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1. General Introduction 

The average annual growth rate of global aquaculture production1 was 5.9% between the years 

2001-2015 (FAO 2017). The year 2015 marked a turning point of the sector. Global aquaculture 

production was estimated to be 76.6 Mt in the year 2015 and for the first time provided more fishery 

products for direct human consumption than capture production (72.4 Mt) (FAO 2017). This was in 

great part due to the steep increase of feed-based aquaculture production systems (FAO 2016). This 

in turn increases the demand for fish feed. Satisfying the demand for sources of dietary protein has 

since become one of the greatest challenges in sustaining the sector's growth (Tacon & Metian 2015). 

Historically, fishmeal used to be the major protein source in fish feed. It was a widely available 

cheap raw material with many favourable nutritional characteristics. It is highly digestible, has a high 

crude protein (CP) concentration with a well-balanced amino acid (AA) profile, and contains valuable 

nutrients such as minerals like calcium and phosphorus (P) (NRC 2011). High quality fishmeal is 

commonly produced from whole fish that have a low economic value or are not suitable for direct 

human consumption. Fishmeal that is produced from fisheries and aquaculture by-products is 

considered of lesser quality due to its comparably low CP and high crude ash (CA) concentration. 

The increasing fish feed demand, coupled with an increasing demand of fishmeal, has had a 

wide array of consequences. The share of globally available fishmeal that is used in aquaculture rose 

from 2% in 1960 to 74% in 2012 (Mallison 2013; Shepherd & Jackson 2013). An increased amount of 

fishmeal that can be made available from capture fisheries is not to be expected because the fishmeal 

production volume from capture fisheries has stagnated since the late 1980s and is not expected to 

increase. And the share of fish stocks fished within biologically sustainable levels has declined from 

90% in 1970 to 69% in 2013 (FAO 2017). Consequently, the average price of fishmeal increased 

gradually (Indexmundi 2018). In addition, the global share of fishmeal produced from by-products has 

steadily increased and accounted for about 25% of the globally produced fishmeal in recent years 

(Ytrestøyl et al. 2015). 

Research over the past decades has made great advances in counteracting the limited supply 

of fishmeal. The use of alternative proteins drastically decreased the proportion of fishmeal in fish feed 

and fishmeal has become a resource that is used rather strategically and selectively for specific stages 

of fish production (Tacon et al. 2009; FAO 2016). Furthermore, research on species-specific nutrient 

requirements and advances in feed production technology decreased the feed conversion ratio (FCR) 

for many species and enabled a more efficient use of feed resources (including fishmeal) (Naylor et 

al. 2009; NRC 2011). 

                                                           
1 Unless otherwise specified aquaculture (production) and respective statistics referring to it do not include the 
production of aquatic plants. 
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Despite the pre-existing research efforts, owing to an estimated 360 farmed finfish species 

globally, a wide array of plant-derived feed ingredients, and a growing demand for fish feed, there is 

still much research needed to facilitate the sustainable growth of global aquaculture production. There 

are many feed ingredients that have been shown to, at least in part, replace fishmeal in fish feed (such 

as insect meal and meals made from various by-products of animal production) but the majority of 

protein in fish feed is plant-based and is for the most part made available from oilseeds in the form of 

solvent extracted oilseed meals (NRC 2011; Tacon et al. 2011).  

However, most plant-based feed ingredients are nutritionally inferior to fishmeal in a few 

aspects. In comparison to fishmeal they: a) have an imbalanced AA profile (commonly lacking essential 

AAs such as lysine), b) can contain compounds which may act as antinutritional factors (ANFs), c) have 

a reduced palatability, and d) can contain minerals (especially P) in a form that has a limited availability 

in fish (Francis et al. 2001; Naylor et al. 2009). 

Ample research effort has been made to evaluate the nutritional value of solvent extracted 

oilseed meals in fish nutrition. To the author's knowledge press cake2 of oil crops as potential fishmeal 

substitute in fish feed has not been investigated to that extent. Press cake is made available by pressing 

(i.e. the mechanical extraction) of oilseed and thereby represents the primary by-product of vegetable 

oil production. It is comparably cheap, rich in CP and has a higher crude lipid (CL) content than its 

respective solvent extracted oilseed meal (Williams 2005). In addition, small scale oil pressing without 

a downstream solvent extraction is easily realised and makes press cake a resource with a 

decentralised and widespread availability (Kaltschmitt et al. 2009). In addition, its availability on the 

market, unlike fishmeal, has steadily increased in the past and is expected to further increase due to 

an increasing demand of vegetable food oil and biofuel (OECD/FAO 2017). 

Numerous studies have evaluated the nutritional value of press cake in fish, but the majority 

was focused on herbivorous and omnivorous species reared in warm-water production systems (Hasan 

et al. 1997; Fagbenro 1998; Xie et al. 1998; Maina et al. 2002, 2003; Mohanta et al. 2007; Nyina-

Wamwiza et al. 2010; Mazurkiewicz et al. 2011; Aanyu et al. 2014; Geremew et al. 2015). In 

comparison, few studies focused on press cake in salmonid nutrition (Nang Thu et al. 2011; Murray et 

al. 2014). 

Salmonids (i.e. salmonidae) represent a taxonomic family of predominantly carnivorous 

(piscivorous) species that are commonly reared in cold-water production systems. The most 

dominantly produced salmonid species are salmon and trout whose share in world trade of 

aquaculture products has become the largest single commodity by 2013 (FAO 2016). Although 

                                                           
2 In international literature the terms press cake, oilcake, oilseed cake, and oilseed meal are often used 
interchangeably. The differentiation between actual press-residue and solvent extracted material can sometimes 
only be made in dependence of the CL content of the material in question commonly ranging from higher than 
6% and around 2% and lower, respectively. 
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salmonids only accounted for about 6% of total fish production in the year 2015, the production of 

salmonid feed used around one quarter of the total fishmeal used for aquaculture (Shepherd & Jackson 

2013; FAO 2016, 2017). The substitution of fishmeal with press cake in salmonid feed could therefore, 

even at low levels, have a big impact on the economic and ecological sustainability of salmonid 

production. 
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2. Approach and Overview of Own Work 

In light of the potential that was outlined in the introduction, this thesis aims to add to pre-

existing knowledge on the nutritive value of various press cakes in fish nutrition, with emphasis on 

rainbow trout (Oncorhynchus mykiss W.). The press cakes were chosen either because a vast amount 

of them can be made available owing to the amount of globally produced oilseed (press cake of 

rapeseed, sunflower seed, and soybean) or their appreciable crude nutrient composition (press cake 

of linseed, pumpkin seed, and walnut kernel). The focus was on rainbow trout because this species 

represents the most produced and economically most important freshwater salmonid on a global scale 

and in Germany (Brämick 2016; FAO 2016).  

This chapter will provide an overview of the chosen approach and the conducted work. The 

three manuscripts that were written in line with the present thesis are provided in Chapter 3. Some 

press cakes did not meet the focus of the presented manuscripts and the results were not included 

therein. Because they were determined as part of the digestibility experiments presented in 

Manuscript 1 and 2 (using the same methodology described in the respective manuscript), the results 

will be additionally presented in Chapter 3. These results will briefly be discussed following the general 

discussion that intends to complement the discussions presented in the manuscripts (Chapter 4). 

Manuscript 1: Utilization of unprocessed and fibre-reduced oilseed cakes of rapeseed and sunflower 

seed in rainbow trout (Oncorhynchus mykiss W.) nutrition – Evaluation of apparent digestibility and 

growth performance 

Rapeseed (Brassica napus L.) and sunflower seed (Helianthus annuus L.) represent the oilseeds 

from which the most press cake can be made available in Europe. However, the potential of these 

press cakes as protein source for rainbow trout has not been evaluated. Therefore, the aim of a series 

of experiments was to determine the apparent digestibility coefficients (ADCs) of CP, CL, and energy 

of the respective press cakes in rainbow trout. Non-starch polysaccharides (NSPs) have been shown to 

act as ANFs but partial dehulling of the seeds prior to pressing has been shown to increase the 

digestibility of nutrients of press cakes in other species. Thus, the effect of dehulling on the ADCs of 

CP, CL, and energy of the press cakes in question have also been investigated. In addition, the effects 

on performance traits of rainbow trout were investigated in two experiments, in which dietary 

fishmeal was partially replaced by unprocessed and fibre-reduced press cakes on the basis of digestible 

CP.  

As part of the digestibility experiments presented in this manuscript the ADCs of CP, CL, and 

energy of soybean and linseed cake were also determined (Chapter 3.4.1 and 3.4.3). 

This manuscript was published in Aquaculture Nutrition. 
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Manuscript 2: Pumpkin seed cake as a fishmeal substitute in fish nutrition: effects on growth 

performance, morphological traits, and fillet colour of two freshwater salmonids and two catfish 

species 

The seeds of the Styrian oilseed pumpkin (Cucurbita pepo L. subsp. pepo var. styriaca) have 

very thin outer hulls. The resulting press cake has a high CP and a low crude fibre (CF) concentration. 

This distinguishes this particular press cake and makes it an interesting press cake for the investigation 

as partial fishmeal substitute. To the authors’ knowledge pumpkin seed cake of the Styrian oilseed 

pumpkin has only been investigated as partial fishmeal replacer in diets for Arctic charr (Salvelinus 

alpinus; Murray et al. 2014). Therefore, the primary aims of a series of experiments was to determine 

the ADCs of CP, CL, and energy in rainbow trout and to study the effects on rainbow trout performance 

traits when dietary fishmeal was partially replaced by pumpkin seed cake. Furthermore, the effect on 

morphological traits of rainbow trout resulting from the partial substitution of fishmeal with pumpkin 

seed cake in their diet were also evaluated. In addition, the effect of partial substitution of fishmeal 

with pumpkin seed cake on performance and morphological traits of brook trout (Salvelinus fontinalis 

M.), African sharptooth catfish (Clarias gariepinus B.), and wels catfish (Silurus glanis L.) were also 

investigated. 

The ADCs of CP, CL, and energy of walnut kernel cake were also determined in rainbow trout as part 

of the digestibility experiment that is presented in this manuscript (Chapter 3.4.2). 

This manuscript was published in Archives of Animal Nutrition. 

Manuscript 3: Effects of phosphate and phytase supplementation on phytate degradation in rainbow 

trout (Oncorhynchus mykiss W.) and Atlantic salmon (Salmo salar L.) 

Most P in fishmeal is associated with hydroxyapatite of bone, whereas the primary storage 

form of P in plant seeds are phytic acid (myo-inositol 1,2,3,4,5,6-hexakis dihydrogen phosphate; InsP6) 

and its salts (phytate). However, unlike the P contained in fishmeal, most inositol-phosphate bound P 

(InsP-P) is not available to fish due to the (presumed) lack of the corresponding enzymes in the 

digestive tract. Therefore, the increasing replacement of fishmeal with plant-based proteins such as 

press cake has implications on the amount of available P in fish feed. Inorganic P supplements are 

commonly used to supply the dietary P requirements. But inorganic P is a very limited resource and 

will have to be increasingly used the more fishmeal is replaced with ingredients that have a limited P 

availability.  

