





















































Table 5.3.d  Basal dietary formulation for experimental diets, fed to rainbow trout

containing various feed additives. ... 199

Table 5.4c Protein and mineral composition of experimental diets containing various

mineral supplements and additives................coi 200
Table 5.5 Apparent digestibility coefficients of protein for each experimental diet, and

individual alternative protein source, (n=3,+S.E).................... 203
Table 5.6 Apparent digestibility coefficients for the mineral component of each

experimental diet, containing an alternative protein source, (n=3, £ S.E).....204

Table 5.7 Apparent digestibility coefficients for the mineral component of each individual
Alternative Protein SOUTCE. ... .. vttt e et e e ee e 207

Table 5.8 Apparent digestibility coefficients for the mineral and protein components of
experimental diets, containing supplements (n=3 £ S.E)) ....................... 210

CHAPTER 6

Table 6.1. The fate of phosphorus for a standing biomass of | tonne of rainbow trout
(P=g/tonne), over a range of feeding rates...............cocoiiiiiiiiniii i 249

Table 6.2. Phosphorus discharge based on 1 tonne of rainbow trout production

(P=kg/tonne), over a range of dietary P levels and retention values, based on an

FCOR Of L. e 250

XX



ACKNOWLEDGEMENTS

Throughout the course of my PhD programme of research [ have been very lucky to have
received the support of many academic and technical staff members at the University of
Plymouth. Firstly, | must thank my director of studies Dr Simon Davies who has supervised,
guided, advised and been very patient with me throughout the past few years. Additional help

and support has been provided by my second supervisor Dr Richard Handy.

I have had wonderful technical support and 1 would therefore like to thank the following (in
alphabetical order) Pete Bond, Chris Coleman, Malcoim Davies at Hatchlands fish farm, Alex
Fraser for help with all those acid digests, Roger Haslam, Stan McMahon, Paul Russell,
Robert Serwata for help with all those fish !! Viv Shears at Sparsholt College in Winchester,
Julie Soane, Richard Ticehurst for assistance during‘those endless hours of fish dissection. A
special mention goes to Rob Harvey for all the assistance with the ever temperamental ICP in

Environmental Chemistry.

This project would not have been possible without the funding and help from TROUW
Aquaculture UK and in particular Phillip Gallimore and Paul Morris. Hence 1 would like to
extend my sincerest gratitude for their sponsorship, support and patience during my time here

in the Fish Nutrition Unit at Plymouth University.

Additional thanks goes to my colleagues and friends that have been there for me (usually to

take me to the pub) during my time within the School of Biological Sciences.

A very special thanks goes to my parents for their endless support, love, patience, advice and

encouragement during my education and research.

Last but by no means least | would like to thank my partner Jon for his love, support and

ability to cheer me up when things look bleak.



AUTHORS DECLARATION

At no time during the registration for the degree of Doctor of Philosophy has the author been

registered for any other University Award.

This study was financed by TROUW Aquaculture Ltd UK, and carried out at the University of

Plymouth, Plymouth, Devon.

All laboratory and experimental procedures were undertaken in accordance with the Animal

(Scientific Procedures) Act 1986 under the following Home Office licence details:

Project Licence: PPL 30/1583

Personal Licence: PIL 30/4648

Presentations during research period

Snellgrove, D.L., Davies, S.J. and Handy, R.D. (2000). Intluence of varying dietary
phosphorus on trace elements and blood parameters in rainbow trout (Onchorynchus mykiss).

Poster Annual presentation; Meeting of the Society for Experimental Biology, Exeter, UK.

Snellgrove, D.L., Davies, S.J. and Handy, R.D. (2000). Mineral digestibility profile of
commercial diets for rainbow trout (Onchorynchus mykiss), with respect to trace element
availability and tissue distribution. Poster presentation; The 9th International Symposium on

Nutrition and Feeding in Fish, Miyazaki, Japan.

Xxii



Conferences attended :
The Eighth International Symposium on Nutrition and Feeding in Fish, Gran Canaria. May

1998.

The Ninth International Symposium on Nutrition and Feeding in Fish, Miyazaki, Japan. May

2000.

External Contacts:
Mr. P. Gallimore, TROUW Aguaculture, Northwich, Cheshire, UK.

Dr. P. Morris, TROUW Aquaculture, Northwich, Cheshire, UK.

Signed:- \MQ, S%% (Donna Leanne Snellgrove)

Signed:- 7"’(0’1'(% \ >au\£\ t (Dr Simon John Davies)

Date:- ":F(:“\\Bml- 2007%

xxiii



For my mum and dad...



CHAPTER 1

GENERAL REVIEW AND INTRODUCTION



CHAPTER 1

GENERAL REVIEW AND INTRODUCTION

1.1 Aquaculture and fish production

Fish farming is thought to have been initially practiced in the Far East as long ago as 2000
B.C.. and written accounts dating from the first century AD have described the
construction of fishponds by Romans, which spread throughout Europe during the Middle
Ages (Lovell ef al., 1978). However, it was not until the 19" century that modern style
fish culture operations expanded from the United States to England, and was concerned
mainly with the propagation of salmonids for restocking purposes. By the mid 20" century
the worldwide culture of carp, milkfish, tilapia and various indigenous finfish and
crustaceans was generally well established and fairly extensive, with the exception of

salmonid culture located mainly in North America and Western Europe (Lovell, 1989).

Aquaculture is now recognised as a practical and profitable worldwide enterprise, due to
the great advances made in the late 20™ century, improvements in technology, interest in
research and commercial support have all aided in the growth of the industry. Aquaculture
as a commercial enterprise has shown a particularly rapid expansion in the past fifteen
years. During this period, worldwide production figures have increased from 10.2 to 39.4
million metric tons, and currently the industry is worth an estimated 50 billion US dollars
(FAO, 2000). The coastal mariculture of molluscs, crustaceans and algae constitute
approximately half of the production figures, with the remainder being supplied from fish,
eighty eight percent of which are freshwater species. Although in relative terms European
aquaculture is responsible for a fairly small proportion of the total global production
figures, the importance of this industry is paramount with great emphasis placed on the
production of freshwater salmonids, with 230,000 metric tons being produced in 1998

(FAO, 2000).



It has been predicted that the fish farming industry will continue expanding to meet the
demand for fishery products, as supply can be controlled more effectively as a result of
efficient management, predictable yields and high quality products when compared to
marine fisheries. Hardy, (1996) stated that widespread and growing concern about the
environmential impact of this industry upon its surrounding aquatic ecosystems has

accompanied this industrial expansion on a global level.

1.2 The environmental impact of aquaculture

Industrial aquaculture is practiced throughout the world in various aquatic environments,
from open coastal reaches to landlocked lakes and ponds. In addition to the increased
competition with other water users, the impact of this industry on its surrounding
environment has given rise to a great deal of concern (Phillips ef al., 1990). These effects
are particularly wide ranging: for example it has been shown that the cultivation of
aquaculture species can cause profound changes in aquatic ecosystems (Beveridge and
Phillips, 1993; Gowen et al., 1990). The extensive and intensive farming of shellfish and
finfish can result in various fluctuations in external environmental conditions including;
enrichment of receiving water leading to eutrophication, changes in water quality,
disruption of food web structure, chemical usage and various interactions between cultured
and wild stock populations (Beveridge ef al., 1989). It is those changes, caused by the

practice of intensive finfish farming that will be focused upon in this introductory section.

In recent years, recognition of problems created from pollution by fish farm and hatchery
discharges have caused widespread concern to develop, particularly the release of
phosphorus [P] and nitrogen [N] (Enell, 1987; Meade, 1985). The primary consequence of
intensive aquaculture on the surrounding aquatic environment is enrichment and potential
to alter the trophic status of the water body by the release of metabolic waste products and

uneaten food into the water column. In general, organic waste such as uneaten feed and



faecal matter settles into the sediment, with the water column being the recipient for the
soluble waste, urinary and leached feed products. Figure 1, demonstrates this process and
also indicates that there maybe a proportion of material recycling between the water and

sediment fractions.

Any measurable increase in the concentration of a dissolved nutrient is defined as
hypernutrification, and any increase in primary production resulting from
hypernutrification is classed as eutrophication (ICES, 1984). These processes can have a
significant impact on bodies of water in which farming operations are situated, unless the
system is land based; in these circumstances problems can occur if (for example) the
discharge is into a nearby river system. Several physical and chemical changes have been
identified as a result of land-based fish farms discharging into such systems. Markmann,
(1982) recognised these changes as increased levels of suspended solids, increased
concentrations of ammonia, nitrate and phosphate, reduced concentrations of dissolved

oxygen and the potential of ammonia toxicity.

In marine waters it is nitrogen in the form of nitrate (NO3’) that is the primary limiting
nutrient for planktonic growth. In contrast, it is dissolved phosphorus in the form
orthophosphate that is the nutrient responsible for restricting primary growth in freshwater
ecosystems (Dugdale, 1967, Wetzel, 1983). Ryther and Dunstan, (1971) stated that
consequently these elements, in unnaturally high levels, have been held responsible for the

eutrophication of various water systems.

Particular attention has been paid to phosphorus due to its role in the growth of
phytoplankton and hence the trophic status of the water body (Schindler er al., 1978).
Hypernutrification can result in an increase in phytoplankton growth and can even change

the species composition, so that domination by a particular species could be an indication









In order to discharge water from a fish farm, consent has to be provided by the relevant
environmental governing body such as the Scottish Environment Protection Agency
(SEPA). Such agencies are responsible for the regulation of discharges into controlled
waters under the Control of Pollution Act 1974. Discharge consent is given according to
various guidelines and is dependent on various factors including the size of the fish farm,
iocation, volume and sensitivity of the receiving water, and type of water body i.e. coastal,
inland, still or flowing water. SEPA adheres 1o a set of environmental quality standards
which will determine if the fish farm can freely discharge farm effluent or will be restricted
in the levels of nutrients (mainly phosphorus and nitrogen) it can release. As a general rule
less than 10pg of phosphorus/L of water is classed as oligotrophic, 10-25ug/L as
mesotrophic and more than 25ug/L as gutrophic; it is these high levels that need to be
avoided to prevent eutrophication occurring, particularly in freshwater. When water is
discharged into a receiving water body that is flowing (i.e. a river), phosphorus levels are
restricted to less than 100pg per litre of water. Predictions for nitrogen are less feasible, as
it is often difficult to distinguish the source of nitrogen release due to agricultural and
sewage outlets, although the release of excess nitrogen into marine waters is more of a

problem compared to freshwater areas (SEPA pers. Comm..).

In addition to SEPA the Environment Agency (EA) is the governing body responsible for
national discharge regulations nationally in England and Wales. On a wider scale
European regulations, particularly those in Nordic countries are considerably more
stringent and are seen to lead the way in regulative legislation. In Denmark, freshwater
trout farmers have become involved in an environmental battle with bodies such as the
Association for the Conservation of Nature, resulting in the implementation of various
strict environmental legislations imposed by the Minister of the Environment (Mathiesen,
1991). Danish legislation imposes maximum values for environmental load such as, BOD,
suspended solids, total P, ammonium and total N, additionally feed contents are regulated

7



1.e. gross energy content, level of digestible energy, P and N levels (Iversen, 1995). It has
been feared that these regulations may spread and confront the international fish farming

industry as a whole {Mathiesen, 1991).

