng, W.K. and Mustafa, S., 2007. Replacement of fish meal with poultry by-
product meal in diets formulated for the humpback grouper, Cromileptes
altivelis. Aquaculture, 273(1), pp.118-126.

Sheridan, M.A., 1988. Exposure to seawater stimulates lipid mobilization from depot tissues
of juvenile coho (Oncorhynchus kisutch) and chinook (O. tshawytscha) salmon. Fish
Physiology and Biochemistry, 5, pp.173-180.

Shepherd, C.J. and Jackson, A.]., 2013. Global fishmeal and fish-oil supply: inputs, outputs
and marketsa. Journal of fish biology, 83(4), pp.-1046-1066.

Skonberg, D.I,, Yogev, L., Hardy, R.W. and Dong, F.M., 1997. Metabolic response to dietary
phosphorus intake in rainbow trout (Oncorhynchus mykiss). Aquaculture, 157(1-2), pp.11-
24.

54



Steffens, W., 1994. Replacing fish meal with poultry by-product meal in diets for rainbow
trout, Oncorhynchus mykiss. Aquaculture, 124(1-4), pp.27-34.

Stiborova, H., Branska, B., Vesela, T., Lovecka, P., Stranska, M., Hajslova, |., Jiru, M., Patakova,
P.and Demnerova, K., 2016. Transformation of raw feather waste into digestible peptides
and amino acids. Journal of Chemical Technology & Biotechnology, 91(6), pp.1629-1637.

Stiborova, H., Kronusova, 0., Kastanek, P., Brazdova, L., Lovecka, P., Jiru, M., Belkova, B.,
Poustka, ]., Stranska, M., Hajslova, J. and Demnerova, K., 2020. Waste products from the
poultry industry: a source of high-value dietary supplements. Journal of Chemical
Technology & Biotechnology, 95(4), pp-985-992.

Subhadra, B., Lochmann, R., Rawles, S. and Chen, R., 2006. Effect of fish-meal replacement
with poultry by-product meal on the growth, tissue composition and hematological
parameters of largemouth bass (Micropterus salmoides) fed diets containing different
lipids. Aquaculture, 260(1-4), pp.221-231.

Soltan, M.A., 2009. Effect of dietary fish meal replacement by poultry by-product meal with
different grain source and enzyme supplementation on performance, feces recovery, body
composition and nutrient balance of Nile tilapia. Pakistan Journal of Nutrition, 8(4), pp.395-
407.

Tacon, A.G. and Metian, M., 2008. Global overview on the use of fish meal and fish oil in
industrially compounded aquafeeds: Trends and future prospects. Aquaculture, 285(1-4),
pp.146-158.

Torrissen, O., Olsen, R.E.,, Toresen, R., Hemre, G.I., Tacon, A.G., Asche, F., Hardy, RW. and
Lall, S., 2011. Atlantic salmon (Salmo salar): the “super-chicken” of the sea?. Reviews in
Fisheries Science, 19(3), pp.257-278.

Tietz, N.W,, 1995. Clinical guide to laboratory tests. In Clinical guide to laboratory tests (pp.
1096-1096).

Turchini, G.M., Torstensen, B.E. and Ng, W.K,, 2009. Fish oil replacement in finfish
nutrition. Reviews in aquaculture, 1(1), pp.10-57.

Ulgenes, Y., Attramadal, K., & Terjesen, B.F., 2008. The motivation for using recirculation in
Norway - a shift from the need for restricted water consumption to better control of the
culture water environment and higher product quality. Aquacultural Engineering Society's
Fourth Issues Forum.Aquacultural Engineering Society, Roanoke, Virginia, pp.80-93.

Venkata Subhash, G., Chugh, N, Iyer, S., Waghmare, A., Musale, A.S., Nandru, R,, Dixit, R.B,,
Gaikwad, M.S., Menon, D., Thorat, R. and Kumar, G.R.K., 2020. Application of in vitro protein
solubility for selection of microalgae biomass as protein ingredient in animal and
aquafeed. Journal of Applied Phycology, 32, pp.3955-3970.

55



Waagbg, R., Hamre, K., Bjerkas, E., Berge, R., Wathne, E,, Lie, @. and Torstensen, B., 2003.
Cataract formation in Atlantic salmon, Salmo salar L., smolt relative to dietary pro-and
antioxidants and lipid level. Journal of fish diseases, 26(4), pp.213-229.

Webb, P.W.,, 1984. Body form, locomotion and foraging in aquatic vertebrates. American
zoologist, 24(1), pp-107-120.

Yang, Y., Xie, S., Cui, Y., Lei, W,, Zhu, X,, Yang, Y. and Yu, Y., 2004. Effect of replacement of
dietary fish meal by meat and bone meal and poultry by-product meal on growth and feed

utilization of gibel carp, Carassius auratus gibelio. Aquaculture Nutrition, 10(5), pp.289-
294.

Yones, A.M.M. and Metwalli, A.A., 2015. Effects of fish meal substitution with poultry by-
product meal on growth performance, nutrients utilization and blood contents of juvenile
Nile Tilapia (Oreochromis niloticus). Journal of Aquaculture Research and

Development, 7(1), p.1000389.

Ytrestgyl, T., Aas, T.S. and Asgérd, T., 2015. Utilisation of feed resources in production of
Atlantic salmon (Salmo salar) in Norway. Aquaculture, 448, pp.365-374.

Zhou, Z., Yao, W.,, Ye, B.,, Wy, X, Lj, X. and Dong, Y., 2020. Effects of replacing fishmeal
protein with poultry by-product meal protein and soybean meal protein on growth, feed
intake, feed utilization, gut and liver histology of hybrid grouper (Epinephelus
fuscoguttatus®x Epinephelus lanceolatusd’) juveniles. Aquaculture, 516, p.734503.

56



U
= Norges milje- og biovitenskapelige universitet Postboks 5003
I— J Noregs miljg- og biovitskapelege universitet NO-1432 As
N Norwegian University of Life Sciences Norway