Increasing the availability of InsP-P in press cake can be an approach for a more sustainable 

replacement of fishmeal with press cake. It has been shown that the apparent digestibility (i.e. 

disappearance) of InsP-P can be increased by the supplementation of InsP6-hydrolysing enzymes (i.e. 
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phytases) to fish feed. Phytases catalyse the hydrolytic cleavage of InsP6 and its salts. To the authors’ 

knowledge both the breakdown of InsP6 and the appearance of specific lower inositol phosphates in 

the digestive tract were not investigated so far in fish. Therefore, the aims of two experiments were 

to compare rainbow trout and Atlantic salmon (Salmo salar) with regards to their capacity to hydrolyse 

InsP6 in the digestive tract without and with a supplemented phytase, and to understand what the 

primarily formed lower InsPs are. Furthermore, the effect of supplemented mineral P on InsP6 

hydrolysis without and with a phytase supplement were compared between the two species. 

This manuscript was published in Aquaculture. 
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3. Included Manuscripts and Additional Results  

3.1 Manuscript 1  

Utilization of unprocessed and fibre-reduced oilseed cakes of rapeseed and sunflower seed in 

rainbow trout (Oncorhynchus mykiss W.) nutrition – Evaluation of apparent digestibility and growth 

performance 

A. M. Greiling1,2, R. Reiter2, M. Rodehutscord1 

1 Institute of Animal Science, University of Hohenheim, Stuttgart, Germany 

2 Institute for Fisheries, Bavarian State Research Center for Agriculture, Starnberg, Germany 

Published in Aquaculture Nutrition (2018), 24:1133-1143.  

DOI: https://doi.org/10.1111/anu.12652  

 

Abstract: 

Two digestibility trials were carried out to determine the apparent digestibility coefficients 

(ADCs) for crude protein (CP), crude lipid (CL) and energy of unprocessed and two differently processed 

fibre-reduced rapeseed and sunflower seed oil cakes (sieved oilseed cakes and oilseed cakes produced 

from partially dehulled seeds) in rainbow trout (40 fish per tank; four tanks per diet). Each trial was 

followed by a 63-day growth trial, wherein the respective oilseed cakes with the highest ADCs were 

evaluated as fishmeal substitutes, based on digestible CP. Oilseed cakes of rapeseeds and sunflower 

seeds had low nutrient ADCs (Trial 1). Nonetheless, the protein in rapeseed cake was able to replace 

up to 10% of the fishmeal protein in a diet without negatively affecting performance traits (Trial 2). 

Fibre reduction increased the ADCs of both types of oilseed cakes substantially (Trial 3). However, 

when fish were fed diets with 0%, 25% and 50% fishmeal protein replaced with dehulled rapeseed or 

dehulled sunflower seed cake protein, performance traits decreased with increasing substitution levels 

(Trial 4). Nonetheless, the amount of fishmeal needed per unit weight gain was lower for all fish fed 

the diets containing either one of the dehulled oilseed cakes than for the reference diets. 

Keywords: 

Antinutritional factors, digestibility, energy, fibre, growth performance, protein 

The publication included in this thesis is used with kind permission of John Wiley and Sons, Inc 

(https://www.wiley.com). 
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3.2 Manuscript 2  

Pumpkin seed cake as a fishmeal substitute in fish nutrition: effects on growth performance, 

morphological traits and fillet colour of two freshwater salmonids and two catfish species 

A. M. Greiling1,2, C. Schwarz3, M. Gierus3, M. Rodehutscord1 

1 Institute of Animal Science, University of Hohenheim, Stuttgart, Germany 

2 Bavarian State Research Center for Agriculture - Institute for Fisheries, Starnberg, Germany 

3 Institute of Animal Nutrition, Livestock Products, and Nutrition Physiology, Department of 

Agrobiotechnology, University of Natural Resources and Life Sciences Vienna, Vienna, Austria 

Published in Archives of Animal Nutrition (2018), 72 (3):239-259.  

DOI: https://doi.org/10.1080/1745039X.2018.1464713  

 

Abstract: 

The objectives of this study were to investigate the digestibility of pumpkin seed cake (PSC) for 

the rainbow trout, Oncorhynchus mykiss (Walbaum, 1792), and effects on performance and product 

quality traits of four different fish species when PSC partially replaced fishmeal in extruded diets. A 

digestibility trial was carried out to determine apparent digestibility coefficients (ADC) for crude 

protein (CP), ether extract (EE) and gross energy (GE) of PSC fed to rainbow trout. In subsequent growth 

trials, effects on performance and morphological traits and fillet colour values of four different fish 

species [rainbow trout; brook trout, Salvelinus fontinalis (Mitchill, 1814); African sharptooth catfish, 

Clarias gariepinus (Burchell, 1822); and wels catfish, Silurus glanis (Linnaeus, 1758)] were evaluated 

when 60% of fishmeal protein of a reference diet was replaced by PSC protein (based on digestible CP). 

Nutrient ADC of PSC were high (CP: 89%, EE: 88% and GE: 84%). No significant effects on growth and 

only minor effects on fillet colour were detected in the trials. However, replacing fishmeal with PSC at 

the chosen level affected morphological traits and feed conversion in all four species to different 

extents. Replacement effects of PSC should be tested at lower levels of inclusion before conclusions 

are drawn on its suitability in fish diets. 

Keywords: 

African sharptooth catfish, brook trout, oilseed cakes, performance, pumpkinseed, rainbow trout, wels 

catfish 
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3.3 Manuscript 3 

Effects of phosphate and phytase supplementation on phytate degradation in rainbow trout 

(Oncorhynchus mykiss W.) and Atlantic salmon (Salmo salar L.) 

A. M. Greiling1, C. Tschesche1, G. Baardsen2, S. Kröckel2, W. Koppe2,3, M. Rodehutscord1 

1 Institute of Animal Science, University of Hohenheim, 70599 Stuttgart, Germany 

2 Skretting Aquaculture Research Centre, P. O. Box 48, 4001, Stavanger, Norway 

3 Current affiliation: Simplyfish AS, Balders gate 12, 4011 Stavanger, Norway 

Published in Aquaculture (2019), 503:467-474 

DOI: https://doi.org/10.1016/j.aquaculture.2019.01.035  

 

Abstract: 

The objectives of the present study were to investigate the single and interactive effects of 

mineral phosphorus (P) (monoammonium phosphate; MAP; 1 g P/kg DM of diet) and Aspergillus 

oryzae 6-phytase (2800 FTU/kg DM diet) supplements on the disappearance of phytic acid (InsP6) and 

its lower inositol phosphate isomers (InsPs) and related P digestibility effects in Atlantic salmon (S. 

salar) and rainbow trout (O. mykiss). For each species, one experiment was conducted applying 

species-specific conditions but using the same diets in both experiments. Faeces were obtained by 

stripping the fish. 

The faecal InsP6 disappearance was similar in Atlantic salmon (8.6%) and rainbow trout (8.1%) 

when diets did not contain the MAP or phytase supplement. Phytase supplementation significantly 

increased InsP6 disappearance in both species, but to a larger extent in rainbow trout. The hydrolysis 

of lower inositol phosphate isomers progressed to a greater extent in rainbow trout. Supplementation 

of MAP had no significant effect on InsP6 disappearance in rainbow trout but slightly decreased InsP6 

disappearance in Atlantic salmon. No significant interactive effect of the supplements on InsP6 

disappearance was detected in both experiments. The analysis of InsPs in the faeces of the two species 

suggested that the degradation pathway of InsP6 differed between the two species. In both species, 

each supplement increased the amount of digested P. This effect was additive in rainbow trout but not 

in Atlantic salmon. In Atlantic salmon, the MAP supplementation decreased the efficacy of phytase by 

reducing the amount of digested InsP-P to negligible amounts. However, no significant interactive 

effect of MAP and phytase supplementation on P digestibility, digested P, and digested InsP-P was 

detected in either species.  

The present study provided insight into details of InsP6 degradation in the digestive tract and 

revealed similarities and differences between the two fish species. The effects of phytase in Atlantic 

salmon when using low-P diets may not be the same for commercial diets that contain more 

inorganic P. 

Keywords:  

Atlantic salmon, rainbow trout, phytate degradation, inositol phosphate, phosphorus, phytase 

The publication included in this thesis is used with kind permission of Elsevier (https://www.elsevier.com). 
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3.4 Additional results 

3.4.1 Soybean cake 

The nutrient digestibility of soybean cake was determined as part of the digestibility experiment with 

unprocessed press cakes that was performed and described as part of Manuscript 1 using the same 

materials and methods. 

Soybean (Glycine max (L.) Merr.), is the most produced oilseed (335 Mt in the year 2016) 

(FAOStat 2018). It represents the oilseed from which the most press cake can be globally made 

available. Soybean cake has a favourable nutrient composition owing to its high CP concentration, 

coupled with a low CF concentration (434, 93, and 112 g/kg DM, respectively; Table 1). Its ADCs for CP, 

CL, and energy were 77%, 102%, and 63%, respectively (Table 2). This represents the second highest 

CP and energy ADCs and the highest CL ADC of all unprocessed press cakes investigated as part of the 

present thesis. Consequently, out of all press cakes used in this thesis, soybean cake represents the 

press cake from which the most CP can be made available for rainbow trout. 

Table 1: Analysed nutrient composition of the unprocessed press cakes included in the present thesis 

in comparison to fishmeal (g/kg DM, unless otherwise specified) 

FM = fishmeal (anchovy), LSC = linseed cake, PSC = pumpkin seed cake, RSC = rapeseed cake, SBC = soybean 

cake, SFC = sunflower seed cake, WKC = walnut kernel cake; 1 data adapted from NRC (2011); 2 NfE (nitrogen free 

extracts) = 1000 g - (crude protein [g] + crude fat [g] + crude fibre [g] + crude ash [g]); 3 n.a. = not analysed. 

  

  FM 1  LSC  PSC  RSC  SBC  SFC  WKC 

Dry matter [g/kg]  920  910  921  926  916  926  926 

Crude protein  654  406  610  294  434  224  514 

Crude lipid  76  132  137  203  93  152  196 

Crude fibre  10  129  29  197  112  318  12 

Crude ash  143  47  80  55  58  67  97 

NfE 2  117  287  144  252  304  240  182 

Gross energy [MJ/kg DM]  -  n.a.3  22.7  21.6  21.9  22.3  22.8 
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Table 2: Apparent digestibility coefficients (ADCs) for crude protein (CP), crude lipid (CL) and energy of 

the press cakes included in the present thesis in comparison to fishmeal 

    ADCs 1   

 
 CP  

[%] 
 

CL  

[%] 
 

Energy 

[%] 

Fishmeal 2  86-97  97  99 

Linseed cake 3  -  -  - 

Pumpkin seed cake 4  88.5  75.8  74.5 

Rapeseed cake 5  42.3  87.6  30.9 

Rapeseed cake (sieved) 5  67.1  59.6  39.7 

Rapeseed cake (partially dehulled prior to pressing) 5  86.6  105 6  72.3 

Soybean cake  76.8  102 6  63.0 

Sunflower seed cake 5  25.0  62.4  24.2 

Sunflower seed cake (sieved) 5  74.6  93.7  49.9 

Sunflower seed cake (partially dehulled prior to pressing) 5  81.0  74.8  49.2 

Walnut kernel cake  49.6  95.7  49.0 

1 Values (except for fishmeal) are reported as the mean of four replicates (n = 4); 2 data adapted from NRC (2011); 

3 Could not be determined because feed was refused by the fish, refer to section ‘3.4.3 Linseed cake’ for further 

details; 4 data adapted from Manuscript 2; 5 data adapted from Manuscript 1; 6 The diet substitution method may 

yield ADCs > 100%, refer to Chapter 4 for details. 