In order to comply with any restrictions imposed on the release of phosphorus from fish
farm discharges, considerable attention has been paid to the development of more efficient
husbandry practices and careful management strategies that reduce the output of waste
matenials from intensive aquaculture (Beveridge, 1996; Cripps and Bergheim, 2000;
Gowen et al., 1990). In particular, emphasis on efficient farming practices has been placed
on trout and salmon production, as a consequence of these fish being the predominant
species farmed in Europe. Consequently, fish feed manufacturers with the aid of scientific
research are trying to ascertain the optimal levels of dietary phosphorus that sustain high
growth rates and health of the fish whilst minimising phosphorus excretion. Therefore,
nutritionists are currently investigating the optimum formulation of aquafeeds and
selection of feed ingredients that supply a high phosphorus bioavailability in order to
supplement the diets with low levels of total phosphorus (Lall, 1991). This is particularly
well developed for salmonid aquaculture operations where more detailed knowledge of

their nutrition is fully established.

1.3  An overview of the nutritional requirements of intensively reared Salmonids
As a consequence of the demand for aquaculture products the evolution of fish farming has
moved towards the need for higher yields and faster growth with maximum profitability.

In order to support these trends, fish have become less dependant on natural food sources,
and more dependant on prepared feeds. Modern intensive aquaculture is therefore totally
dependant on quality formulated feeds. In 1991, Lovell declared that it is necessary to
develop balanced diets for most fish species based on optimum protein, energy content and

ratio with an adequate supplement of vitamins and minerals.



The nutritional requirements of fish do not vary greatly between species and can usually be
applied to the following broad categories; i.e:- marine or freshwater species found in either
warm or coldwater co}lditions. Fish, like terrestrial farm animals require specified levels
of nutrients for general good health, growth, reproduction, and to maintain all other
physiological functions, although there are notable nutritional differences between fish and

warm blooded land animals (De Silva and Anderson, 1995).

This introductory section will focus primarily on the nutrition of salmonids mainly relating
to Atlantic salmon (Salmo salar) or rainbow trout (Oncorhynchus mykiss). As a
consequence of their poikliothermic metabolism, fish possess relatively low energy
requirements, and as a result demand a relatively higher protein to energy ratio in their
diet. Additionally, salmonid fish require particular lipid components in their diets, and
these are mainly polyunsaturated or highly unsaturated types. The n-6 to n-3 series of fatty
acids is essential for various physiological functions and structures, principally the lipid
bilayer of plasma membranes, and as fish are unable to synthesise these fatty acids de novo
they must be supplied in the diet. Essential fatty acid (EFA) requirements have been
estimated for rainbow trout with the omega n-3 series fatty acids being required at a level
between 0.8-1.7% of a diet that contains 20% lipid (Castell e/ /., 1972; Watanabe et al.,'
1974). However a general dietary inclusion level of 1 to 2% is used as a standard in order
to prevent essential fatty acid deficiency signs (Watanabe, 1982). The requirement for (n-
6) EFA has not been fully identified in rainbow trout. Consequently Cowey, (1992) stated
that the need for this EFA cannot be discounted. Practical trout diets used to contain
approximately 10-15% crude fats to supply adequate energy and concentrations of (n-3)
and (n-6) fatty acids (Hilton and Slinger, 1981), a 4 to 5% dietary inclusion of marine fish
oil will provide adequate EFA levels although cod liver o1l is often used for experimental
diets. In recent years, a trend has developed to inciude higher lipid levels and very high

energy, some diets containing up to 30% oil, but common levels are lower at



approximately 15% to 20%. In 1994, Kaushik and Medale concluded that such increases
in dietary oil were thought to be beneficial to salmonid fish by providing a higher level of
metabolisable energy (ME), as lipid based energy is less expensive than protein.
Therefore, protein deposition is increased and the overall dietary protein requirement
reduced. This theory was previously demonstrated during research conducted using turbot
(Scophthalmus maximus) (Bromley, 1980). Carbohydrate is fairly cost effective as an
energy source in aquafeeds, however, energy from this source is inadequate for salmonid

fish due to problems associated with digestibility of starch and glucose assimilation.

In addition, all fish require a complete range of vitamins in the diet which are essential for
maintaining health and promoting growth. These include the water-soluble B vitamin
groups and ascorbic acid together with vitamins A, D, E, and K to meet the health criteria

and optimum efficiency for growth and production.

The formulation of salmonid diets depends primarily on the size of the fish, stage of
production and target growth rates. The most abundant component of a practical fish feed
is protein, the minimum dietary protein level for optimal growth is approximately 45% to
50% for newly hatched fry, 40% to 45% for larger fry, and 35% to 40% for fingerlings up
to harvesting size (Hilton and Slinger, 1981). Salmonids are able to synthesise the
majority of amino acids needed for protein turnover, but approximately 10 amino acids are
deemed essential and must be present in the diet. The requirements for protein and amino
acids in fish have been extensively reviewed by Wilson, (1994). Diets that are formulated
using high quality fish meal, generally contain sufficient levels of essential minerals to
satisfy salmonid growth, but many alternative dietary constituents such as plant based
protein sources and high-ash fish meals possess anti-nutritional factors (ANF’s) that can
reduce the availability of certain cations, particularly zinc. As a consequence, practical

feeds are always supplemented with vitamin and mineral premixes, that can be varied
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depending on the predominant protein source of the diet and the predicted requirement of

the fish species.

Most salmonid feeds are produced in a dry form ranging from granulated diets for juvenile
fish to pellets of different sizes suited to each phase of production. Feeds are either
manufactured by compression steam pelleting (cold pressed) or as slow sinking expanded
diets by steam pressure (extrusion) (Hilton ef al., 1981). Feed formulations for fish are
high in protein and oil, which generally precludes the use of many feed ingredients such as
corn and wheat used in terrestrial farming situations. Diets would be nutrient poor and
have a high bulk density if formulated with cereal based materials. Salmonid feeds are
therefore formulated using a selected range of raw materials; these include fishmeals,
oilseed meals and grain milling by-products, but some of these ingredients have restricted
inclusion levels. Soyabean meal may be unpalatable to salmonids especially salmon at
high inclusion levels (>20%), due to a bitter or lack of flavour particularly if the soyabean
meal is not extracted by alcohol. Similarly, Hilton and Slinger, (1986) observed that high
dietary levels of canola meal (15%) are related to thyroid dysfunction in rainbow trout (O.
mykiss). Traditionally, other protein supplements such as meat and poultry by-product
meal, blood meal and feather meal were utilised in fish feeds (Bureau er al., 2000; Bureau
et al., 1999; Burel et al., 2000). In recent years, the possible link of inter species disease
risks such as BSE and related consumer concerns have negated the use of such protein
sources. With the rapidly increasing demand for aquaculture feeds and the production of
fishmeal and oils becoming a limited resource, there is pressure for cost effective,
renewable alternative protein sources to fulfil the nutritional requirements of most farmed
fish (Tacon, 1998). The inclusion of trace element and mineral supplements is also an
important cost factor (constituting 3-5% of the overall cost approximately £30/metric ton)
and relevant to modern feed production for salmonids. Consequently, scientific research is

now turning to these issues.



1.4  Protein metabolism and additional dietary supplements

Protein forms the largest portion of any standard fish feed, amino acids being the structural
component of protein are therefore abundant in the diets of fish (Murai, 1992). Amino
acid availability varies with protein source, for example certain plant protein sources have
poor apparent digestibility coefficients, resulting in low amino acid uptake levels. Itis
usually lysine and methionine that are the most likely to have reduced digestibilities when
plant protein sources such as soya bean meal are used as the protein base for the diet.
Therefore, additional amino acid supplements may be necessary depending on diet
formulation and source. Amino acids are divided into essential and nonessential classes,
essential amino acids being those that cannot be synthesised at all or in high enough
quantities by the animal, whereas nonessential amino acids are those that can be naturally
synthesised by the animal. Ten essential amino acids (EAA’s) are deemed to be essential
in the diets of all fish species i.e:- arginine, histidine, isoleucine, leucine, lysine,
methionine, phenylalanine, threonine, tryptophan, and valine. A critical appraisal for the

amino acid requirements of fish was presented by Cowey, (1994).

Research relating amino acid metabolism to mineral nutrition is very limited, but
information has been published linking the metabolism of phosphorus to the amino acid
phenylalanine. The L-isomer of phenylalanine has been known specifically to inhibit the
activity of intestinal alkaline phosphatase, and has consequently been linked to
cholecalciferol (Vitamin D;). However, both the L and D-isomers were found to increase
tissue uptake and storage of phosphate in the intestinal tract of chicks which had been fed
on rachitogenic diets and treated with cholecalciferol (Taylor, 1974). Additionally,
Holdsworth, (1970) found that phenylalanine increased the uptake of calcium when
included in the incubation buffer for everted chick ileums. This amino acid can function as
a calcium chelator and therefore may play an important role in calcium transportation in

avian and other species.



An important investigation relating dietary supplements to mineral availability was
recently undertaken by Sugiura ef al. (1998), in which a preliminary trial was conducted to
establish if a range of feed supplements had the potential to improve dietary mineral
availability. The range of supplements included; citric acid, sodium citrate, potassium
chloride, sodium chloride, histamine dihydrochloride, EDTA disodium salt, sodium
bicarbonate, ascorbic acid, inositol and choline, and cholecalciferol. The apparent
availability of a whole range of minerals was measured including phosphorus, calcium and
magnesium. It was determined that citric acid increased the apparent availability of the
aforementioned three minerals, especially in the monogastric rainbow trout, with
phosphorus faecal levels being greatly reduced. Additionally, Vielma et al. (1999)
demonstrated that additional dietary citric acid can result in an increase in whole-body ash

levels, suggesting improved utilisation of phosphorus.

1.5  The relevance of Vitamins C and D to mineral nutrition

An important component of a nutritionally balanced feed for fish is the inclusion of
specific vitamins. Vitamins are organic compounds that are required in relatively small
levels and are involved in various metabolic processes, to some animals a certain vitamin
maybe essential but not necessarily to other species. They maybe classified into either
water soluble (B complex and C) or fat soluble types (A, D and K) (Halver, 1982; NRC,
1993). Although these micronutrients are required in very small quantities, deficiencies
can result in a range of symptoms, such as poor growth and appetite suppression to severe
tissue deformities and subclinical pathologies. Salmonid fish require fifteen different
vitamins (NRC, 1993), but levels can vary with various biotic and abiotic conditions, in
addition to problems relating to the loss of vitamin potency due to methods of feed
processing and storage. Although all vitamins described are vital for the health of
salmonid fish, two micronutrients (vitamins C and D) in particular were directly relevant to

this programme of research and are reviewed in further detail.
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salar). More recently, Ruohonen e-t al., (1999) fed rainbow trout diets containing low-fat
Baltic herring and supplemented with low-protein, these fish had improved protein
retention with reduced levels of nitrogen and phosphorus waste compared to a control diet
comprising of a standard dry commercial feed. However, fish being fed the treatment diet
had 15-25% reductions in growth when compared to the control fish. Lipid and
carbohydrate have been used as ‘protein sparing’ feed ingredients to fish diets fed to turbot
(S. maximus) by Bromley, (1980a) to increase protein efficiency. Conversely, too-high
dietary protein can suppress the retention efficiency of protein (Adron et al., 1976; Lee and
Putnam, 1973; Ruohonen e/ al., 1998), which subsequently leads to increased levels of

nutrient excretion.

The management of aquaculture wastes can be approached via several different routes,
such as; integrated aquaculture (Chopin er al., 2001; Martinez-Aragon ef al., 2002) and the
use of constricted wetlands that both rely on natural processes primarily of aquatic plants
to treat wastewater (Negroni, 2000). More mechanical approaches include a water
treatment structures that aid in concentrating and collecting particulate waste material from
fish farm effluent (Wong and Piedrahita, 2003), and sedimentation basins and rotating
screens/columns that also to remove nutrient particulate waste from aquaculture systems
(Cripps and Bergheim, 2000). Another approach is the use geographic information
systems (GIS), which aids in modelling the distribution of organic waste from aquaculture,
enabling prediction of possible impacts on the environment (Pérez et al., 2002).
Additionally, diet formulation, including pellet size (Chen et al., 2003), improvement of
feed utilization and producing feeding regimes for specific farm sites (Cho ef a/., 1994), all
play integral roles in the management of aquaculture. As Cho (1994) stated “fish do not

pollute — feeds and feeding pollute!”
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1.10.2 Phosphorus excretion

Phosphorus excretion can be segregated into three divisions namely;

. Endogenous losses, as a result of phosphorus loss from physiological processes.
. Regulated excretion of phosphorus in excess of the demands from the fish.
. Phosphorus that is unavailable to the fish presented in a dietary form.

A significant amount of soluble phosphorus is believed to be excreted via the urine in
teleost fish, but the examination of phosphorus excretion through the kidney has received
little scientific attention (Bureau and Cho, 1999; Grafflin, 1936; Kaune and Hentschel,
1987, Renfro, 1997). In mammalian renal physiology Bijvoet, (1980) demonstrated that
inorganic phosphate (Pi) excretion is controlled by the plasma Pi concentration. Urinary
output of Pi by the animal appears to be directly relative to this plasma Pi concentration,
below a threshold level Pi excretion is minimal and above which increases comparatively
to the increase in plasma Pi (Bureau and Cho, 1999). Mammalian research has indicated
that Pi reabsorption in the kidney has been shown to take place predominantly in the
proximal tubule and is highly dependent on the sodium ion concentration in the tubular
fluid. Dennis er al., (1979) reported that the Pi is actively transported against an
electrochemical gradient through brush border membranes of the tubule wall. There is
little published information of Pi excretion from fish, although research by Chester Jones ef
al., (1969) has indicated that Pi may undergo active tubular secretion in the freshwater
adapted European eel (4. anguilla). Additionally, Elger et al., (1998) postulated that
tubular secretion of Pi occurs in the second proximal tubule of the winter flounder
(Pleuronectes americanus) kidney, with regulation of the urinary Pi content in the

subsequent collecting tubule and duct.

A study by Kessler and Fanestil, (1981) suggested a further mechanism of Pi transport in
the form of a carrier protein. The proteolipid fraction from rabbit kidney brush borders

was investigated for their potential involvement in epithelial transport. It was established
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that organic solvent extracts (in which proteolipids are soluble) of renal brush border had
the ability to bind to Pi with high affinity and selectivity, they were also inhibited by
arsenate which 1s known to be a competitive inhibitor of Pi transport. Together these
factors imply a role for this proteolipid in the transport of phosphate across the renal brush
border membrane (Kessler and Fanestil, 1981). As glomerular fish and mammals possess
similar renal physiology (Dantzler, 1989), it has been postulated that a similar relationship

in the regulation of renal Pi excretion is likely to be present between fish and mammals.

Regulation of renal Pi reabsorption i1s mediated by various physiological-pathological
factors; one of them being acid-balance. Sacktor and Cheng, (1981) established that any
process that results in intracellular acidification tends to increase the uptake of Pi from the
filtrate of the proximal tubular lumen, implicating a further mechanism involved in
regulating renal Pi transport even in the presence of a sodium gradient. Confirmation of
acid-base balance playing a role in the regulation of Pi was recently validated by Wood e!
al., (1999) for fish. Chronic respiratory (RA) or metabolic acidosis (MA) or metabolic
alkalosis was induced in rainbow trout by exposure to hyperoxia, low pH or sodium
bicarbonate infusion. During RA net H™ excretion increased as a result of an elevation in
efflux of NH4 and HCO3™ and was accompanied by a large increase in inorganic Pi
excretion, indicating that these responses to RA may be linked to the activation of Pi

secretion.

Stanniocalcin (STC) is a homodimeric glycoprotein hormone first discovered in fish
(Wagner ef al., 1993), where it is produced by unique endocrine glands called the
corpuscies of Stannius, as previously mentioned in section 1.9. In freshwater salmonid fish
STC is involved in maintaining calcium and phosphate homeostasis, high levels of
extracellular Ca®* enhance the synthesis and release of STC into the bloodstream. The

STC reduces the level of Ca®* transport at the gill and gut and stimulates renal Pi
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reabsorption hence reduces excretion to restore normocalcemia, as concluded by Wagner ef
al., (1998) following extensive studies involving seawater salmon. STC has recently been
established in other vertebrates and is thought to participate in the renal regulation of Pi

homeostasis in mammals in addition to fish (Conlon, 2000; Wagner ef al., 1997b).

As stated above, phosphorus (P) excreted by fish may have a direct influence on the
enrichment of aquatic ecosystems and eutrophication, therefore the form in which P is
excreted is of high importance. Generally P excreted as soluble orthophosphate affects
water quality directly and is readily available for algal growth. Alternatively, organic P
from the indigestible portion of the diet is faecally excreted in particulate form and settles
in the sediment or pond/raceway. Such organic P and inorganic forms of P covalently
bound to metal ions are released over time into the surrounding water from the sediment as
a result of anaerobic and other biological and bacterial processes (Enell, 1987; Pettersson,
1988). Other inorganic forms of excreted P are usually as calcium phosphates, which are
relatively insoluble and are deemed permanently bound and will settle to the bottom of the
lake/sea. Persson, (1988) stated that 30% of total P from feed readily dissolves in water,
and that P bound to organic compounds was approximately 55% of the feed and 33% of
the faeces, with the remainder being considered to be bound and unavailable. Conversely,
Cowey, (1995) reported that under farming conditions only 30% of P is in a particulate

form with 60% being soluble P and available to plants.

Recently, Rodehutscord er al., (2000), conducted an investigation into the effect of P
intake on faecal and non-faecal P excretion in rainbow trout and established that with
increasing P intake, faecal P excretion increased non-linearly. Basal non-faecal P
excretion was estimated to be 3.7 mg/kg BW/day, which was similar to a figure of 7 mg/kg
BW estimated by Bureau and Cho, (1999). Basal faecal excretion was calculated to be 2.9

mg/kg BW. The non-faecal P excretion was unaffected by P intake untii the estimated P
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requirement was met. When dietary levels of P reached 5 g/kg, DM non-faecal P excretion
increased and serum Pi remained unchanged, suggesting that when the blood level is at its
maximum (or close to) P retention, the surplus P is excreted primarily via the urine.
Similarly, results were established by Vielma and Lall in 1998 for the Atlantic salmon,
when the dietary P concentration was increased three fold the urinary P levels had
increased by a factor of 20. It has been concluded by Bureau and Cho, (1999) that blood
plasma Pi is the main factor in determining the soluble excretory output of fish. Above a
threshold plasma Pi concentration of 86 mg Pi/l, urinary excretion was directly related to
plasma Pi, and these results are in agreement with those presented by Rodehutscord ef al.,

(2000).

It can be concluded that dietary phosphorus source and availability will affect the amount
of soluble and particulate phosphorus excreted by the fish, in addition to the level of
phosphorus that could be subsequently biologically degraded and released from
phosphorus forms settled in the sediment. Therefore, dietary phosphorus form warrants
careful consideration when formulating aquafeeds. Additionally, at a physiological level
plasma Pi measurements could aid in the estimation Pi urinary output and of the P

adequacy of the diet.

1.11 Alternative protein sources and mineral utilisation

As previously stated, protein constitutes the largest component of fish feed at 40-45%
(Hilton and Slinger, 1981) and with the growing demand for limited fishmeal resources,
the need has arisen for alternative protein sources to be found. Such alternative protein
sources are predominantly from plant origin or animal by-products, but due to the stringent
regulations on the re-use of animal products, only plant based protein sources can be
utilised in the UK and the EU. As highlighted in section 1.3, soyabean and various grains

such as barley and corn are currently the preferred alternative to fishmeal.
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Table 1.4.
Phytate content of various feedstuffs of plant origin, adapted from (Ravindran ef al., 1995;
Ravindran et al., 1994)

Feed Ingredient Phytate P — as % of total P

Cereals

Maize (Zea mays) 84.6
Rice (Oryza sativa), brown unpolished 73.7
Wheat (Triticum aestivum) 69.0
Barley (Hordeum vulgare) 64.0
Oats (Avena sativa) 67.0
Sorghum (Sorghum vulgare), dark seeds 65.9
Maize gluten meal 59.0
Oilseed meals

Soya bean (Glycine max) 61.7
Soya bean meal, solvent extracted 60.3
Cottonseed meal (Gossypium sp) 70.0
Peanut meal (Arachis hypogaea) 80.0
Rapeseed meal (Brassica napus) 59.0
Sunflower meal (Helianthus annus) 77.0
Sesame meal (Sesamum indicum) 81.0

Grain legumes
Chick peas (Cicer arietinum) 51.2

Peas (Pisum sativum) 50.0
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The primary storage form of phosphorus in all seeds and plant tissues is phytate
(sometimes known as phytic acid). Phytate is myoinositol 1,2,3,4,5,6-hexakis (dihydrogen
phosphate) and in mature seeds the phosphorus ts predominantly in the form of phytic acid
(Ravindran ef al., 1995). It is found as a complex salt of calcium, magnesium and
potassium, sometimes combined with protein (Makower, 1969) and over 99% of this
phytate phosphorus is present in a water-soluble form (Lolas and Markakis, 1975). Phytate
contributes approximately two-thirds of phosphorus in various grains, examples of which
are shown in table 1.4. Other feedstuffs such as roots and tubers contain less phytate (21-

25% of total phosphorus).

Fish and other monogastric species such as poultry and pigs utilise phytate poorly due to
the fact that the intestinal mucosa of these animals does not secrete the enzyme phytase.
Phytase 1s needed to hydrolyse phytate into more digestible components (Lall, 1991;
Ravindran et al., 1995; Sugiura ef al., 1999). Subsequently, this phosphorus source passes
through the animal virtually undigested. As a consequence, it is necessary to supplement
animal diets containing a high proportion of plant protein with additional inorganic
phosphorus. A recent study by Sugiura et al., (1999) demonstrated that phosphorus
discharge from fish could be reduced by incorporating a low-phytate mutant strains of comn
and barley as a dietary protein source. Additionally, the enzyme phytase has been
successfully used as a feed additive for poultry and pigs (Engelen e/ al., 1994) to improve
digestibility and reduce phosphorus excretion. Recently, fish nutritionists have advocated
the addition of this enzyme to fish feeds (Cain and Garling, 1995; Jackson ef al., 1996;

Vielma ef al., 2000) with the aim of improving P availability.

The phytate ion forms complexes with mono, di- and trivalent ions such as Zn*", Ca2+,
Mg > Fe, Fe**, and usually forms insoluble compounds (Reddy et al., 1978, Reinhold et

al., 1973). Phytate has a particularly high affinity for zinc in physiological pH ranges, and
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the complex formed is very stable (O’Dell and Savage, 1960; Maddaiah er al., 1964). This
zinc complex is insoluble, which leads to decreased dietary absorption (Richardson ef al.,
1985), particularly across the gastrointestinal tracts of monogastric ammals (Oberleas ef
al., 1966; Oberleas and Harland, 1981). Roberts and Yudkin, (1960) have also
demonstrated this process in phytate complexes formed with calcium and magnesium.
Phytate also has the ability to bind with protein at neutral pH, (Cosgrove, 1980) and with
digestive enzymes (Singh and Krikorian, 1982). These phytate-protein complexes may
reduce the utilisation of proteins and amino acids as well as decreasing digestive enzymatic

activity and leading to poor protein digestibility.