3.4.2 Walnut kernel cake 

The nutrient digestibility of walnut kernel cake was determined as part of the digestibility experiment 

that was performed and described as part of Manuscript 2 using the same materials and methods. To 

the authors knowledge, this is the first time the nutrient digestibility of any walnut product has been 

investigated in rainbow trout.  

The global walnut (Juglans regia, L.) production in the year 2016 amounted to 3.7 Mt 

(FAOStat 2018). The walnut kernel makes up for about 23-64% of the nut weight and contains between 

620-740 g/kg CL with a moisture content of about 4%, depending on the cultivar and cultivation 

conditions (Martínez et al. 2010; McNeil 2013). The walnut kernel press cake had the second highest 

CP and CL concentration and the lowest CF concentration of all investigated press cakes of the present 

thesis (514, 196, and 12 g/kg DM, respectively; Table 1). Furthermore, walnut oil contains a high 

proportion of polyunsaturated fatty acids and a low, i.e. favourable, n6/n3 ratio (Pereira et al. 2008; 

Vingering et al. 2010; Robbins et al. 2011). The ADCs for CP, CL, and energy of walnut kernel cake were 

50%, 96%, and 49%, respectively (Table 2). This represents the second highest CL ADC determined for 
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unprocessed press cakes of the present thesis. However, its CP and energy ADCs are low when 

compared with the other press cakes that were investigated as part of this thesis.  

3.4.3 Linseed cake 

Linseed cake was investigated in the digestibility experiment with unprocessed press cakes that was 

performed and described as part of Manuscript 1 using the same materials and methods. 

The global linseed (Linum usitatissimum L.) production in the year 2016 was 2.9 Mt, which is 

very little when compared with other oilseeds (FAOStat 2018). It was made part of the digestibility 

evaluation owing to its appreciable concentration of CP and CL and a comparably low concentration of 

CF (406, 132, and 129 g/kg DM, respectively; Table 1). However, the nutrient digestibility could not be 

determined for linseed cake because the fish refused to eat the diet towards the end of the first 8-day-

period of the digestibility trial. In addition, whitish mucilaginous particles were observed from the third 

day onwards in the water of the respective tanks. 
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4. General Discussion 

The evaluation of a feed ingredient commonly begins with its detailed chemical 

characterisation and the determination of its nutrient digestibility. The palatability of a feed ingredient, 

interpreted as the effect on overall feed intake, is also an important criterion that is assessed. In the 

course of digestibility experiments some indications regarding the palatability of an ingredient can be 

obtained. However, as the composition of diets used in digestibility experiments commonly does not 

resemble practical diets, conclusions about ingredient palatability should not be drawn exclusively 

based on these observations. However, should the preliminary evaluation yield promising results, the 

experimental follow up includes the evaluation of the ingredients' effects on feed intake, nutrient 

utilisation, and product quality. In the following chapters the results of the experiments of the present 

thesis will be discussed accordingly, following the commonly applied approach of feed ingredient 

evaluation. It should be noted that some cited references refer to the rainbow trout as Salmo gairdneri 

because its scientific name was changed to Oncorhynchus mykiss in the late 1980s based on 

osteological evidence (Billard 1989). 

4.1 Chemical characterisation of press cake 

A detailed chemical characterisation is the first step in evaluating the potential nutritional 

value of a feed ingredient. It has been shown that the chemical composition of press cake depends 

much on the oilseed itself (i.e. species, its respective cultivar, the applied agronomic practises, and 

environmental conditions) and its processing conditions (Seigler 1998; Copeland & McDonald 2001; 

Kaltschmitt et al. 2009). Accordingly, the press cakes investigated in the present thesis differed much 

in their nutrient composition (Table 1).  

A high CP and a low CF concentration are desired characteristics of products sought to replace 

fishmeal in rainbow trout feed, because there is no evidence that rainbow trout are able to digest the 

constituents that are analytically determined as CF (Bergot & Breque 1981; Morales et al. 1999). The 

analysis of the AA profile should also be considered, as plant-derived proteins often have an 

imbalanced AA profile when compared to fishmeal (Naylor et al. 2009). In addition, plant-based feed 

ingredients may contain ANFs which have been shown to adversely affect their nutritional quality or 

animal health and should therefore also be considered (Francis et al. 2001). The analysed AA 

concentrations of the press cakes investigated as part of the present thesis are compared to fishmeal 

in Table 3. The AA profile of walnut kernel cake was not analysed and is therefore not presented. 
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Table 3: Analysed amino acid profile and selected antinutritional factors of the unprocessed press 

cakes included in the present thesis in comparison to fishmeal (g/kg CP) 

  FM 1  LSC  PSC  RSC  SBC  SFC 

essential amino acids             

Arginine  56  86  140  53  61  68 

Histidine  24  19  28  24  24  23 

Isoleucine  47  38  34  35  41  38 

Leucine  76  52  69  61  66  58 

Lysine  78  34  32  56  51  39 

Methionine  30  15  18  18  12  21 

Phenylalanine  41  44  49  38  44  43 

Threonine  43  33  30  42  35  36 

Valine  54  45  43  47  43  48 

non-essential amino acids             

Alanine  n.d.2  41  44  41  39  41 

Aspartate  n.d.  84  87  64  99  82 

Cysteine  9  16  11  24  15  17 

Glycine  n.d.  183  54  155  161  169 

Glutamate  n.d.  52  173  47  39  56 

Proline  n.d.  31  35  53  44  38 

Serine  n.d.  41  51  40  44  39 

Tyrosine  33  22  29  27  30  22 

FM = fishmeal, LSC = linseed cake, PSC = pumpkin seed cake, RSC = rapeseed cake, SBC = soybean cake, 

SFC = sunflower seed cake; 1 fishmeal data adapted from NRC 2011; 2 n.d. = no data available. 

Across all press cakes pumpkin seed cake had the highest CP and lowest CF concentration 

(Table 1). And although it seems to have a comparably good AA profile (highest concentration of 4 out 

of 9 essential AAs), it had the lowest concentration of lysine which is considered the first limiting AA in 

many plant-based fish feed ingredients (Gaylord & Barrows 2009).  

A detailed analysis of the amino acid profile of all used feed ingredients in animal nutrition 

experiments is desirable. However, it is not always possible because often compromises are made for 

a number of reasons (e.g. financial, timely, comparability, etc.).  
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4.2 Nutrient digestibility 

The determined ADCs for CP, CL, and energy of all press cakes investigated as part of the 

present thesis is presented in Table 2. However, there are many factors that influence the nutrient 

digestibility and its determination in rainbow trout. The first part (4.2.1) of this section focusses on the 

applied methodology and experimental design. The second part (4.2.2) is specifically focussed on the 

chemical constituents of press cake and their potential influence on nutrient digestibility. The last part 

of this section (4.2.3) focuses on press cakes whose nutrient digestibility was determined as part of the 

digestibility experiments presented in the Manuscripts 1 and 2, despite not being included in the final 

manuscripts.  

4.2.1 Methodological considerations 

There are two ways to determine nutrient digestibility, the direct and the indirect method 

(NRC 2011). The direct method requires quantifying all consumed feed and its resulting faeces. The 

feed intake could theoretically be quantified, even accounting for nutrient leaching of uneaten pellets 

(Helland et al. 1996). However, the precise quantification of faeces is rather difficult in experiments 

with fish without drawbacks that may render the obtained results questionable (NRC 1993). Therefore, 

in the digestibility experiments of the present thesis the indirect, or marker based, method was 

applied to determine the ADCs of CP, CL, and energy of the press cakes.  

Irrespective of the applied method, the apparent digestibility of nutrients is calculated based 

on the determined concentration of crude nutrients or specific compounds in feed and faeces. This 

has some drawbacks. It may lead to an underestimation of CP and energy digestibility because 

endogenous losses (shed intestinal cells, enzymes, and microbial matter) are contained in faeces. As 

this factor cannot be quantified a CP rich reference diet was used to minimise the proportion of CP 

resulting from endogenous losses in the faeces. The ADCs of CP, CL, and energy for the press cakes 

were calculated according to the equation recommended by NRC (2011). 

There are two common approaches to formulate diets for digestibility experiments when 

evaluating a single feed ingredient, the diet replacement and the ingredient replacement method 

(Aksnes et al. 1996). The ingredient replacement method requires a well-defined reference ingredient 

that will be replaced by the test ingredient. Since the present work lacked the capacity and time to 

evaluate the digestibility of a reference ingredient under the specific experimental conditions, the diet 

substitution method was applied in the digestibility experiments of the present thesis. A standardised 

recommendation for inclusion levels of test ingredients does not exist, probably owing to the wide 

array of different ingredients and experimental designs. The inclusion rate of the press cakes in the 

digestibility diets of the present thesis was 250 g/kg DM. This concentration was chosen based on the 

analysed glucosinolate content of rapeseed cake because a higher dietary glucosinolate concentration 
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has been shown to negatively affect rainbow trout health (Burel et al. 2001). A higher dietary inclusion 

of rapeseed cake was therefore deemed unsuitable. The other press cakes were included at the same 

dietary level, so the feed extrusion parameters did not have to be changed markedly. It should be 

noted that the diet substitution method can result in calculated ADCs >100% (Glencross et al. 2007; 

Gaylord & Barrows 2008). In the present experiments this was the case for the CL ADC of partially 

dehulled rapeseed cake (105%) and soybean cake (102%) (Table 2). While these results may not be 

biologically plausible, they were not corrected, as it has been suggested that this could indicate an 

interaction between the ingredients of the respective diets (Glencross et al. 2007). 

Various types of markers, both external (added to diet) and internal (naturally part of diet), 

have been investigated in digestibility experiments with rainbow trout (Tacon & Rodrigues 1984; 

Morales et al. 1999; Austreng et al. 2000). The recovery of the commonly used chromic oxide has been 

shown to be inconsistent compared with other metal oxides (Austreng et al. 2000). However, titanium 

dioxide was found to be a suitable external marker in many digestibility studies with different animal 

species that has been shown to be determinable with a high analytical accuracy and has been shown 

to have a high recovery rate in various sample matrices (Boguhn et al. 2009). This could explain the 

fact that titanium dioxide has been shown to yield higher ADCs than chromic oxide in rainbow trout 

(Vandenberg & de la Noüe 2001). It could also explain that the deviation of determined ADCs was 

smaller across various faecal collection methods when titanium dioxide was compared to chromic 

oxide (Vandenberg & de la Noüe 2001). Therefore, it is assumed that the use of titanium dioxide as 

external marker will yield more reliable results. Thus, titanium dioxide was used as a marker in the 

diets for the digestibility experiments of the present thesis.  