Although it would be easy to attribute all negative effects on the availability of minerals to
the presence of phytate and its chelating capabilities, another feed component may be held
responsible for reducing the availability of minerals. Fibre, which is an important fraction
of most foods, particularly those of plant origin, is also known to have a high affinity for
minerals (Reinhold er al., 1975). Therefore, Torre et al., (1991) suggested it may be
difficult to ascertain the primary cause of reduced mineral availabilities if phytate and fibre

cannot be assessed on an individual basis.

Interest in phytate and phytases has arisen due to the poor natural ability of monogastric
animals to digest phytate and the strong chelating action of phytate for mono-, di-, and
trivalent metal ions, resulting in the reduced bioavailability of minerals. As stated in the
above section, the enzyme phytase has been used as a dietary supplement in animal
nutrition, to improve phosphorus digestibility and reduce excretion. Recently,
aquaculturists have been trying to achieve the same results with fish nutrition and feed

formulation.
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Phytase is an acid phosphatase that catalyses the sequential hydrolysis of inorganic
orthophosphate from phytic acid. As this enzyme is non-specific it can remove phosphate
from a number of natural and synthetic phosphorylated substrates (Gibson and Ullah,
1990). There are two recognised classes of natural phytase; 3-phytases are
characteristically found in micro-organisms and filamentous fungi (particularly the
Aspergilli) and the seeds of higher plants contain 6-phytases (Gibson and Ullah, 1990).
Microbially produced phytases are commercially produced, usually from Aspergillus
ficuum and Aspergillus niger, which are used to dephytinise plant feedstuffs (Storebakken
et al., 1998). As phytases are thermolabile, they have to be added to the feeds after the
high temperatures of extrusion, or by incubating the individual feed ingredients in an

aqueous suspension prior to drying and dietary formulation (Cain and Garling, 1995).

1.12  Primary objectives and rationale for the programme of investigations.

The role of macroelements and phosphorus in particular in the nutrition of salmon and
trout was reviewed in the context of aquaculture. There were a number of issues pertaining
to those factors governing the bioavailability of phosphorus and other minerals from the
diet. These mainly reflected their relative net absorption, distribution and retention into

various tissues and organs during growth and development at different stages.

It was previously stated that defining phosphorus retention is of central importance, with
respect to quantifying losses to the aqueous environment with the possibility of minimising
adverse impact in aquaculture practice. Various dietary interactions may markedly
influence the absorption and assimilation of phosphorus in fish. Since commercial diets
differ considerably in specification and vary in P levels and source, it is necessary to

examine these implications in detail.
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Indeed, the digestibility of feed components and release of minerals and elements
including phosphorus is subject to a number of biotic and abiotic factors. The gastro-
intestinal physiology associated with P absorption and post-prandial systemic levels
requires elucidation. Various commercial considerations warrant further investigation,
with respect to the availability of phosphorus from selected raw materials that may be used

in balanced feed formulations destined for salmon and trout cuiture.

For those reasons, a series of experiments were implemented to further understanding of
primarily phosphorus nutrition and that of related macroelements critical for growth

performance, production and health of salmonid fish.

The rainbow trout served as the model experimental fish representing salmonid fish in

general. Studies embraced the main points previously stated with the main objectives

being:-

1. To evaluate commercial diets differing in their phosphorus and mineral profile with
respect to overall performance and retention of these nutrient components in the
fish.

2. Establish the interactions of nutrient/calorific density (varying oil levels) on
phosphorus and selected mineral retention and assimilation during growth.

3. Determine and refine the basis of phosphorus requirements in relation to dietary P
level on growth performance, feed utilisation, and health in juvenile trout.

4. Assess the apparent digestibility of P and other related minerals such as Ca in

selected raw materials, ingredients etc, and to compare the digestibility of these
minerals from different commercial inorganic sources, commonly employed in

animal nutrition.



5. Finally to further knowledge of the physiological constraints and processes
involved in P absorption from the gastro-intestinal tract. To determine the
differential uptake and availability of P and Ca from selected regions associated

with the digestive system in the rainbow trout.

The investigations aimed to further understanding of the macroelemental requirements of
the rainbow trout and concurrent losses to the aquatic medium. These experiments provide
an investigative approach and were based on in vivo trials mainly under controlled
laboratory conditions or under managed farm systems appropriate to the species. At all
times, the welfare and husbandry conformed to standard aquaculture practice such that the

result of these studies would have relevance to practical operations in the field.
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CHAPTER 2

GENERAL MATERIALS AND METHODS

2.1 Nutrition Trials

2.1.1 Stock Animals

The salmonid fish rainbow trout Onchorynchus mykiss (Walbaum) was selected as the
experimental species for the following studies, due to its popularity as a farmed fish in the
United Kingdom and accessibility from local sources (Fig 2.1). The fish utilised in the
first trial {chapter 3.1) were supplied from Mill Leat Trout farm, Ermington, Ivybridge,

Devon at a mean weight of approximately 30g.

During grading and transportation all fish were held in oxygenated water at an optimum
temperature of 15°C. These fish were reared on a stock diet until reaching a weight of 50g,
suitable for feeding trials. Furthermore this period acted as an acclimation period to the
experimental facilities. During the first 10 days of this feeding regime, the diet was spray
coated with the antibiotic oxalinic acid (2mg/Kg dry weight), as a precautionary measure
against bacterial and fungal outbreaks due to transportation stress. The health and feeding

response of fish were carefully monitored on a daily basis.

For the subsequent growth and nutritional studies that were conducted at the University of
Plymouth, the experimental fish were obtained from Hatchland Fisheries, Greyshoot Lane,
Rattery, Devon. Fish were brought in at the appropriate size relating to the type of
experimental trial being conducted. All fish were held on stock diets, for a two week
acclimation period. As mortality levels were less than 10% for all sets of “new’ stock fish,

they were deemed to be in good health before the commencement of each trial.
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Two trials were conducted outside of the University’s facilities, one at Hatchland Fisheries
(as mentioned above) where fish were either held in 1m circular tanks or concrete
raceways. The other was based at Sparsholt Agricultural College, Sparsholt, Winchester,
Hampshire, where fish were held in 1m circular tanks only. On these occasions fish used
were already available at the facility. Water supply to these tanks was sourced from a

natural bore-hole at a temperature of approximately 12°C.

During the acclimation period, the feeding regime was to satiation twice daily (am and
pm). Fry and small trout (<20g) were initially maintained on a commercially available,
high energy starter feed for trout fry (Nutra Aminobalance — TROUW Aquaculture), pellet
size was dependent on fish size (either crumb or 1.8mm). Larger stock fish were fed once
daily on a commercially produced fully floating feed for trout (standard expanded —

TROUW Aquaculture), with a pellet size of 4mm.

During nutrition trials, fish were fed as a percentage of their body weight, which was
calculated by following commercial guidelines for weight class and temperature.. Actual

ration size was determined at fortnightly intervals after fish were bulk weighed.

2.1.2  Aquarium systems

During the period in which experiments were conducted at the West Aquarium, University
of Plymouth, two culture systems were used to hold fish. The initial trial was conducted in
a re-circulating system comprising six square 400 L fibregiass tanks suspended over a
1200 L bio-filter (system 3, Fig 2.2). To aid in the filtration process, a foam fractionation
basket was fitted to the pre-filter to assist in mechanically removing solid particles from

the water before bio-filtration.
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Subsequent trials were performed in a twenty tank, re-circulating system (system 1, Fig
2.3), each square fibreglass tank held approximately 160L of water, and had a flow rate of
13L/minute. All tanks were suspended over three linked tanks; a 824L pre-filter
containing plastic ‘pan-scourers’ 10 assist in mechanical filtration and inorganic
magnospheres to aid the waters buffering capacity. The second tank, with a volume of
1565L, contained a porous ceramic material, ‘ Alpha-grog’ (J & K Aquatics), this acted as
the main biological filter. Before being pumped into the trial tanks, water passed through a
250L water compartment in which the submersible cooling system was located.
Additionally, a Hi-rate sand filter (Lacron) was inserted into the systems circuit to aid in
the removal of solid suspended particles from the water. Twice a day, at 8am and 4pm, a
backwash cycle was automatically initiated, in which the water flow was reversed through
the filter to waste, in replacement clean water entered the system from the city mains
supply, which totalled an approximate 10% total water change per week. This water was
standard chlorinated tapwater, however, the force at which this water was entering the

system ‘drove off” a large amount of the chlorine as a gas.

The aquarium systems described above were both thermostatically controlled by a
thermostat (Dryden Aquaculture) and kept at a constant temperature of 15.5 £1°C.

Photoperiod was fixed to a 12 hour day/night regime, which was held throughout the year.
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2.1.3 Water quality analysis

Throughout each respective trial and acclimation periods, aquarium water was subjected to
various water quality tests on a weekly basis. Dissolved oxygen, pH and conductivity were
measured by portable waterproof meter and microcomputer pH meter (Hanna Instruments
HI 9142 and HI 9023). pH was held constant at 7 + 0.5, dissolved oxygen was always

above 7 mg/L, conductivity varied between 25-100mv.

A multiparameter bench spectrophotometer (C 100 series - Hanna Instruments), was used
to measure the following water borne ions (range indications are also given): Ammonia
[NH3/NH4'], by the Nessler method giving a yellow colouration relative to ammonia level
when read at 470nm, range 0.23 + 0.06 mg/L. Nitrate [NO;], by an adaptation of the
cadmium reduction method giving an amber colouration relative to nitrate level when read
at 555nm, range 15.33 + 3.04 mg/L. Nitrite [NO,], by an adaptation of the EPA
(Environmental Protection Agency) method 354.1 which causes a pink tint in the sample

relative to nitrite level when read at 470nm, range between 0.13 £+ 0.02 mg/L.

Table 2.1.
Mineral levels (mMol) in various water sources.

Mineral Mains supply Hatchlands Sparsholt College
(mMol) fish farm
Calcium 0.661 1.037 4.211
Magnesium 0.048 0.221 0.106
Phosphorus Negligible Negligible Negligible
Zinc 0.004 Negligible Negligible

53



The aforementioned bench spectrophotometer was initially used to analyse water samples
for phosphate ions, but in order to improve accuracy and gain better detection limits it was
decided to use the inductively coupled plasma — atomic emission spectrophotometer (ICP-
AES) for ionic levels of water. The minerals levels for water from the various sources

involved in this research are presented in Table2.1.

2.1.4 Diet Formulation and Materials

All test diets formulated for use during either the growth or digestibility trials were based
on commercially available diets, which allowed for modifications relevant to the need of
each trial. Where possible diets were commercially made to precise specifications.
Alternatively, diets were made ‘in-house’ using ingredients commonly used in the
manufacture of commercial diets to a practical or semi-purified standard. Test diets
typically contained 45% protein and 25% oil, ‘in-house’ diets generally contained less oil,
approximately 15% inclusion level was standard. Due to the diversity of the test diets, the
exact formulation, proximate composition and mineral levels are presented for the

appropriate investigations in each relevant chapter.