There are three commonly applied methods of obtaining faecal samples for analysis and 

determination of ADCs, namely dissection, collection of voided faeces (by sedimentation or sieving), 

and stripping. Dissection of fish is a useful method when digestive processes along different segments 

of the gastrointestinal tract are evaluated (Austreng 1978). However, this method is very laborious and 

does not allow for repeated sampling of the same individuals. The collection of faeces from the water 

by either sedimentation or sieving allows for the continuous collection of faecal samples from fish 

without physically having to handle them. The effort for collection of faecal samples is independent 

from the number of individuals which enables pooled sampling of many individuals thereby reducing 

the effect of individual variation. The biggest drawback of the collection of voided faeces from water 

is the leaching of nutrients from the faecal sample, which can lead to the overestimation of nutrient 

ADCs. The manual collection of faeces directly from the, commonly sedated, individual (i.e. stripping) 

is considered a conservative method that may underestimate nutrient ADCs due to a potentially 

incomplete digestion of the feed. Stripping of faeces has been shown to result in lower ADCs compared 

with the settlement faecal collection in numerous experiments with rainbow trout (Windell et al. 1978; 
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Vens-Cappell 1985; Storebakken et al. 1998; Weatherup & McCracken 1998; Vandenberg & de la 

Noüe 2001). Therefore, the different methods of faecal collection must be considered when ADCs of 

feed ingredients are compared across various publications. Furthermore, it has been shown that the 

nutrient digestibility can be affected in dependence of the starting point of stripping because CP, CL, 

and energy ADCs were found to be highest at the posterior part of the hindgut in rainbow trout 

(Austreng 1978). It has been shown that the CP, CL, and energy ADCs were, respectively, 1%, 4%, and 

4% higher when determined in faecal samples from the posterior part of the hindgut compared with 

samples obtained from the anterior part of the hindgut of rainbow trout (Austreng 1978). Owing to 

the lack of descriptive statistics and information regarding the statistical significance of the observed 

differences conclusions regarding the impact of these results on calculated ADCs of the respective 

nutrients cannot be drawn. To minimise the effect of incomplete nutrient digestion and to eliminate 

possible nutrient leaching through faecal settlement in water, the stripping method (starting from the 

ventral fins) described by Austreng (1978) was applied in all presented digestibility experiments.  

The digestibility of CP and energy can vary between strains of rainbow trout. The CP 

digestibility has been shown to differ up to about 9% between strains in dependence of the diets’ CP 

content (Austreng & Refstie 1979). The energy digestibility has been shown to differ up to about 19% 

between strains in dependence of the diets’ percentage of metabolizable energy made available from 

carbohydrates (Refstie & Austreng 1981). However, the strain used for the experiments of the present 

thesis has not been characterised using molecular markers and its digestibility characteristics have not 

been compared with other strains. Therefore, it would be speculative to rank the strain used based on 

the observed nutrient digestibility. However, literature suggests that there may be strains which could 

be found to have a higher press cake digestibility than the strain used in the presented press cake 

digestibility experiments of Manuscript 1 and 2. However, in all digestibility experiments with press 

cake in the present thesis the same strain of rainbow trout was used, thereby minimising the variability 

of this factor on the determined nutrient digestibility and increasing the comparability between these 

results.  

Much effort has been made to assess the effects of rearing conditions, such as rearing 

temperature and feeding regime, on the digestibility of nutrients in rainbow trout (Bergot 1979; 

Storebakken & Austreng 1987a; Cho & Kaushik 1990; Azevedo et al. 1998; Bolliet et al. 2000; 

Yamamoto et al. 2001; Ng et al. 2003; Yamamoto et al. 2007). However, these studies yielded 

controversial results. The discrepancies are probably attributable to different diet formulations and 

ingredient compositions as well as different methodological approaches across the experiments. As 

fish are ectothermic, their metabolism and the activity of digestive enzymes is directly linked to the 

surrounding temperature. Across all digestibility experiments with press cake and rainbow trout in the 

present thesis the water temperature was similar, and their feeding regime was maintained (hand fed, 
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once daily to apparent satiation, 2 h after lights were turned on). Therefore, the effects of water 

temperature and feeding regime will not have markedly influenced the comparability within and 

between the presented digestibility experiments with press cake in rainbow trout.  

Extrusion parameters of fish feed has been shown to exert only minor effects on the 

digestibility of nutrients in rainbow trout when the same diet was processed under varying conditions 

(Pfeffer et al. 1991; Sørensen et al. 2002, 2005; Barrows et al. 2007). This was attributed to the short 

residence time of diets in the extruder in which the feed was exposed to different processing 

parameters. Nonetheless, the extrusion parameters were maintained similar during the production of 

the digestibility diets in the press cake experiments of the present thesis in order to minimise potential 

effects on nutrient digestibility.  

The particle size of feed ingredients has not been shown to have an effect on nutrient 

digestibility in rainbow trout (Zhu et al. 2001). However, a maximum particle size for ingredients 

(<0.5 mm) is recommended for the production of a homogeneous diet (NRC 1993). As press cake is 

commonly a very heterogeneous product, the press cakes used in the digestibility experiments were 

ground through a 250 µm mesh. 

The determination of a feed ingredient's nutrient digestibility is meaningful for gathering information 

on its nutritive value. There is a wide array of assay details that have been shown to influence 

nutrient digestibility of feed ingredients as well as its determination in rainbow trout and fish in 

general. In an effort to increase the comparability between the respective experiments with rainbow 

trout care was taken to reduce possible sources of error by applying the same methodology and 

experimental design. Therefore, the comparability between the presented nutrient ADCs for the press 

cakes is believed to be high owing to similar rearing conditions, feed preparation and the stringent 

methodology that was applied for their determination. 

4.2.2 Influence of chemical constituents of press cake on nutrient digestibility 

The potential effects of press cake specific ANFs on nutrient digestibility has been discussed in 

the respective manuscripts (Manuscript 1 and 2) and will therefore not be repeated here. There are 

however some aspects regarding nutrient digestibility of press cake in rainbow trout that should 

generally be considered. They are presented in the following chapter along with information specific 

to the press cakes that were not included in the manuscripts. 

Fibre fractions 

Press cake can contain considerable concentrations of fibre fractions, namely NSPs and lignin, 

which have been shown to affect the digestibility of nutrients. NSPs include cellulose, hemicellulose, 

β-glucans, pectins, and an array of gums, and carnivorous fish have not demonstrated to be able to 
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utilise either lignin or NSPs (Stone 2003; Krogdahl 2005). In addition to being indigestible, NSPs have 

been shown to negatively affect CP digestibility in rainbow trout, thereby acting as ANFs 

(Storebakken 1985; Glencross et al. 2003; Glencross et al. 2012). Thereby, the digestibility of organic 

matter and energy are prone to fibre fractions. The digestibility of organic matter and energy generally 

increases with decreasing concentrations of fibre fractions as has been shown in rainbow trout 

(Hansen & Storebakken 2007; Glencross 2009b). In line with this observation, an increased CP 

digestibility has been shown for the press cake of rapeseed and sunflower seed (Manuscript 1). When 

fibre-reduced press cake was compared to its respective unprocessed counterpart the CP digestibility 

increased from 42% to 67% (rapeseed cake) and 25% to 75% (sunflower seed cake). Both the 

composition and the concentration of NSPs varies between oilseeds and subsequently their respective 

press cake (Bach Knudsen 1997). The extent to which NSPs affect CP digestibility in rainbow trout 

seems to depend much on the specific NSP and their dietary concentration (Storebakken & 

Hansen 1987; Glencross 2009b). There is little available data on the underlying mechanisms, and which 

specific carbohydrate is responsible for the depressed nutrient digestibility observed in the 

aforementioned studies. It has been suggested to be related to the effects of NSPs on chyme/ digesta 

viscosity, gastric evacuation, and their potential interference with digestive enzymes 

(Storebakken 1985; Bach Knudsen 2001; Glencross et al. 2012). Based on the available data it is 

difficult to estimate the effects of fibre fractions on nutrient digestibility. Likely, the low concentration 

of CF in pumpkin seed cake will, in part, have enabled its high digestibility determined in rainbow trout 

(Tables 1 and 2). However, considering the CF concentration of walnut kernel cake and its comparably 

low nutrient digestibility, it becomes clear that factors other than the CF content can have a great 

impact on press cakes' nutrient digestibility. 

It is difficult drawing conclusions on the effects of fibre fractions on nutrient digestibility based only 

on the comparison of fibre-reduced ingredients and their unprocessed counterparts. Fibre-reduction 

proportionally increases the concentration of constituents that are not removed by this process. It 

was found that for rapeseed cake the concentration of ANFs associated with the seed, rather than its 

hulls, increased when it was sieved (Manuscript 1). These ANFs have been shown to have detrimental 

effects on rainbow trout health or to reduce CP digestibility (Francis et al. 2001). Therefore fibre-

reduction is likely to have influenced the nutrient digestibility. However, it cannot be defined with 

certainty how big this effect is. 

Phytic acid and phytate 

Replacing fishmeal with plant-based ingredients, such as press cake, has implications regarding 

dietary P. It is an essential mineral that plays an important role in bone formation, serves as a structural 

component of cell membranes, represents the main source of energy for metabolic processes (in the 
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form of adenosine triphosphate), and is a component of nucleic acids (Lall 2002). The primary storage 

form of P in plant seeds and plant seed derived feed ingredients such as press cakes are InsP6 and its 

salts (phytate) (Eeckhout & De Paepe 1994; Rodehutscord et al. 2016). Analysis revealed that phytate 

bound P amounted to more than half of the total P in the respective press cake (Table 4).  

Table 4: Total phosphorus, phytate phosphorus, and phytic acid concentration of press cakes 

(g/kg DM) 

  LSC 1  PSC 2  RSC 1  SBC 1  SFC 1 

Total phosphorus   4.0  n.a. 3  3.9  3.1  4.9 

Phytate phosphorus  2.4  9.8 4  2.6  1.9  3.9 

Phytic acid  8.7  34.8  9.2  6.6  13.7 

LSC = linseed cake, PSC = pumpkin seed cake, RSC = rapeseed cake, SBC = soybean cake, SFC = sunflower seed 

cake; 1 determined by Masterlab (Netherlands) using Phytic Acid/Total Phosphorus Assay Kit (K-PHYT 12/12, 

Megazyme, Bray, Ireland); 2 data from Manuscript 2; 3 n.a. = not analysed; 4 calculated based on phytic acid 

content. 

Therefore, replacing fishmeal protein with plant-based proteins inadvertently replaces a highly 

digestible inorganic P source with InsP6 and its salts which have a limited digestibility in fish 

(Rodehutscord & Pfeffer 1995; Francis et al. 2001; Naylor et al. 2009). In addition, phytate is often 

regarded as an ANF, as it has been shown to form phytate-mineral complexes and sparingly soluble 

phytate-protein complexes that can reduce the availability of mineral cations and dietary proteins 

(Cheryan & Rackis 1980). It has also been shown to have detrimental effects on the epithelial layer of 

the pyloric caecae in chinook salmon (O. tshawytscha) and common carp (C. carpio), thereby directly 

impairing nutrient uptake (Francis et al. 2001). Rainbow trout, like most fish species, have not been 

shown to exhibit activity of InsP6 hydrolysing enzymes, such as phytases (myo-inositol 

hexakisphosphate phosphohydrolases) and other phosphatases in their gastrointestinal tract 

(Lall 1991; Hua & Bureau 2010). Therefore, nutrient digestibility of ingredients in rainbow trout is 

prone to dietary phytate concentrations. In addition, pumpkin seed cake also has the highest phytic 

acid concentration (Table 5), a compound commonly associated with having antinutritional properties 

(Francis et al. 2001).  