Basic ingredients used to manufacture practical test diets were LT94 Scottish herring
fishmeal, hi-pro full fat soya bean meal in addition to a mineral and vitamin premix
provided by TROUW Aquaculture. Semi-purified diets were prepared using casein,
gelatin, cornstarch, dextrin, a-cellulose supplied by the Sigma Chemical Company (Poole,
Dorset) and cod liver oil was provided by Seven Seas Ltd, Hull. Dietary ingredients

deviating from this basic list are stated in the relevant chapter.
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2.1.5 Diet Preparation

As previously stated, various diets used were commercially prepared for experimental
work. Diets that were manufactured ‘in-house’ were either practical or of a semi-purified
nature, but both were produced in a similar manner. Thus, all dry ingredients were
weighed and mixed together in the bowl of a Hobart A101 food processor (Hobart
Manufacturing Company Ltd, London), when the mixture was uniformly blended the oil
was added. De-ionised water was slowly added during continuous mixing until the mash
was sufficiently moist for extrusion. The diet mixture was then extruded through a die
with holes of 2-3mm diameter, using the extruder attachment. The resulting moist strands
were spread evenly on foil covered trays and dried in a fan assisted drying cabinet at 45°C.
These were subsequently broken into uniform size pellets and stored in airtight containers
prior to use. The semi-purified diets were not dried but stored in plastic boxes at -20°C,

daily requirements were removed as necessary throughout the trial.

2.2 Biochemical analysis — Proximate composition

2.2.1 Moisture Determination

The moisture content of the feed, faecal and whole fish carcasses were determined as
described in the A.O.A.C. handbook (1997). Pre-weighed samples of feed, diet
ingredients, and whole fish carcasses were evenly distributed in low aluminium foil trays

and dried at 100°C to a constant final weight in a fan assisted oven (Pickerstone E 70F).

Faecal samples, however were dried at 60°C due to their higher water content.

Tissues, organs and skeletal materials were weighed and dried, from a pre-frozen state in a
freeze dryer (Edwards, Super Modulyo — Pirani 1001) for either 24 hours or until a vacuum
pressure of 10” microns of Hg was reached. All materials were stored in sealed plastic

bags in a dessicator containing anhydrous silica crystals prior to subsequent analysis.
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These three parameters were all significantly higher (P < 0.05, T-test) for fish fed the high
ash diet in comparison with the standard ash diet fish. Therefore it could be suggested that

ne obvious trends in mineral levels were seen in the skeletal structures between treatments

33c Results - Part C

3.3.1c Mineral and protein digestibility

Feed acceptance during the trial was good, although an extended acclimation period of
fifteen days was necessary for the 200g sized fish, as they were unaccustomed to
containment in a tank after being in a pond. No mortality occurred for fish sizes 50, 100
and 400g, but three fish from the 200g group of fish died, probably due to hierarchical

fighting developing in the tanks.

The apparent digestibility coefficients for protein are presented in table 3.19, the 50g and
400g fish produced a similar set of results throughout all levels of dietary oil, with ADC’s
ranging from 82 to 88%. Both the 100 and 200g fish exhibited lower ADC’s in general for
all dietary treatments. Levels were particularly low for the 200g fish, which ranged from
66 to 75%. This may be due to the fact that these fish were unable to adapt to the tank’s

confinement resulting in high stress and low digestibility values.

Digestibility figures for most of the fish categories follow a general trend with digestibility
being significantly higher in the 8 and 30% oil diets, compared with the 20 and 26% diets
(P <0.05, T-test). This is clearly demonstrated in the 50 g fish size category where
digestibility significantly decreases from 86 % for the 8% oil diet to 82% for the 20 and
26% diets and then increases to 88% for the 30% diet. For the 200g fish digestibility
coefficients are initially reduced at 66% and remain at this low level for three of the four

dietary oil levels, significantly increasing to 75% for the 30% oil diet (P < 0.05, T-test).

99



Table 3.19. Protein apparent digestibility coefficients for different sized rainbow trout fed
diets with varying oil level, (n=8,except for 400g fish where n=3, + S.E).

Fish size (g) 8% oil 20% oil 26% oil 30%oil

50 86.72+0.33% 82.62+0.75° 8261043 88.55+0.58°
100 82.26+0.58* 70.1410.43% 67.13 £1.68° 71.48+0.84"
200 66.02+0.87" 66.13+1.13%  66.95+1.10°  75.53 £0.95°
400 84.54+0.58" 80.79+0.99° 83.57+0.20° 84.19+0.94°

Unlike superscripts denote a significant statistical difference, P < 0.05, ANOVA.

Apparent digestibility coefficients (ADC’s) for the dietary minerals components of the

diet, namely the phosphorus, calcium, magnesium and zinc components of the diets are

illustrated in a series of four graphs (figures 3.3 to 3.6). For all size categories the apparent

mineral digestibility coefficients for magnesium and phosphorus are clearly higher than the

corresponding values for calcium and zinc.

The mineral ADC’s for the two smaller sizes of fish (50g and 100g, figures 3.3 and 3.4)

appear to all follow a similar general trend, an increase in dietary oil level results in a

significant increase in mineral digestibility. For the 50g fish, all minerals ADC’s were best -

“fitted to an exponential curve. Whereas mineral ADC’s for 100g were fitted to a range of

mathematical curves, power, exponential, log and linear. Mineral digestibilities for the 50g

fish are at least 30% higher for the all minerals at all o1l levels, when compared with the

other fish size categories, with the exception for the 30% dietary oil treatment where

differences are only approximately 10% between mineral sets.
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The larger rainbow trout (200 and 400g, figures 3.5 and 3.6) utilised in this digestibility
trial produced different digestibility profiles when compared to the smaller 50 and 100g
fish. The general trend that was observed for the larger fish involved a significant increase
in mineral digestibility for all minerals from the 8% to 20% oil diets. The 200g fish
exhibited a slight increase in mineral digestibility from 20% to 26% dietary oil, conversely
the 400g fish exhibited a slight decrease in mineral digestibility between these two
respective dietary treatments. Both sets of trout then displayed a noticeable fall in apparent
digestibility for all minerals on the 30% oil diet. With the exception of phosphorus
digestibility, which follows a power curve for 200g fish, all other mineral digestibilities for
200 and 400g fish were fitted to polynomial parabolic curves. Compared with the smaller
50 and 100g fish, no clear distinction between P, Mg and then Ca and Zn digestibility
values was observed. The only exception being that the 200g fish showed particularly
poor digestibility resulting in negative figures. The results show that both dietary oil level
angd fish size have the ability to affect mineral digestibility, particularly in juvenile fish

rainbow trout.

3.4  General Discussion

3.4.1 The suitability of using fish meals from differing sources in diets for rainbow trout
The primary aim of the first section of this experimental chapter was to assess the outcome
of feeding juvenile rainbow trout defined ‘off the shelf” commercially manufactured fish
feeds. The diets varied in fishmeal source and phosphorus source, one being formulated
with high quality brown fishmeal and supplemented with di-calcium phosphate (Royal
Crystal), and the other with a mixture of brown fishmeal (22%) and an industrial white
fishmeal (25%) with no mineral supplement (Hi-performance). The Hi-performance diet
had significantly higher levels of ash, and all four minerals (P, Ca, Mg, Zn), whereas the
lipid levels were lower when compared to the Royal Crystal diet. In general, the results

from the first two experimental trials were very similar. Data obtained from the first ‘in
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To assess protein and mineral uptake in the digestive system of the rainbow trout, a
commercially available floating pellet diet (4dmm) was utilised. The feed was a ‘standard
expanded’ variety and is frequently used for stock fish as a maintenance diet in farms
operating under extensive conditions. The test diet formulation is presented in table 5.1.

with the protein and mineral composition profile being summarised in table 5.2,

5.2.3 Feeding, sampling and analysis

Fish in the five experimental tanks were fed twice a day to satiation at 10.00am and
4.00pm, for a period of 4 days. On the 5th day the fish were fed in the morning and three
hours after the feeding of the last meal two fish from each of the five tanks were randomly
chosen for sacrifice. The rainbow trout were over-anaesthetised using 2-Phenoxy-ethanol
(0.2ml/L), and culled in accordance with Schedule 1 of the Home Office Animals
(Scientific Procedures) Act 1986. Dissection was conducted by an initial dorso-ventral
incision from the anus to vent, thus opening the body cavity. Once exposed, fat deposits
were gently excised from the abdomen. When all the internal organs and structures could
be clearly seen, metal hair pins were used to segregate the digestive system into four
sections; the stomach, pyloric region (including caeca), the mid gut and hind gut and anus
(refer to Figure 5.1). The whole digestive tract was then carefully surgically excised from
the carcass, by cutting through the oesophagus above the stomach and dissecting
downwards ceasing at the anus. Dissection was close to the last meal to ensure that the
whole gut would be full of digesta. The whole gastrointestinal tract including the attached
stomach was laid flat in a plastic tray, bagged and labelled then immediately frozen at -

17°C.
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To obtain the digesta, samples were removed from the freezer and cut into the four sections
segregated by the dividing hair-pins. The individual sections were then allowed to
partially defrost and the contents removed by laterally cutting through the gut wall, digesta
was then freeze dried after which samples were acid digested by microwave and the
mineral content determined by ICP-AES. Additionally, the protein analysis was carried

out by the kjeldahl method (refer to chapter 2 for methods).

Statistical analysis was employed to test for any significant differences between all gut
regions with respect to mineral and protein concentrations in digesta. Differences among
the digesta from the four areas of the gut were tested by single factor ANOVA followed by
a Student-Newman-Keuls (SNK) multiple stage test. Differences were considered

significant at P < 0.05.

5.3  Results

Concentrations of the mineral and protein faecal fractions taken from the digesta
throughout the gastro-intestinal tract of the fish are shown in Figures 5.2a to e. Mineral
concentrations were calculated as absolute taking into account the varying amounts of

digesta in each of the gut sections.

The four bar-graphs illustrating the mineral concentrations throughout the gastro-intestinal
tract clearly all follow the same trend. Mineral levels are the highest in the stomach
decreasing considerably to approximately a tenth of the concentration in the pyloric gut
region. These levels then increase slightly between the pyloric and mid gut regions and
again between the mid and hind gut, final concentrations are approximately a third of the
values obtained for the stomach region. The exception being for zinc which was
approximately half of the initial diet concentration, thus illustrating a lower digestibility for

zinge.
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54 Discussion

The investigation outlines a preliminary approach to obtain semi quantitative data with
respect to the differential absorption profiles of dietary protein and selected minerals
relevant to the general programme of research. It should be noted that a dietary marker
was not included in the experimental design due to the commercial nature of the test diet.
Incorporation of an inert marker such as chromic oxide (Cr,Os), yttrium or ytterbium oxide
would have allowed detailed digestibility coefficient assessment of digesta for each
segment of the gastrointestinal tract. The relative marker/nutrient (i.e: protein and mineral)
ratio would have thus provided the exact degree of absorption (or apparent digestibility
coefficients) for the nutrients assessed. However, the use of markers is controversial and
there is doubt in the scientific literature whether any specific marker stated provides
accurate quantitative data (Bowen, 1978; Tacon and Rodrigues, 1984). In the present
experiment, it would have been possible to add a marker to the feed either by external
application or by pre- grinding the diet and reconstituting the diet with a specified marker
at a concentration similar to those described previously. However, the diet used was a
commercial source and typical of those presently available for trout. It should also be
noted that the feeding regime employed maintained a continuous feed intake consistent
with the optimum daily ration appropriate to rainbow trout in the early phases of
production. This is somewhat different from the discrete single meal intakes often reported
in experiments with fish to provide information on gastric evacuation rate, digestion and
nutrient absorption. Continuous feeding is more relevant to typical production (on farm)
conditions; also this type of feeding may be reflective of the natural feeding habits of
rainbow trout in the wild. Hence, the more rapid transit of digesta associated with
frequent, daily meal intakes may provide a more realistic basis for the comparison of
mineral composition in different regions of the gastrointestinal tract. This is especially true
of the digesta associated with the large intestine segment relative to the faecal composition

prior to elimination from the body.
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Although semi quantitative, the relative mineral composition indicates interesting
sequential events occurring during the course of the translocation of the digesta. There
was a consistent marked reduction in the absolute macro element levels for calcium,
phosphorus, magnesium and zinc from the stomach compartment to the hind gut with a
particular reduction evident for the pyloric ‘section’ where maximum absorption of each
mineral seemed to occur. A consistent trend for each case was the tendency for a rise in
concentration for the mid gut and a larger increase in the hind gut. This effect was
probably a combination of some re-absorption of minerals due to the flux of water and
electrolytes across the gut lumen in association with the vascularisation of the distal region
of the gut and also further nutrient absorption of protein, lipid and carbohydrate
components of the feed. This may have resulted in a “concentration effect.” The true
digestibility or absorption of each element would have been masked by the continuous
movement of digesta and the interpretation of this data is made difficult because it is a
qualitative assessment of a ‘snapshot’ event rather than based on the final composition of
faeces resulting from the meal. It can be argued that more direct measurements could have
been obtained from either total collection of faeces by the use of specialised metabolism
chambers or removal from the fish by other means such as the stripping of faeces as used
in previous experiments. However, the study has clearly demonstrated the internal
complexities associated with mineral absorption and the considerable differences between

the regions of the gut.

Presently there is a limited amount of published data relating to mineral absorption across
the different sections of the gastrointestinal tract in fish. However, whilst assessing the
digestion and digestibility in gilthead sea bream (Sparus aurata), Fernandez et al., (1998)
calculated the ADC values for various components including phosphorus from several
regions of the intestine using chromic oxide as the marker. It was established that although

significant differences were noted between the stomach and faecal samples, generally no
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significant increase in values was noted along the intestine. Fernandez et al., (1998)
concluded that the majority of phosphorus absorption takes place in the stomach or anterior
region (which was described as being the first 3cm after the stomach and pyloric caeca),
even though ADC values were not calculated during this study these results are directly
comparable. Further results by Fernandez (1998) found decreases in the phosphorus
absorption in the medial and posterior region of the intestine of gilthead sea bream for
most of the experimental diets, this finding also agrees with those found in the current
study. In summary it was suggested that as the majority of phosphorus absorption took
place in the stomach and pyloric regions of the intestine as opposed to the medial and
posterior regions. It is feasible that the pH conditions in the stomach and pyloric caeca
maybe more suitable for the solubility and assimilation of phosphates than other regions of

the gut.

Lied et al., (1992) investigated protein digestibility in Atlantic cod (Gadus morhua) using
the ‘external’ dietary markers chromium (I1I) oxide and titanium (IV) oxide, in addition to
‘internal’ mineral markers that were already integral components of the diets. Preliminary
analyses of gastrointestinal contents from cod showed that minerals such as calcium, iron
and zinc were concentrated aiong the alimentary canal, suggesting that these elements are
ingested much in excess of what can be absorbed, similar findings to those from the
present study. As a consequence of these findings, Lied (1992) evaluated these mineral
macro-elements from the feed as potential internal markers. Identical estimates of protein
digestibility were obtained when calcium and zinc were used as ‘internal’ markers, when
compared to results produced for use of titanium (IV) oxide as an inert ‘external’ marker to

measure digestibility.

The stomach profile is obviously closer to that of the feed employed for the investigation

and the profile of the digesta content of the hind gut would indicate that an appreciable
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amount of calcium and phosphorus as well as magnesium and zinc remains unabsorbed.
This has obvious relevance to the question of environmental impact of phosphorus losses
to the surrounding water body and intensive rearing of salmonids at high density on feeds
containing phosphorus from different sources, and suggests that minerals are ingested in
excess of what can be absorbed. The implications for other trace elements such as zinc are
also important. Zinc in addition to the other minerals in this study is an essential element
for fish and factors that may alter the bioavailability include, meal size, feeding frequency,
fish size, temperature, and diet composition (Lall, 1989). It is known that several minerals
may compete for absorption and various antagonistic effects can occur. However when the
uptake pathways of mineral active transport systems become saturated at high luminal
concentrations, many minerals are able to diffuse passively across the intestinal basolateral
membrane. Therefore two components are usuvally involved in the uptake of minerals
across the intestine, and this has been demonstrated for zinc in the winter flounder
(Pseudopleuronectes americanus) by Shears and Fletcher, (1983) and the rainbow trout
Glover and Hogstrand, (2002). Zinc in particular is known to have significant absorptive
interactions with other dietary cations forming tightly bound chelates, often resulting in a
lower digestibility (Hardy and Shearer, 1985; Knox ét al., 1984; Wekell et al., 1986). The
type of mineral chelate produced is particularly dependent on the form in which the zinc is

fed, being either from an organic or inorganic source.

Similarly, there was an obvious absorption of protein across the regions of the intestine,
but this experiment was not able to provide absolute digestibility coefficients for the
protein in the feed due to the absence of a suitable marker. However, the concentration of
protein in digesta sampled in the hind gut was half that of the stomach. This would
indicate an appreciable level in the resuiting faeces. Interestingly there was no evidence of
any increase at any location subsequent to the stomach. It can be inferred that protein

digestion and subsequent absorption is a uniform process, post stomach to pyloric region
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where the largest decrease in protein content was noted. This confirms results found by
Lied et al., (1992) for Atlantic cod who stated that protein digestion and absorption took
place mainly in the pyloric caeca and first 3cm of the intestine, with smaller increases
being observed in the posterior and rectal regions of the gut. This pattern of a progressive
increase in protein digestibility for samples taken simultaneously along the gut was also
found by Fernandez er al., (1998) for gilthead seabream (S. aurata) and rainbow trout by
Austreng, (1978). It should be noted that the digesta of the hind gut is likely to contain
endogenous protein losses such as the sloughing of epithelial cells, enzyme and mucosal
secretions, blood components, and possibly milt depending on the age of the fish. Hence,
the protein digestibility of the diet may be higher than estimated. A more accurate
estimation of undigested protein could therefore be established by utilising a diet
comprised of a pure protein source such as casein or albumin, providing a specified protein-

content of uniform composition at a low protein intake.

Clearly the digestion and absorption mechanism in fish is a complex process that is
affected by a number of factors. The differentiation of the gastrointestinal tract is an
important feature as well as the composition of the diet. Comparative studies should
attempt to compare the assimilation of discrete meal intakes with that of a continuous
feeding regime and complemented with standard digestibility trials. More detailed studies
would also be able to discriminate between the endogenous losses of macro and trace
elements within the gastrointestinal tract and allow for a more accurate measurement of the
true availability of the nutritionally important elements from the diet. In this respect the
following section aims to address this subject by assessing the protein and mineral
digestibilities of various alternative feed ingredients in addition to several dietary mineral

sources in feeds for the rainbow trout.
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CHAPTER 5

PART B. PROTEIN AND MINERAL DIGESTIBILITY OF SUITABLE
ALTERNATIVE FEEDSTUFFS AND VARYING DIETARY MINERAL SOURCES
AND ADDITIVES FOR RAINBOW TROUT

5.5 Introduction

Feed formulation necessitates the development of balanced diets that meet the full

nutritional requirements of fish. This must be achieved with a complement of selected

feed ingredients, supplements and additives at an economic cost.

Feed ingredients are chosen on the basis of their digestible energy and protein content and
quality of essential amino acids. Although these ingredients contribute an appreciable
level of macro and trace elements to the diet, the feed is always supplemented with an
appropriate trace element mix to provide the requirements met by the NRC (1993)

recommendation for fish, including salmonids such as trout and salmon.

Therefore, it is imperative that the digestibility of nitrogen and the major elements in
various feeds are determined as well as the availability of these minerals in organic
supplements. This sub-chapter addresses experimental studies to ascertain the digestibility
and mineral availability of important feed ingredient sources destined for rainbow trout

diets.

5.5.1 The use of alternative protein sources from plants

Fish nutritionists are increasingly turning to alternative protein sources that are more cost
effective and sustainable in terms of supply to meet the needs of various aquafeed
formulations (Rumsey, 1993; Hardy and Kissil, 1997). In this respect, considerable
interest has been placed upon the use of plant proteins as an alternative to fishmeal with

predominant attention being on soybean products. Soybean protein sources are available
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in several forms mainly full fat and dehulled, solvent extracted and also as protein
concentrates or isolates. Soy protein concentrate (SPC) has been used successfully as a
partial replacement for ﬁ‘shmeal in rainbow trout (Oncorhynchus mykiss) by Kaushik ef al.,
(1995), Medale et al., (1998), and Stickney ef al., (1996), juvenile red drum (Sciaenops
ocellatus), Davis et al., (1995) and gilthead seabream (Sparus aurata), Kissil et al., (2000).
On the other hand a full replacement of fish meal by SPC has produced contradictory
results with Medale et al., (1998) finding reduced growth, but Kaushik ef al., (1995)
reported no negative effects when fed to rainbow trout. Feeds containing high levels of
SPC often have reduced palatability which would contribute to a low feed intake leading to
reduced growth according to Stickney et al., (1996). Hajen et al., (1993b) demonstrated
that accurate digestibility figures for commercial sources of soybean meal and soybean
protein isolate could not be calculated due to the poor appetite of chinook salmon
(Oncorhychus tshawytscha) fed diets containing these protein sources at a 30% inclusion
level. Although apparent digestibility coefficients of 77.0% and 86.3% respectively for

soybean and soybean protein isolates were quoted for chinook salmon (O. tshawytscha).

In comparison, rainbow trout (Oncorhynchus mykiss) appear to adapt to diets containing
high levels of soybean and there have been many reports on the successful use of soybean
in diets for rainbow trout by Dabrowski et al., (1989), Smith et al., (1988) and Rumsey e/
al., (1993). Although in most of these investigations soybean was included at levels lower
than 40%, in addition to other protein sources in the feed. When 40% or more of the
dietary protein component is replaced with non-solvent extracted soybean meal, a
suppression of growth has been observed in rainbow trout by Pongmaneerat and Watanabe,
(1992) and Olli and Krogdahl, (1994). The resulting reduced growth is related to the
presence of anti nutritional factors (ANF’s) in the soy meal. In addition, the production
method of soybean meals may also play an important role in their acceptance to fish, since

soybean meals that are not extracted by alcohol often exhibit a bitter flavour (Rackis ef al.,
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1970). Therefore low palatability due to a bitter or lack of flavour may explain reduced
growth due to feed intake restriction. Refstie ef al., (1997), demonstrated that rainbow
trout were able to adapt to diets containing up to 60% soybean meal after a period of
‘acclimation’ time. Fish then continued to grow equally as well as trout fed a fish meal
control diet, indicating that this species of fish is highly adaptable to changes in dietary

composition.

Although various soybean products have been the primary alternative plant protein, many
other products have been investigated including rapeseed meal, cottonseed meal (Tacon,
1994), linseed and sesame seed meal (Hossain and Jauncey, 1989a). Burel ef al., (2000)
conducted an investigation feeding extruded peas and lupin to both rainbow trout and
turbot (Psetta maxima) with lupin being the more promising fishmeal substitute producing
protein ADC’s of 96% and 98% with respect to each fish species evaluated. It appears that
plant sources-can be utilised as an alternative protein source-to fishmeal, and support
adequate growth and feed utilisation, providing that inclusion levels are limited to below
40-50% of the diet. This figure depends greatly on fish species, type and quality of

alternative protein source, protein processing technique and other dietary components.

As the majority of phosphorus in plant feedstuffs is in the form of phytic acid, and is
unavailable to fish (Riche and Brown, 1996), it is imperative to try and ensure that the
availability of phosphorus is kept constant across sources and concentrations when
formulated into various test diets. Otherwise the dietary phosphorus sources may shift from

available to unavailable forms within the matrix of the diet.