 From available literature it becomes apparent that fish species differ much regarding their 

physiological responses to dietary phytate, phytase supplementation, and the type of mineral 

supplement used to counteract the decreased P availability (Cao et al. 2007; Kumar et al. 2012). These 

species-specific differences also became apparent when the breakdown of InsP6, the appearance of 

specific lower inositol phosphates in the digestive tract, and their dependence on mineral P 

supplements were compared between rainbow trout and Atlantic salmon (Manuscript 3). The addition 

of phytase (2,800 FTU/kg feed) has been shown to increase the de-phosphorylation of InsP6 to a much 
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higher extent in rainbow trout than in Atlantic salmon and that more InsP6-P can be made available in 

rainbow trout. In addition, it has been shown that the supplementation of inorganic P (in the form of 

monoammonium phosphate) decreased the phytase efficacy in Atlantic salmon but not in rainbow 

trout. The results suggest that, when reared in their respective environments, the use of press cake in 

feed for rainbow trout would be more advantageous than in feed for Atlantic salmon with regards to 

a more sustainable use of P resources. Furthermore, it suggests that the negative effects that InsP6 has 

been shown to exhibit in fish, such as decreasing CP digestibility, are expected to be of a lower 

magnitude in rainbow trout compared with Atlantic salmon. 

It appears most of the research that is focussed on InsP6 neglects its potential as valuable 

source of P and myo-inositol. However, the finite mineral P resources should increase research on 

using InsP6 as a phosphate source in the near future. Furthermore, the complete dephosphorylation 

of InsP6 yields myo-inositol, a water-soluble vitamin and at the same time the only optically active 

inositol form with biological activity (NRC 2011). It is commonly added to commercial diets as part of 

the vitamin premix as most fish species, unlike mammals, depend on an exogenous source of myo-

inositol (Woodward 1994). However, while it is acknowledged to be an essential nutrient for rainbow 

trout, there are very few recent studies regarding the effects of myo-inositol supplementation in trout 

nutrition (Woodward 1994, Barrows et al. 2010). 

Comparing performance traits or physiological parameters resulting from the dietary 

supplementation of an enzyme, like phytase, between different fish species often poses a challenge. 

When the effects are investigated using the species’ respective common rearing conditions the 

magnitude of the observed effects will likely reflect the effects to be expected under common rearing 

conditions. However, the observed effects may not be entirely attributed to the supplement but could 

in part be attributed to the different environmental conditions. If it is decided to maintain similar 

rearing conditions for the different species, the observed effects are more likely to represent 

differences between the species, but the validity of the results may be challenged. Because few fish 

species share the same optimal rearing conditions, the magnitude of the effects of the supplement 

may be compromised. 

Antinutritional factors 

Antinutritional factors have been shown to affect nutrient digestibility in fish (Francis et al. 

2001). Selected antinutritional factors of some of the press cakes that were investigated are presented 

in Table 5. However, the list of analysed ANFs is incomplete because only a limited number of analyses 

could be performed. The analyses were therefore focused on the ANFs known to be present in 

rapeseed, as it represents the press cake from which the most CP can be made available in Germany.  
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Table 5: Selected antinutritional factors of linseed cake (LSC), rapeseed cake (RSC), and soybean cake 

(SBC) 1 

  LSC  RSC  SBC 

Cyanide formation potential [mg/100g DM] 2  31.8  n.a.  n.a. 

Glucosinolates [g/kg DM]   n.a.4  5.4  n.a. 

 - Progoitrin [g/kg DM]   n.a.  2.6  n.a. 

Lectins [g/kg DM] 3  n.a.  n.a.  0.1 

Tannins [g/kg DM]  n.a.  13.0  n.a. 

Volatile mustard oils [mg/kg DM]   n.a.  21.6  n.a. 

1 References provided only for methods not described in the manuscripts; 2 analysed in accordance with method 

described by Nahrstedt (1977); 3 analysed in accordance with method described by Vretblad (1976); 4 n.a. = not 

analysed. 

A detailed analysis of all antinutritional factors of feed ingredients is rarely presented as these 

analyses are still very costly. Accordingly, values are often assumed based on available literature. This 

could be a source of potential errors in interpretation, considering the variability of the chemical 

composition of plant-based feed ingredients, even when they are derived from the same raw material. 

For example, the rapeseed press cake used in the experiments presented in Manuscript 1 had a 

glucosinolate content of 11.2 µmol/g DM (5 g/kg DM). It has been shown that the glucosinolate 

content of defatted rapeseed meal from the same variety (B. napus) ranges from 10 to 188 µmol/g DM 

(Mailer et al. 2008). Owing to this, conclusions drawn regarding their involvement must be considered 

speculative.  

The inferior characteristics of plant derived products as fishmeal replacers were often in part 

attributed to their ANF content. However, in most cases the diets are formulated by replacing 

increasing amounts fishmeal with an increasing concentration of the respective ingredients which can 

attribute the observed effects to a wide array of factors (e.g. AA imbalances). While this may yield 

representative results, it does not narrow down the effect that specific ANFs exhibit on investigated 

traits. It is therefore recommended to combine these experiments with dose-response data of 

extracted ANFs of the respective ingredient to better understand the role of specific ANFs. 
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4.2.3 Nutrient digestibility of press cake not included in the presented 

manuscripts 

In addition to the general discussion, the results of the press cakes that are not included in the 

manuscripts are briefly discussed in the following. Only additional information on specific key aspects 

that could have influenced their nutrient digestibility in rainbow trout is highlighted. 

Soybean cake 

The nutrient digestibility of soybean cake is low compared with solvent-extracted soybean 

meal and other processed soybean products (Glencross et al. 2005). Soybean contains ANFs that have 

been shown to decrease nutrient digestibility in rainbow trout (Francis et al. 2001). The higher nutrient 

digestibility of solvent-extracted soybean meal compared with soybean cake can have a number of 

reasons. The solvent extraction process (including the desolventisation) represents a process that can 

improve the nutritive value of soybean cake. The applied heat during this processing step can reduce 

the concentration of heat-labile ANFs, like trypsin and chymotrypsin inhibitors as well as lectins, which 

have been shown to negatively influence nutrient digestibility of soybean products in rainbow trout 

(Krogdahl et al. 1994; Anderson & Wolf 1995; Francis et al. 2001). The increased nutrient digestibility 

of soybean concentrate and soybean isolate compared with soybean meal can also be the result of 

specific solvent extraction processes which decrease the concentration of fibre fractions and saponins 

(Drew et al. 2007). Both fibre fractions and saponins have been shown to negatively affect nutrient 

digestibility, either directly by reducing enzymatic accessibility to nutrients (fibre fractions) or 

indirectly by damaging the intestinal mucosa as has been shown in rainbow trout (Bureau et al. 1998).  

Walnut kernel cake 

The ADCs of CP and energy were comparably low, especially when considering the low amount 

of fibre fractions that can be expected from the low concentrations of CF and nitrogen-free extracts. 

One reason that could account for the comparably low CP digestibility of walnut kernel cake is its high 

content of phenolic compounds, in particular tannins (Martínez et al. 2010). Tannins have been shown 

to reduce CP digestibility in fish by binding to either proteins or enzymes, both of which can reduce CP 

digestion (Francis et al. 2001). The total phenolic content of walnut cake was not determined. Herein 

literature suggests that it is high compared with many other oil-crops (nuts and oilseeds) (Naczk et 

al. 1998; Sze-Tao et al. 2001; Pereira et al. 2008; Arcan & Yemenicioğlu 2009; Terpinc et al. 2012; 

Thiyam-Holländer & Schwarz 2013). It should be noted that the solvents used to extract tannins 

differed between some of the aforementioned studies and this can influence the determined total 

phenolics yield of the respective extracts.  
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Linseed cake 

There is a wide array of biologically active compounds in linseed that have been shown to act 

as ANF for fish (Francis et al. 2001; Shim et al. 2014). Linseed stands out among the oilseeds 

investigated as part of the present thesis regarding its fibre fraction composition. It contains a very 

high concentration of soluble NSPs (Bach Knudsen 1997; Brenes et al. 2004). Linseed meal and linseed 

hulls have been shown to absorb 8 and 13-fold of their weight in water, respectively (Bhatty & 

Cherdkiatgumchai 1990). This could explain the significantly increased chyme viscosity and the 

decreased nutrient absorption observed in broiler chickens when linseed was included at 8–16% in the 

diet (Alzueta et al. 2003) as well as the decreased nutrient absorption observed in pigs and rats when 

offered diets that contained linseed (Kiarie et al. 2007; Kristensen et al. 2013). The positive effect of 

reducing linseed mucilage on rainbow trout performance has been shown by Thiessen (2004), where 

the aqueous extraction of linseed resulted in significantly increased performance traits than those seen 

in response to untreated linseed at the same dietary inclusion level. However, the dietary inclusion 

level of linseed used in the present thesis (25%) was more than twice as high as in the aforementioned 

study. This suggests that the high soluble NSP content of linseed cake, coupled with the high dietary 

inclusion rate in the present study, were key factors associated with the refusal of the diet by the fish. 

This is supported by the observation of whitish mucilaginous particles that accumulated in the 

respective tanks which could be indicative of a digestive disorder. 

Owing to the discussed limitations of digestibility determinations for feed ingredients the applied 

methodology can only serve as an initial evaluation as it: a) used diets with little practical relevance, 

b) cannot reveal long term effects on performance traits, and c) cannot provide information on 

nutrient partitioning and retention. The following chapter focuses on the effects on performance and 

morphological traits of rainbow trout when fishmeal was partially replaced by press cake. 

4.3  Press cake as fishmeal substitute in rainbow trout diets – effect on 

performance and morphological traits 

The complementation of digestibility data with an assessment of performance and 

morphological traits of fish is key to the evaluation of feed ingredients. Rapeseed and sunflower seed 

cake have been shown to decrease performance traits in rainbow trout when they replaced 50% of 

fishmeal on the basis of digestibile CP (Manuscript 1). An assessment of the effects on morphological 

traits was therefore deemed unnecessary.  

In contrast, pumpkin seed cake has not decreased performance traits of rainbow trout when 

it replaced 60% of fishmeal on the basis of digestibile CP (Manuscript 2). But it has been shown that 

the maximum weight gain does not necessarily reflect maximum protein gain in rainbow trout 
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(Rodehutscord et al. 1997; Encarnação et al. 2004). Therefore, the effects on morphological traits of 

rainbow trout, when fishmeal was in part replaced with pumpkin seed cake, were also investigated, as 

in this case further information on its suitability as potential fishmeal replacer can be revealed. It has 

been shown that, except for resulting in a significantly decreased hepatosomatic index (HSI), no 

significant differences across the other morphological traits were found between rainbow trout that 

were fed with the basal diets and the fish that received the pumpkin seed cake diets. 

There are factors that can affect the performance and morphological traits of rainbow trout 

and their determination which should be considered when interpreting the results of the presented 

experiments. The following sections are focused on methodological considerations with the intention 

to complement the discussions of the presented manuscripts in which press cake was used as a partial 

fishmeal replacer. 