5.5.2 The use of alternative protein sources from animal origin
The use of animal by-product meals as a replacement for fishmeal in aquaculture diets has

been studied in recent years and in general these investigations have proved to be positive
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with respect to fishmeal substitution. Typically, feather meal and meat and bone meal
have been the most commonly used types of rendered animal protein feedstuffs used in fish
nutrition. Recently, the use of these ingredients has been limited or avoided for many
reasons, usually linked to poor product quaiity and low digestibility. Additionally, in
recent years European legislation has banned the use of meat meals and by products for the

purpose of animal feed, due to inter species disease risks.

However the increased use of these products in other continents is becoming a reality
despite the problems encountered in Europe. As a resuit of improved manufacturing
techniques feather meal and meat and bone meals are highly digestible source of protein
for fish (Bureau ef al., 1999). The latter author determined the ADC of protein for 20
rendered animal protein ingredients for salmonids, feather meals varied between 81-87%,
poultry by-product meals were between 87-91%, meat and bone meals varied betw-een 83-
89%, and the ADC for the blood meals varied between 82-99%. These results indicated a
significant improvement in the digestibility of animal protein ingredients, probably as a
result of improved manufacturing practices and processing conditions (Bureau et al.,
1999). A further trial by Bureau et al., (2000), demonstrated that up to 15% feather meal
and up to 24% meat and bone meal can be incorporated into diets fed to rainbow trout
without having any significant affect on growth, and with only a slight reduction in feed

efficiency.

Further evidence to demonstrate the potential of meat products in aquafeeds was provided
by Stone er al., (2000), who fed silver perch (Bidyanus bidyanus) diets containing up to
30% meat meal which proved to be digested-well by this fish species. However compared -
with fishmeal, the meat products contained lower levels of many amino acids, particularly
lysine (Stone et al., 2000), and the excess levels of bone (high ash content) in the meal

could have acted as an anti-nutritional factor resulting in poor digestibility. A particularly
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comprehensive research study on the digestibility of 29 alternative ingredients for
Australian perch (Bidyanus bidyanus) was conducted by Allan et al., (2000). The results
showed that although fishmeal produced very high ADC’s for both protein and energy,
other ingredients including some animal meals were very similar to the performance of
fishmeal. Some of the ingredients with high protein content i.e. blood meal and feather
meal produced higher protein ADC’s, but the disadvantage with these highly digestible
ingredients is their inferior amino acid profile in comparison to fishmeal. Alternatively,
meat and bone meal produced a relatively low protein digestibility of 71.5%, probably due

to the high ash fraction of this diet.

5.5.3 Mineral supplementation
Ingredients with low phosphorus availability are avoided in aquatic feeds and diets are
often supplemented by chemical, physical or enzymatic treatments in order to increase

phosphorus availability (Sugiura et al., 1998a).

Improved availability and reduction of dietary phosphorus is probably the most economical
approach to lower P pollution, although care must be taken to provide adequate P to the
fish to support growth and maintain physiological processes (Asgard and Shearer, 1997).
Phosphorus requirements for rainbow trout range from 2.4 to 5.9g/kg (Rodehutscord,
1996). Fishmeal is the main source of minerals in aquafeeds, but fishmeals also vary
greatly in source and quality, and as a consequence digestibility coetficients for
phosphorus differ considerably between raw materials. Additionally, apparent mineral
availabilities obtained as a result of feeding fish meals are not particularly high, for
example Nordrum ef al., (1997) estimated a 51% availability for phosphorus from fish
bone meal fed to Atlantic salmon, (S. salar), and Lovell, (1978) estimated a 40%
phosphorus availability when channel catfish (/. punctatus) were fed.fish meal diets. The

levels of phosphorus contained in plants being considered as alternative protein sources,
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are notably lower than many fish meals and hence would make them ideal to incorporate
into aquafeeds, however plant products particularly soybean vary greatly in their anti-
nutritional factors (ANF’s). Probably the most important ANF relating to phosphorus
availability in soybean, is phytate; a cyclic inositol compound bound with six phosphate
groups. Phytate is unavailable to fish as they do not possess the enzyme phytase needed to
cleave the compound, therefore diets containing high levels of soy bean may have
insufficient phosphorus availability to satisfy the phosphorus requirements of the fish.
Therefore it is necessary to supplement diets with inorganic salts, especially as the
phosphorus availability from these inorganic salts is much higher than from fishmeal and

plant protein sources alone (Lall, 1991).

Ogino et al., (1979) investigated the availability of several inorganic phosphates to
common carp and trout, and established that primary calcium phosphate, primary sodium
and potassium phosphate was utilised effectively with apparent digestibilities of 94, 98 and
68% respectively. Secondary and tertiary calcium phosphates were found to be low in
availability with digestibility coefficients of 71 and 64% respectively, these values
confirmed earlier estimates by Lovell, (1978) for channel catfish. Although this result was
not confirmed by Nordrum et al., (1997) who found that retention of P sources varied from
86% for primary calcium phosphate, to 91% for secondary calcium phosphate and 131%
for primary sodium phosphate (this high value being attributed to improved availability of
P in the basal diet). Further trials involving channel catfish have also been conducted to
assess the efficacy of inorganic salts. It was concluded that dicalcium phosphate and de-
fluorinated phosphates were equally efficacious for use as phosphorus sources for channel
catfish by Li ef al., (1996). The method for establishing mineral bioavailability from these
inorganic sources was determined by an analytical process, the solubility of these inorganic
salts was measured in neutral ammonium citrate, DCP had a NAC solubility of 90.7% and

DFP 85.4%. Robinson et al., (1996) has suggested that de-fluorinated phosphate maybe
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more desirable than dicalcium phosphate due to its lower solubility in water (Robinson ef

al., 1996).

The particular variety of inorganic phosphorus salt 1s also thought to affect the availability
of other {ninerals, specifically zinc. Satoh er al., (1993) fed rainbow trout diets containing
various t‘lypes of phosphate for 27 weeks and reported that growth was found to be reduced
by various kinds of phosphates and bone meal, with the exception of CaHPO,
{monocalcium phosphate). The supplementation of diets with Ca(H,POj) (dicalcium
phosphate) induced short body dwarfism, whilst Ca3(PQs), (tricalcium phosphate) and
bone meal caused eye lens cataracts, and lowered vertebrae zinc content. The-di- and tni-
basic forms of calcium phosphate were also the supplements fed to fish that exhibited the
lowest Zn absorption, indicating that tricalcium phosphate may inhibit Zn availability
(Satoh et al., 1993). Therefore it seems necessary to assess inorganic supplements when
formulating fish feeds, to optimise feed utilisation and minimise levels of mineral

excretion.

5.5.4 Supplementation with non-mineral feed additives

Dietary supplements can be used to increase the availability of phosphorus in feed
ingredients, with the overal} aim of reducing the phosphorus output in discharge waters. In
recent years phytase has been investigated as a potential additive to feeds, particularly
those containing plant proteins. Phytase is the enzyme responsible for hydrolysing phytate
into a phosphorus form that is available to fish (Cain and Garling, 1995; Jackson ef al.,
1996; Rodehutscord and Pfeffer, 1995a; Schafer et al., 1995; Vielma et al., 2000). There
is limited research conducted directly utilising fish species with studies that include the
supplementation of the exogenous enzyme phytase to the diet. The majority of primary
data concerning the use of phytase in animal feeds has resulted from the use of poultry

(Mohammed e! al., 1991; Qian et al., 1997).

188



Presently, fishmeal is the primary ingredient in salmonid feeds consequently phosphorus
from this source contributes the major proportion of phosphorus in the diet. However,
phosphorus in fishmeal is not always efficiently utitised in fish. Sugiura ef al., (1998a)
stated that during digestibility trials the apparent availability of phosphorus from fishmeal
ranged from 11.8-50.2% (unpublished data). Therefore, it would seem important to
improve the phosphorus availability from fishmeal in order to aid in reducing the

phosphorus levels in fish farm discharges.

Sugiura et al., (1998a) conducted an investigation to determine if a range of feed
supplements with the potential to improve dietary mineral availability from fishmeal, had
any measurable effect. Of the 1] supplements tested, citric acid yielded the only
significant result by increasing mineral availability, a further study established that diets
supplemented with 5% citric acid greatly influenced the availability of calcium and
phosphorus. More recently Vielma et al., (1999) supplemented diets fed to rainbow trout
with citric acid and found that the utilisation of phosphorus was improved, although the

increase in body P content was not significant.

A further feed additive that has been found to affect mineral metabolism is vitamin D; or
cholecalciferol. Research into the effect of this vitamin is limited in fish nutrition,
although it has been suggested that vitamin D3 may have a similar role in fish as in warm
blooded animals. In poultry, vitamin D3 was found by Wasserman and Tay!or, (1973) to
positively affect the transport of phosphorus across the intestine, and in general the role of
vitamin Dj is to elevate the plasma calcium and phosphorus to a level that will support

normal bone mineralisation (Deluca, 1979).
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The amino acid phenylalanine may be linked to the transport of phosphorus uptake in the
gastro-intestinal tract, by its effects on the enzyme alkaline phosphatase. Taylor, (1974),
carried out physiological trials involving the everted gut sacs from the ikeum of rachitic
chicks, to monitor phosphate transport. 1t was initially established that vitamin D had a
positive effect on phosphate transport in the intestine, which was independent of calcium,
and the addition of L-phenylalanine to the incubation medium increased mucosal uptake
and storage of phosphate by an unknown mechanism, and may act a calcium chelator.
Although these effects were noted in poultry, comparative trials using fish have not been

conducted.

5.5.5 Methods of digestibility determination

The determination of digestibility coefficients can be calculated as a result of various
methods for the whole diet or one particular component of the diet. Over recent years,
technological advances especially in industrial processing have produced feedstuffs of
increased quality, and although a range of methods have been developed for the deduction
of digestibility figures, these fundamental procedures of making an accurate measurement
for fish diets can prove to be very difficult. The principal problem occurs as a result of the
aquatic environment in which the fish are contained hence, the measurement of feed intake
and output of faeces is technically difficult. The main reason being due to the fact that
nutrients especially minerals, can leach from the diets and voided faeces once in contact
with the water. Such leaching of nutrients can lead to a ‘false’ increase in the ADC

obtained as stated by Austreng, (1978), and De la Noue and Choubert, (1986).

In general, digestibility measurements can be made via a direct method involving the
quantitative collection of faeces that correspond to a number of meals (Ogino et al., 1973;
Post et al., 1965). Alternatively an indirect method has been developed to obviate the

problems occurred during quantitative collection, by introducing an inert marker into the
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feed which is used as an internal tracer through the fish. The marker is then analysed in
both the feed and the faeces and then digestibility for a given nutrient can then be
calculated. Both methods are commonly used, but both encounter the same problem in

obtaining representative fish facces (De la Noue and Choubert, 1986).

Many techniques have been employed in research to collect faecces. These have included:-
stripping by applying abdominal pressure (Hajen et al., 1993a; Nose, 1967; Windell et al.,
1978), anal suction (Windell ef al., 1978), intestinal dissection (Austreng, 1978) (Hajen ef
al., 1993a; Windel! ef al., 1978), metabolic chambers (Post ef al., 1965), faecal settling
(Cho and Slinger, 1979), filtration of tank water (Choubert et al., 1979). One of the most
commonly utilised methods for direct faecal collection from rainbow trout is by stripping,
this is when abdominal pressure is applied to the hind gut region of the fish, forcing the
expulsion of faeces and was established by Austreng, in 1978. Not unlike many other
techniques and procedures the stripping method for faecal collection has various
advantages and disadvantages. An advantage to this method is that the same fish can be
used repeatedly and due to the direct collection of the faeces no contact is made with the
water, hence nutrient leaching cannot occur. However, handling stress and sudden
defecation during anaesthetisation can lead to underestimation of ADC values as suggested
by Hajen er al., (1993a), and Spyridakis et al., (1989). Additionally it is difficult to
separate faecal and urinary waste hence contamination of the sample can occur. The
principal objection to any method of direct intestinal faeces collection is that faecal matter
maybe removed prior to the natural course of digestion and hence reducing the retention

time, absorption and simulating a nutrient with poor digestibility (Vens-Cappell, 1985).