4.3.1 Methodological considerations - experimental diets 

When evaluating the effects of feed ingredients on performance traits and morphological traits 

of fish much attention must be given to the composition of experimental diets used. The substitution 

of fishmeal with alternative protein sources, especially press cake, may have both nutritional and 

practical implications that can influence the fishes' performance. In the experiments with press cake 

the CP of fishmeal was replaced based on the determined CP digestibility of the respective press cake. 

The formulation of the experimental diets based on the determined ADCs could be a source of error 

because the determined ADCs are subject to a degree of uncertainty as discussed in Section 4.2. In 

addition, diets used in growth experiments commonly have a different formulation than diets for 

digestibility experiments and often more ingredients are used to resemble diets with a certain degree 

of practical relevance. A potential interaction between the press cake and the ingredients of the 

growth diets diet could therefore not be accounted for in the context of the experiments of the present 

thesis. This type of interaction between ingredients was thought to be a reason for a calculated 

nutrient digestibility that can be higher than 100% as was calculated for the CL ADC of sieved rapeseed 

cake (105%; Manuscript 1) and soybean cake (102%) (Glencross et al. 2007).  

Substituting fishmeal with press cake based on digestible CP has implications regarding the 

overall nutrient composition which is best seen in the experiment in which unprocessed rapeseed cake 

was used (Manuscript 1). In order to substitute 10 g/kg DM fishmeal 51.5 g/kg DM of rapeseed cake 

had to be included in the diet owing to its low CP content coupled with its low CP digestibility. The 

energy density will then in turn have to be balanced by adjustment of the concentration of other feed 

ingredients because rainbow trout have been shown to be able to adapt their feed intake in 

dependence of the digestible energy content of the feed (Hilton et al. 1983; Boujard & Médale 1994; 

Yamamoto et al. 2002). An imbalanced energy density of the feed could therefore mask the effects of 
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press cake inclusion on feed intake. There are different approaches applied in such cases when 

investigating a single ingredient. In some studies, the reference diet contains an inert filler (e.g. an 

indigestible fibre fraction like cellulose) which is then replaced by the test feed ingredient (Sanz et 

al. 1994). In dependence of the type of filler and its dietary concentration this may interfere with 

nutrient digestibility and intestinal passage rate of the feed (NRC 2011). In other cases, digestible 

carbohydrates like wheat or maize are replaced in favour of the included feed ingredient in question 

(Burel et al. 2000; Refstie et al. 2000; Nang Thu 2011). And in some cases, the experimental diets are 

formulated combining the two methods (Collins et al. 2012). In the diets of the growth experiments of 

the present thesis press cake was included at the expense of wheat. To balance the energy density of 

the diet the oil concentration was increased to compensate the digestible energy lost owing to the 

decreased content of digestible carbohydrates.  

Lipids have a higher gross energy density than carbohydrates and are well digested by rainbow 

trout (NRC 2011). They are therefore well suited to balance the energy density of compound feed when 

press cake is included in the diets because press cake inclusion can introduce substantial amounts of 

indigestible components to the feed. The balancing of the energy density could also have influenced 

the morphological traits of the fish as observed in Manuscript 2. The significantly decreased HSI of the 

fish that received the diet in which fishmeal was replaced with pumpkin seed cake was explained by 

the decreased amount of digestible carbohydrate in the pumpkin seed cake diet. Other studies that 

came to the same conclusion were found in addition to the literature cited in Manuscript 2. It has been 

shown that the HSI of rainbow trout and other fish increased when the proportion of metabolizable 

energy supplied as carbohydrates increased, owing to an increased hepatic glycogen deposition 

(Austreng et al. 1977; Wilson 1994; Kamalam et al. 2017). Therefore, it seems likely that the form of 

digestible energy which was supplied to the fish is in part responsible for the lower HSI determined for 

the fish fed the pumpkin seed cake diets. 

The dietary concentration of carbohydrates can influence the physical parameters of fish feed 

(e.g. water stability) which have been found to affect the gastric evacuation time, the digestibility of 

nutrients, and feed intake in rainbow trout (Hansen & Storebakken 2007; Sørensen 2012). In the 

growth experiments of the present thesis the physical parameters of the feed were not evaluated and 

therefore no conclusions can be drawn regarding this aspect. But, the feed for the growth experiments 

was produced under similar conditions within each respective experiment because it has been shown 

that feed extrusion parameters influence feed intake in rainbow trout (Barrows et al. 2007). But the 

composition and concentration fibre fractions will have varied owing to the inclusion of different press 

cakes. Therefore, it is possible that the physical properties of the feed used in each respective 

experiment differed from one another despite similar feed production parameters. However, the 
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extent to which performance traits of fish are affected by the physical pellet properties is unclear due 

to little available data and divergent observations among the few available studies.  

In most studies, as well as in the growth experiments of the present thesis, a vitamin-mineral 

premix and commercially available AAs are supplemented to the reference diets to match 

recommended requirements (if available) of the respective species based on data obtained by 

chemical analysis. It should be noted that the published requirements of AAs vary in dependence of 

the applied methodology (Bureau & Encarnação 2006). Furthermore, the balancing of AAs, as well as 

micro- and macronutrients often proves difficult owing to the discrepancy between the analysed 

nutrient composition and the nutrient’s digestibility or availability. It has been shown that the 

digestibility of specific AAs in rainbow trout can vary in dependence of the feed ingredient and in the 

case of some essential AAs was found to be significantly lower for oilseed meals than fishmeal (Gaylord 

et al. 2010). In addition, it has been shown that the utilisation of lysine can be affected by the diet 

composition (Rodehutscord 2000; Encarnação et al. 2004). Furthermore, a limited availability of 

essential amino acids has been shown to decrease feed intake in rainbow trout (Rodehutscord et 

al. 1995; 1997). The P availability in rainbow trout has been shown to depend much on the feed 

ingredient in question, commonly being lower in plant-based than in animal-derived ingredients 

(Riche & Brown 1996; Sugiura et al. 1998). It is possible that the AAs and P of fibre-reduced rapeseed 

cake and pumpkin seed cake differ in their digestibility and availability in rainbow trout. This could in 

part explain the significantly affected performance traits of rainbow trout observed for fibre-reduced 

rapeseed cake in Manuscript 1 and not for pumpkin seed cake in Manuscript 2 despite using a similar 

reference diet. However, owing to a lack of data this is difficult to account for.  

Some performance traits are often difficult to interpret in the context of growth experiments. There 

are many indices which are used to evaluate performance traits that can be found in literature. 

Interpreting the effects of a feed ingredient on feed intake requires much attention, as it must not 

always be directly related to the feed ingredient in question. The term ‘palatability’ is often used to 

describe the quality of a feed or feed ingredient, and often in connection to ANFs. However, it cannot 

always be concluded with certainty if the observed effects are related to “taste” per se. The term 

palatability may therefore be misleading, and it would be better to refer to the observed effects as 

apparent palatability or simply to refer to feed intake. 

4.3.2 Methodological considerations - experimental design 

To minimise potential errors the experimental conditions of the performance experiments 

were kept similar to the conditions under which nutrient digestibility of the press cakes was 

determined. Nonetheless, there are many aspects regarding the experimental design that have been 

shown to affect performance traits of rainbow trout. However, within each growth experiment with 
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press cake of the present thesis these factors were accounted for. They did not deviate between 

treatments to an extent that is believed to have markedly influenced the determined performance 

traits. As this can have implications regarding the comparability between results of the presented 

experiments and other studies they will be discussed in the following. 

Rearing conditions have been shown to influence the performance traits of rainbow trout. 

Feed intake of rainbow trout has been shown to increase with increasing water temperature without 

affecting feed efficiency (Azevedo et al. 1998). However, a higher water temperature could have 

favoured the InsP6 disappearance in rainbow trout compared with Atlantic salmon (Manuscript 3). 

Temperature-dependent effects of phytase on in vitro InsP6 de-phosphorylation simulating the gastric 

conditions of rainbow trout have been reported and have been shown to be higher at 16°C than at 6°C 

(Morales et al. 2011). Dissolved oxygen may affect feed intake when it is below a critical level 

(Glencross 2009a). Other environmental factors such as dissolved nitrogenous compounds and water 

pH have also been shown to influence feed intake in fish (Kestemont & Baras 2001). Prolonged lighting 

periods have been shown to increase feed intake in rainbow trout resulting in higher weight gain owing 

to longer feeding activity, without affecting feed conversion (Ergün et al. 2003; Taylor et al. 2005). The 

feeding regime (i.e. feeding time(s), frequency, and allocated level) has been shown to affect both 

performance and morphological traits of rainbow trout (Storebakken & Austreng 1987a; Storebakken 

et al. 1991; Bolliet et al. 2000).  

Fish related parameters have also been shown to influence performance traits of rainbow 

trout. Both the FCR and the condition factor have been shown to depend on the size of rainbow trout. 

Whereas the FCR was found to be lower in smaller fish than in larger fish, the condition factor increased 

with increasing fish size (Rønsholdt 1995). The performance traits of different rainbow trout strains 

have been shown to differ (Edwards et al. 1977; Austreng & Refstie 1979). Morphological traits have 

also been shown to differ between trout strains (Refstie & Austreng 1981; Smith et al. 1988). It has 

been shown that the relative rank of performance of different strains in direct comparison remains the 

same irrespective of the proportion of plant protein in the diet (Reinitz et al. 1978). A more recent 

study demonstrated the possibilities of selective breeding for a better utilisation of plant-based 

proteins in rainbow trout (Overturf et al. 2013). 

Feed was offered by hand to apparent satiation and uneaten feed could not be recovered. This 

can be a source of personal error. This approach presumes that the person feeding the fish adapted 

the offered amount to the actual intake and reduced feed losses to a similar extent each feeding day 

and tank. In order to minimise potential errors during each trial the same person was responsible for 

feeding the fish and the experimental diets were anonymised to eliminate potential bias. Nonetheless, 

the feed intake and performance traits that are calculated based on the feed intake are prone to a 

degree of uncertainty. This personal error can also influence determined morphological traits. For the 
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determination of morphological traits (Manuscript 2) each “station” (dissecting, weighing, etc.) was 

assigned to one person that did not change during sampling.  

Drawing conclusions based on the comparison of performance and morphological traits determined 

across publications from different workgroups is difficult owing to the wide array of factors that can 

affect the obtained results. However, across the experiments presented in Manuscript 1 and 2 care 

was taken to minimise potential errors for each respective type trial. For further reading on this 

subject the reviews of Shearer (1994) and Rasmussen (2001) are recommended. 

4.4  Conclusions 

Based on the results obtained from the experiments which are presented in this thesis the following 

conclusions are drawn: 

• The press cake of various oilseeds has different potential as partial fishmeal replacer in 

rainbow trout owing to differing nutritional value. 

• Of all investigated press cakes, pumpkin seed cake has been shown to have the highest 

potential to partially replace fishmeal CP in diets for rainbow trout owing to its high CP content 

coupled with a high CP digestibility. 

• The complex chemical composition of press cake is influenced by many factors. There is a lack 

of knowledge on the effects of many press cake specific constituents on their nutritive value 

in rainbow trout. A more detailed chemical characterisation of press cake can generate data 

regarding the variability between different sources.  

• Press cake can contain a high concentration of fibre fractions which are indigestible in rainbow 

trout and most other fish species. Irrespective of the interaction of fibre fractions with press 

cake nutrients and their digestibility, the concentration of indigestible fibre fractions can 

determine or limit their potential inclusion in high performance diets for rainbow trout. 

• The determination of ADCs is influenced by different factors, which can compromise a direct 

comparison between results of different workgroups. Maintaining the same methodology has 

increased the comparability between the determined ADCs within and between the presented 

digestibility experiments in which press cake was investigated. 

4.5  Perspectives for future research 

There is a wide array of species raised in feed-based aquaculture production systems that have 

been shown to digest and utilize nutrients from feed ingredients differently (NRC 2011). Evaluating the 

nutritive value of different types of press cakes in other species would help in identifying its most 

suitable application and could improve the strategic use of press cake as plant-based protein source. 
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One of the major constraints of using plant-based feed ingredients in fish feed are ANFs. In 

most cases there is biochemical evidence of their mode of action. However, there are only few dose-

response studies that investigated the nutritional effects of ANFs. Commonly their dietary 

concentration is increased indirectly with the increasing concentration of an ANF containing feed 

ingredients, which brings about many factors that can obscure the specific effects of individual ANFs. 

The extent to which ANFs can affect specific traits depends on many factors (e.g. diet formulation, 

water chemistry, etc.). Detailed information on dose dependent effects would help in narrowing down 

ANF specific dietary thresholds. This could facilitate an estimation of maximum dietary inclusion levels 

of plant-based feed ingredients, such as press cake, and enable their increased use as fish feed 

ingredients.  

The composition of press cake depends much on the processing characteristics in the oil mills. 

While much research has focused on the effects of feed processing parameters on the nutritive value 

of plant-based feed ingredients, little is known about the effects that the oil pressing conditions may 

have. The screw-press operations commonly used to press oil can have different feed extrusion 

parameters (e.g. temperature, exposure time, single vs. double pressing, etc.). While they are unlikely 

to be modified by the oil mills to improve the nutritive value of their by-product, this information could 

help to identify possibilities of increasing the nutritive value of press cake, preferably without 

negatively affecting oil production. 

Evaluating the techno-functional properties (e.g. impact of press cake inclusion on physical 

feed properties and the extrusion process) of press cake would be complementary to the evaluation 

of its nutritive value. It could further help to better estimate their practical value as potential fish feed 

ingredients. Investigations that could be of interest are not only related to feed extrusion and 

processing, but also to logistics. As press cake can contain considerable amounts of CL, some attention 

should be given to the potential oxidation of fatty acids during transport, storage, and the storage of 

feed, as it may have nutritional implications. 

The experiments that investigated InsP6 degradation in rainbow trout and Atlantic salmon 

provided insight on the faecal appearance of specific lower inositol phosphates. However, only one 

mineral supplement and one specific phytase were investigated at one level of dietary concentration. 

More research is needed to be able to gain a deeper understanding of the described mechanisms and 

the observed effects (e.g. different phytases at varying concentrations, mineral supplementation at 

different concentrations, etc.). 
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5. Summary 

Fishmeal is a valuable, protein rich ingredient for fish feed. It is a source of highly digestible 

crude protein (CP) with a balanced amino acid (AA) profile, well digestible inorganic phosphorus (P), 

and a highly digestible energy content. However, its availability is decreasing owing to an increasing 

demand that is driven by the increased production of fish in feed-based production systems. Research 

has made great advances in counteracting the limited supply of fishmeal. As a result, the majority of 

dietary CP in fish feed is made available from oilseeds and their processed by-products. Despite the 

pre-existing research efforts, the continuous evaluation of feed ingredients in search for alternatives 

to fishmeal is key to facilitate a sustainable growth of feed-based fish production. 

Oilseed press cake represents a widely available source of CP. While numerous studies have 

evaluated the nutritional value of press cake in fish feed, the majority focused on species reared in 

warmwater production systems. Thus, the objective of this thesis was to add to pre-existing knowledge 

on press cake and its potential to replace fishmeal in fish feed, with special emphasis on rainbow trout 

(Oncorhynchus mykiss W.).  

Initially the nutrient digestibility of various press cakes (linseed, pumpkin seed, rapeseed, 

soybean, sunflower seed, and walnut kernel cake) was determined in rainbow trout. Two experiments 

were conducted in which groups of 40 fish (Experiment 1: initial average weight = 300 g) or 45 fish 

(Experiment 2, initial average weight = 224 g) in four replicates each were fed with the experimental 

diets. The diet substitution technique was applied whereby 25% of a basal diet were replaced with 

press cake. Titanium dioxide was used as external marker and faecal samples were obtained by 

stripping the fish. It was shown (Manuscript 1 and 2), that the unprocessed press cakes differed greatly 

in their digestibility of crude nutrients, with CP digestibility ranging from as low as 25% (sunflower seed 

cake) up to 88% (pumpkin seed cake).  

To evaluate the effect of fibre fractions on press cake digestibility another digestibility 

experiment was conducted (Experiment 3: initial average weight = 302 g; n = 4). The fibre fractions of 

rapeseed cake and sunflower seed cake were reduced using two different processing methods (sieving 

and dehulling of seeds prior to pressing). The digestibility of the resulting press cakes was determined 

using the same methodology that was applied to determine the digestibility of their unprocessed 

counterparts. The fibre-reduced press cake of rapeseed and sunflower seed cake had a substantially 

higher CP digestibility than their unprocessed counterpart (Manuscript 1). The CP digestibility of fibre-

reduced rapeseed cake were 67% and 87% (unprocessed: 42%) and the fibre-reduced sunflower seed 

cake had a CP digestibility of 75% and 81% for the sieved and dehulled cake respectively. The different 

nutrient digestibility that was found between the processed and unprocessed press cakes was 
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discussed to be mainly attributed to the variation in AA content and availability, indigestible fibre 

fractions, and antinutritional factors. 

Three growth experiments were conducted to study the effect of partial replacement of 

fishmeal with press cake on performance traits (weight gain, feed intake, and feed conversion ratio 

(FCR)) of rainbow trout. In all growth trials groups of rainbow trout (four replicates each) were fed with 

either a basal diet or diets in which fishmeal CP was in part replaced by press cake based on its CP 

digestibility that was determined in the preceding digestibility experiments. The fish were fed once 

daily to apparent satiation for a duration of 63 days in each respective trial, at the end of which the 

fish that received the basal diet had at least doubled their individual average weight in all experiments. 

In the first growth experiment (100 fish per experimental unit; initial average weight = 50 g) no 

significant differences were found across performance traits between the fish that received the basal 

diet and the fish that received diets in which either 5% or 10% of fishmeal CP was replaced with 

rapeseed cake CP (Manuscript 1). In the second growth experiment (40 fish per experimental unit; 

initial average weight = 191 g), different performance traits were observed between the fish that 

received the basal diet (FCR = 0.86) and the fish that received diets in which either 25% or 50% of 

fishmeal CP was replaced with CP of fibre-reduced press cake of either rapeseed (FCR = 0.92 and 0.94, 

respectively) or sunflower seed cake (FCR = 0.88 and 0.91, respectively; Manuscript 1). Only the 

performance traits of the fish that received the diets in which 25% of fishmeal CP was replaced by 

sunflower seed cake CP were found not to be significantly lower than the performance traits of the 

fish that received the basal diet. The reduction of performance traits was discussed to result from an 

increased dietary content of indigestible fibre fractions and antinutritional factors owing to the 

inclusion of press cake.  

In the third growth experiment (50 fish per experimental unit; initial average weight = 84 g) no 

significant differences were found across performance traits between the fish that received the basal 

diet and the fish that received the diet in which 60% of fishmeal CP was replaced with pumpkin seed 

cake CP (Manuscript 2). The low concentration of fibre fractions and a low content of antinutritional 

factors were thought to be the reason for its comparably high nutrient digestibility and the observed 

performance traits. Furthermore, no significant differences were found between the morphological 

traits of rainbow trout that received the reference diet and the fish that were fed with the pumpkin 

seed cake diet, when pumpkin seed cake replaced 60% of fishmeal CP except for a significantly 

decreased hepatosomatic index (1.69 and 1.39, respectively). The decreased hepatosomatic index of 

the fish that received the pumpkin seed cake diets was discussed to be likely caused by substituting 

digestible carbohydrates of the basal diets with lipids in the pumpkin seed cake diets to balance the 

energy density of the diets. 
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The use of press cake in fish feed introduces substantial amounts of a form of dietary P that 

has a limited availability in fish, namely phytic acid (myo-inositol 1,2,3,4,5,6-hexakis dihydrogen 

phosphate, InsP6) and its salts (phytate). Therefore, mineral P is commonly supplemented to fish feed, 

owing to its higher P digestibility. However, global P resources are limited. The supplementation of 

phytase has been shown to increase the amount of InsP6-P that can be made available in fish, thereby 

reducing the required amount of mineral P supplements and decreasing the P discharge into effluent 

water.  

To gain further insights regarding the potential utilisation of InsP-P and the formation of 

inositol phosphate isomers in fish two experiments were conducted. The single and interactive effects 

of a mineral P supplement (monoammonium phosphate; MAP; 1 g P/kg DM of diet) and an InsP6 

hydrolysing enzyme (Aspergillus oryzae 6-phytase; 2800 FTU/kg DM diet) were compared between 

rainbow trout and Atlantic salmon (Salmo salar). For each species a digestibility experiment was 

conducted applying common rearing conditions of each species but using the same diets. Four diets 

(basal diet, basal diet + MAP, basal diet + phytase, and basal diet + MAP + phytase) were offered to 

triplicate groups of fish (25 rainbow trout or 35 Atlantic salmon per experimental unit) in each 

experiment. Titanium dioxide was used as external marker and faecal samples were obtained by 

stripping the fish. 

The faecal disappearance of InsP6 was generally low (approximately 8%) but similar between 

the species when the diets were devoid of either supplement. The supplementation of phytase 

significantly increased InsP6 disappearance in both species, but the effect was found to be more 

pronounced in rainbow trout. The analysis of lower inositol phosphate isomers revealed that their 

hydrolysis progressed to a greater extent in rainbow trout and it suggested that InsP6 is subject to a 

different degradation pathway in the two species. While no significant interactive effects on InsP6 

disappearance were found between the two supplements for either species, the MAP 

supplementation slightly decreased InsP6 disappearance in Atlantic salmon but not in rainbow trout. 

The experiments provide an insight into the breakdown of InsP6 and the faecal appearance of specific 

lower inositol phosphates and suggest that more InsP6-P can be made available in rainbow trout. 

Therefore, the use of press cake in feed for rainbow trout seems to be more beneficial than in feed for 

Atlantic salmon with regards to a more sustainable use of P resources. However, more experiments 

are recommended to complement these initial findings to gain a better understanding of InsP6 

hydrolysis in fish. 
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6. Zusammenfassung 

Fischmehl ist ein wertvoller Proteinträger für die Herstellung von Fischfuttermitteln. Es 

beinhaltet hochverdauliches Rohprotein (XP) mit einem ausgewogenen Aminosäuremuster, gut 

verdaulichem anorganischen Phosphor (P) und hat einen hochverdaulichen Bruttoenergiegehalt. 

Durch den ansteigenden Bedarf von Fischfuttermitteln und stagnierenden Wildfangmengen sinkt 

jedoch die Verfügbarkeit des Fischmehls. Dank intensiver Forschung wird bereits der größte Teil des 

benötigten XP in Fischfuttermitteln in Form von pflanzlichem XP von Ölsaaten und deren 

Koppelprodukten bereitgestellt. Das Evaluieren verschiedenster XP-Quellen ist jedoch weiterhin 

notwendig, um den Bedarf an XP für die steigende Fischfuttermittelnachfrage nachhaltig decken zu 

können. 

(Öl-)Presskuchen sind eine gut verfügbare XP-Quelle. Die ernährungsphysiologischen 

Eigenschaften von Presskuchen wurden, bislang, größtenteils mit Warmwasserspezies evaluiert. Ziel 

dieser Doktorarbeit war es, zusätzliche Daten über Presskuchen und deren Potenzial als 

Fischmehlsubstitut in Fischfuttermitteln, insbesondere für die in Kaltwasseranlagen produzierte 

Regenbogenforelle (Oncorhynchus mykiss W.), zu gewinnen. 

Es wurde hierfür zunächst die Nährstoffverdaulichkeit verschiedener Presskuchen (Lein-, 

Kürbiskern-, Raps-, Sonnenblumenkern-, Soja- und Walnusskernpresskuchen) in Regenbogenforellen 

bestimmt. Hierzu wurden zwei, als Differenzversuche konzipierte, Verdaulichkeitsversuche 

durchgeführt in denen Gruppen von 40 Fischen (Verdaulichkeitsversuch 1: anfängliches 

Durchschnittsgewicht = 300 g) oder 45 Fischen (Verdaulichkeitsversuch 2: anfängliches Durchschnitts-

gewicht = 224 g), in jeweils vierfacher Wiederholung, mit den Futtermitteln gefüttert wurden. Als 

Futtermittel wurden jeweils eine Basalration und presskuchen-haltige Futtermittel, in denen die 

Basalration anteilig zu 25% durch Presskuchen ausgetauscht wurde, eingesetzt. Titandioxid diente 

jeweils als Indikator. Die Kotproben wurden durch Abstreifen gewonnen und zu einer Sammelprobe je 

Versuchseinheit vereint. Die XP-Verdaulichkeit der Presskuchen wies starke Unterschiede auf 

(Manuskript 1 und 2) und variierte von 25% (Sonnenblumenpresskuchen) bis zu 88% 

(Kürbiskernpresskuchen).  

Um den Effekt der Faserfraktionen auf die Nährstoffverdaulichkeit von Presskuchen zu 

untersuchen wurde ein weiterer Verdaulichkeitsversuch durchgeführt (Verdaulichkeitsversuch 3: 

40 Fische je Versuchseinheit, anfängliches Durchschnittsgewicht = 302 g; n = 4). Hierbei wurde die 

Nährstoffverdaulichkeit von Presskuchen von Rapssaat und Sonnenblumenkernen, deren 

Faserfraktionen entweder durch Sieben der Presskuchen oder Schälen der Saat vor dem Pressen 

reduziert wurden, untersucht. Es wurde die gleiche Methodik eingesetzt wie in den vorangegangen 

Verdaulichkeitsversuchen. Die faser-reduzierten Presskuchen von Rapssaat und Sonnenblumenkernen 
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hatten eine deutlich höhere XP-Verdaulichkeit als die unbehandelten Presskuchen (Manuskript 1). Die 

unterschiedliche Verdaulichkeit der unbehandelten und der behandelten Presskuchen wurde auf sich 

unterscheidende AS-Gehalte und deren Verdaulichkeit, den Gehalt und die Zusammensetzung der 

verschiedenen Faserfraktionen und auf antinutritive Faktoren zurückgeführt.  

In drei Wachstumsversuchen wurde evaluiert inwiefern sich Presskuchen eignet Fischmehl in 

Futtermitteln für Regenbogenforellen zu ersetzen. Hierbei wurde der Fischmehlanteil in Basalrationen 

zu verschiedenen Anteilen mit verschiedenen Presskuchen, jeweils auf Basis der XP-Verdaulichkeit, 

ersetzt und erfasste Leistungsparameter (Zuwachs, Futteraufnahme und Futterquotient (FQ)) der 

Fische miteinander verglichen. In allen Wachstumsversuchen wurden Gruppen von 

Regenbogenforellen (jeweils vier Wiederholungen) einmal täglich bis zur augenscheinlichen Sättigung 

über einen Zeitraum von 63 Tagen mit den Versuchsfuttermitteln gefüttert. In allen Versuchen konnte 

bei den Fischen, welche die Basalrationen erhielten mindestens eine Gewichtsverdoppelung des 

durchschnittlichen Anfangsgewichts in dem Versuchszeitraum erreicht werden. In dem ersten 

Wachstumsversuch (100 Fische je Versuchseinheit; anfängliches Durchschnittsgewicht = 50 g) wurde 

das XP des Fischmehlanteils der Basalration zu 5% und 10% durch XP von unbehandeltem 

Rapspresskuchen ersetzt. Es konnten keine signifikanten Unterschiede der Leistungsparameter 

zwischen den verschiedenen Behandlungen festgestellt werden. In dem zweiten Wachstumsversuch 

(40 Fische je Versuchseinheit; anfängliches Durchschnittsgewicht = 191 g) wurde das XP des 

Fischmehlanteils der Basalration zu 25% und 50% durch XP von faser-reduzierten Raps- oder 

Sonnenblumenkernpresskuchen ersetzt. Es wurden unterschiedliche Leistungsparameter zwischen 

den Fischen welche die Basalration erhielten (FQ = 0,86) und den Behandlungen in denen das XP des 

Fischmehls zu 25% und 50% durch XP von faser-reduzierten Raps- (entsprechend: FQ = 0,92 und 0,94) 

oder Sonnenblumenkernpresskuchen (entsprechend: FQ = 0,88 und 0,91) ersetzt wurde festgestellt. 

Lediglich die Leistungsparameter der Fische die das Futter bekamen in dem 25% des Fischmehls durch 

faser-reduzierten Sonnenblumenkernpresskuchen ersetzt wurde unterschieden sich hierbei nicht 

signifikant von den Leistungsparametern der Fische, welche die Basalration erhielten. Die geringere 

Leistung wird auf den gestiegenen Anteil unverdaulicher Faserfraktionen der Futtermittel und 

antinutritive Faktoren der Presskuchen zurückgeführt. 

In dem dritten Wachstumsversuch (50 Fische je Versuchseinheit; anfängliches 

Durchschnittsgewicht = 84 g) wurde das XP des Fischmehlanteils der Basalration zu 60% durch XP des 

Kürbiskernpresskuchens ersetzt. Es wurden keine signifikanten Unterschiede der erfassten 

Leistungsparameter zwischen den Behandlungen bei Regenbogenforellen festgestellt. Dies wird auf 

den niedrigen Fasergehalt des Kürbiskernpresskuchens und auf dessen geringen Gehalt an 

antinutritiven Faktoren zurückgeführt. Ferner, wurden fast keine signifikanten Unterschiede der 

morphologischen Merkmale zwischen den Behandlungen festgestellt. Lediglich ein signifikant 
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geringerer hepatosomatischer Index wurde bei den Fischen, welche die Kürbiskernpresskuchenration 

erhielten festgestellt. Dies wird darauf zurückgeführt, dass verdauliche Kohlenhydrate der Basalration 

durch Lipide ersetzt wurden, um die Energiedichte des Kürbiskernfuttermittels an die Energiedichte 

der Basalration anzupassen.  

In Pflanzensamen, und somit auch in Presskuchen, liegt P überwiegend in Form von Myo-

Inositol 1,2,3,4,5,6-hexakisdihydrogenphosphat; InsP6) oder dessen Salzen (Phytat) vor. Da InsP6 eine 

für Fische nur geringfügig hydrolysierbare Form von P ist, wird Futtermitteln mit hohen Anteilen 

pflanzlicher Komponenten gewöhnlich mineralischer P zugegeben. Mineralischer P ist für Fische besser 

verfügbar, dessen Ressourcen sind jedoch begrenzt. Es hat sich gezeigt, dass der Einsatz von Phytasen 

die InsP6-P Verfügbarkeit in Fischen erhöht, womit sowohl die endlichen mineralischen P-Ressourcen 

entlastet als auch die in die Umwelt emittierte P-Menge aus Aquakultursystemen verringert werden 

kann. Um das Potenzial von InsP-P als P-Quelle und dessen Abbau in Fischen näher zu untersuchen 

wurden zwei Experimente durchgeführt. Die Effekte und Interaktionen der Zulage eines mineralischen 

P-Supplements (Monoammoniumphosphat; MAP; 1 g P/kg TM) und eines InsP6-hydrolysierenden 

Enzyms (Aspergillus oryzae 6-Phytase; 2800 FTU/kg TM) wurden zwischen Regenbogenforellen und 

atlantischen Lachsen (Salmo salar) verglichen. Es wurde für jede Spezies ein Verdaulichkeitsversuch 

unter jeweils gewöhnlichen Haltungsbedingungen durchgeführt. In beiden Versuchen wurden 

dieselben vier Futtermittel (Basalration, Basalration + MAP, Basalration + Phytase und Basalration + 

MAP + Phytase) eingesetzt (n = 3; jeweils 25 Regenbogenforellen oder 35 Atlantische Lachse je 

Versuchseinheit). Titandioxid diente jeweils als Indikator. Die Kotproben wurde durch Abstreifen 

gewonnen und zu einer Sammelprobe je Versuchseinheit vereint. 

Der native Abbau des InsP6 war in beiden Fällen vergleichbar gering (ca. 8%). Die Zulage der 

Phytase erhöhte den InsP6-Abbau signifikant, in Regenbogenforellen jedoch zu einem höheren 

Ausmaß. Die Analyse der niederen Inositolphosphatisomere deutete darauf hin, dass sich die 

Abbauwege des InsP6 zwischen den Spezies zu unterscheiden scheinen. Ferner war der InsP6-Abbau in 

Regenbogenforellen weiter fortgeschritten als in atlantischen Lachsen. Es wurden in beiden Spezies 

keine signifikanten interaktiven Effekte der beiden Supplemente auf den InsP6-Abbau festgestellt. Die 

MAP-Zulage verringerte jedoch den InsP6 -Abbau bei atlantischen Lachsen leicht. Diese Versuche 

liefern erste Ergebnisse bezüglich des InsP6-Abbaus und der Formation niederer 

Inositolphosphatisomere im Kot von Fischen. Die Ergebnisse zeigen, dass in Regenbogenforellen eine 

höhere Menge InsP6-P verfügbar gemacht werden kann und der Einsatz pflanzlicher Proteinträger, wie 

Presskuchen, in Bezug der P-Verwertung in Forellenfuttermitteln aussichtsreicher erscheint als in 

Futtermitteln für atlantische Lachse. Weitere Versuche müssen jedoch unternommen werden, um die 

präsentierten Informationen zu ergänzen und den InsP6-Abbau in Fischen besser nachzuvollziehen. 
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