The Guelph system is a mechanical method that fundamentally collects faeces naturally
excreted from the fish. Typically, fish are contained in tanks with sloping bottoms which

lead to a central drainage channel, effiuent water is then directed through a column where
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faecal matter settles and the excess water becomes waste (Cho and Slinger, 1979). A
comparative study involving the Guelph system, stripping and intestinal dissection was
conducted by (Hajen ef al., 1993a). Indications showed that stripping and. dissection
yielded lower ADC’s than faeces collected by the Guelph system, but nutrient leaching
from faeces in the Guelph system resulted in ADC values which were erroneously high,
since nutrient losses are treated as if absorbed by the fish. As a consequence of fhese
problematic methods it was decided to collect faecal matter by the stripping method during
this series of investigations. This was due to the reasoning that the primary concern of this
research is in mineral nutrition and most inaccuracies involving minerals are in connection

with techniques which allow faecal/water contact.

The indirect method of digestibility measurements involves the incorporation of an inert
marker into the fish feed to follow the progress of digestion, (Cho ef al., 1982).
Digestibility coefficients can then be calculated by assessing the relative change in marker
concentration between the facces and the diet, in comparison to the concentration changes
between diet and faeces for the nutrient being monitored (Maynard and Loosli, 1969). At
present, chromic oxide (Cr;03) is the preferred external dietary marker for estimating
digestibility in both terrestrial animals and fish (Austreng, 1978; McDonald et al., 1977).
However research by Bowen, (1978) has indicated that chromic oxide passes along the
gastro-intestinal tract at a different rate compared to the digesta. This usually results ina
poor quantitative recovery of the marker relative to the digesta or faeces. Additionally
chromic oxide is believed to possess carcinogenic properties, these problems have caused
questions to arise as to the suitability of this marker for fish trials. In recent years the use
of yttrium oxide as an inert marker to measure digestibility has been introduced and it is
this marker that will be used during this series of experiments to estimate digestibility.

Other ‘non’ chemical markers have been used to assess digestibility, including acid washed
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sand and polyethylene, although results were found to be erratic and un-reproducable

(Tacon and Rodrigues, 1984).

In certain practical situations it 1s not always possible to add ‘external’ markers into the
feeds, so interest turned to natural or ‘internal’ markers. For example, acid insoluble ash
(De Silva and Perera, 1983), cellulose (Buddington, 1979) and crude fibre (De Silva and

Perera, 1983; Tacon ef al., 1983b), although these methods are generally unaccepted.

[t was felt that after a review of the relevant literature, several of the key themes could be

developed to determine the digestibility profile of phosphorus and nitrogen in selected feed

ingredients and additives used in practical fish feeds. The aims of this study were to:-

1 Determine the apparent digestibility coefficients (ADC’s) of protein and minerals,
for a range of commercially available alternative protein sources.

2 To calculate the mineral digestibility for standard basal diets that had been

- formulated to contain a range of mineral supplements.

3 Thirdly a range of additives, specifically vitamin D, citric acid and phenylalanine
were incorporated into the basal diet aimed at increasing mineral availability by
influencing gastrointestinal absorption.

All faeces were collected by the stripping method, using yttrium oxide as the inert marker.

5.6 Methods

5.6.1 Experimental facilities

During this digestibility trial larger fish were utilised, to ensure a sufficient faecal sample
size was obtained and to minimise handling stress during faecal collection. Therefore, 15
rainbow trout (Oncorhynchus mykiss) with an average weight of 246g were stocked into

each of eighteen square 160L fibreglass tanks. As these fish were only being used for
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faecal collection and being fed variations on standard salmonid feeds, the same fish were
utilised for all five sections of this trial. Consequently, the initial weight of the fish
increased during each section of the trial with average fish weights being 250g, 268¢g, 287¢

and 305g respectively for the following four dietary sets being evaluated.

The fibreglass tanks were suspended over three linked tanks containing mechanical
filtration, biclogical filtration and cooling compartment. Together they comprised a closed
re-circulation system with additional mechanical filtration being provided by a Hi-Rate
sand filter. Prior to grading, during an acclimation period fish were treated with an anti-
parasite agent. Freshwater flowed into each tank at a rate of 13L/minute, and water
temperature was maintained at 15£1°C by the use of a submerged coolant system. Various
water parameters were monitored including phosphorus, nitrite, nitrate and
ammonia/ammonium and these were all held within ranges tolerated by this fish species.
The pH levels were maintained within the range of 6.5-7.5 by the use of calcium carbonate
and ‘magnospheres’ to aid in the buffering capacity of the water. Photoperiod was

maintained at a 12hr light: 12hr dark regime, by timed lighting.

5.6.2 Diet formulation and preparation

The various alternative protein sources were to be assessed by the substitution method,
which involves making a standard reference diet and then substituting a proportion of it
with the test ingredient, in this case the ratio was 57% reference diet and 38% test
ingredient. All experimental diets used for this series of investigations were made ‘in-
house.” All dry ingredients were weighed and mixed together in the bowl of a Hobart food
processor, when the mixture was uniformly blended the oil was added. De-ionised water
was then slowly added during mixing until the mash was moist enough for extrusion. The

diet mixture was then extruded to a size of 2-3mm, the moist strands were spread over foil
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trays and dried in a fan assisted drying cabinet. Once dry the strands were broken into

uniform size pellets and stored in airtight containers.

Table 5.3.a
Dietary formulations for reference and test diets, fed to rainbow trout.

Dietary component Reference diet (%) Test Diet (%)
Test ingredient™® - 38
Fishmeal LT94 (Icelandic) 60 36

Cod liver oil 10 6
Comstarch/Dextrin (2:1) 25 15
Vitamin/mineral premix** 4 4

a - cellulose 0.75 0.75
Yttrium oxide marker 0.25 0.25

* Alternative protein sources utilised as the test ingredient are as follows;

Feather meal - Prosper de Millder Lid, UK

Poultry by product meal - Prosper de Millder Ltd, UK

Blood meal — American Protein Corporation, Des Moines, lowa, USA

Maize gluten meal - TROUW Aquaculture Ltd, UK

Norsea fishmeal, white fish offal meal — TROUW Aquaculture Ltd, UK

Special ‘G’ fishmeal, low ash fish hydrolysate — Sopropeche, Boulogne-sur-mer, France
Sunflower meal - TROUW Aquaculture Ltd, UK

Icelandic fishmeal (LT94), low temperature fishmeal - TROUW Aquaculture Ltd, UK
Krill meal - TROUW Aquaculture Ltd, UK

Soya protein concentrate — Central Soya, DK, European Protein

Hi pro soyabean meal (solvent extracted) —- TROUW Aquacultre Ltd, UK

Full fat soyabean meal - TROUW Aquaculture Ltd, UK

* Vitamin/ mineral premixes supplied in accordance with NRC salmonid requirements

The test diet formulations are presented in tables 5.3 (a, b, ¢ and d) with the protein and
mineral composition profile being summarised in tables 5.4 (a, b and ¢). Icelandic
fishmeal was the primary protein source in the reference diet, this diet was prepared fresh
each time a new set of experimental diets was made, hence there were several reference

diets (each one was made at a different time period).
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Table 5.4.a

Protein and mineral composition for the individual alternative protein sources.

Feed Ingredient Ca (%) Mg (%) P (%) Zn (%) Protein (%) Ash (%)
Icelandic fishmeal 4.32 0.24 2.39 0.069 73.38 12
Feather meal 0.95 0.04 0.30 0.08% 83.42 1.6
Poultry by product meal 5.29 0.13 2.42 0.083 67.45 12.1
Blood meal 0 0.03 0.36 0.004 95.99 0.8
Maize gluten meal 3.63 0.07 0.56 0.006 62.50 5
Norsea fishmeal 6.52 0.22 3.21 0.068 76.26 18
Special ‘G’ fishmeal 0.45 0.06 0.71 0.011 74.20 5
Sunflower meal 0.69 0.71 1.29 0.107 38.30 5
Krill meal 3.85 0.46 1.55 0.037 61.08 13
Soya protein concentrate 0.43 0.34 0.69 0.070 66.20 6.5
Hi-pro soyabean meal 0.41 0.31 0.68 0.044 50.61 7
Full fat soyabean meal 0.36 0.23 0.69 0.039 37.49 6.5
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Table 5.4.b.

Protein and mineral composition of experimental diets containing a range of alternative

protein sources.

Diet containing Calcium Magnesium Phosphorus  Zinc Yttrium  Protein
feed ingredient (%) (%) (%) (%) oxide (%) (%)
Reference diet 1.954 0.139 1.243 0.104 0.658 46.70
Feather meal 1.423 0.092 0.760 0.098 0.620 60.70
Poultry meal 3.187 0.145 1.738 0.098 0.609 52.66
Blood meal 1.356 0.092 0.847 0.095 0.616 57.11
Poultry + Blood 2,343 0.122 1.334 0.094 0635 6630
meal

Feather + Blood 1.537 0.099 0.853 0.099 0675 5941
meal

Reference diet 2.124 0.138 1.453 0.094 0.112 49.55
Maize gluten 1.286 0.093 0.900 0.093 0.133 46.74
Norsea fish meal 3.051 0.144 1.739 0.091 0.112 46.88
Special G fishmeal 1.452 0.310 1.210 0.094 0.110 49.64
Sunflower 1.416 0.085 0.979 0.097 0.109 38.34
fishmeal

Reference diet 2.695 0.131 1.416 0.115 0.098 49.50
Krill meal 2.506 0.252 1.199 0.084 0.104 45.75
Soya protein 2.097 0.182 0.967 0.115 0.112 47.22
concentrate

Hi pro soya 2.077 0.180 1.008 0.101 0.115 41.89
Full fat soya 1.923 0.148 0.959 0.090 0.119 37.91
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Diets formulated to contain mineral supplements and feed additives utilised maize giuten
as a base protein as presented in table 5.3.b. Throughout the range of mineral supplements
used, the highest Ca to P ratio was 1.3 : 1, this ratio was then held throughout ali diets by
supplementing with calcium chloride (table 5.3.c). Alpha-cellulose was used as a filler,
which is known not to affect digestibility in such low inclusion levels (Davies, pers comm).

All diets were made ‘in-house’ to methods outlined in chapter 2.

Table 5.3.b
Basal dietary formulation for experimental diets fed to rainbow trout containing various
mineral supplements.

Dietary component Diet composition (%)
Maize gluten 53
Gelatinised wheat starch 9.6

Fish oil 10

Com oil 5

Vitamin premix' 2

Mineral premix’ 2.1

Amino acid premix’ 8.5

Alpha cellulose /

Mineral supplement® 99

Yttrium oxide marker 0.1

| Vitamin premix as supplied by TROUW Aquaculture in accordance with NRC guidelines.
2 Mineral premix — KCI (1.5%), MgO (0.3%), NaCl (0.3%), MnSQ,, ZnSQ,, FeSO; (trace).
3 Amino acid premix — L-lysine (3%), Methionine (0.6%), Threonine (0.8%), Arginine (1%),
Histidine (0.4%), Phenyalanine (1.5%), Leucine (1%).

4 Alpha cellulose to supplement ratio — see table below.
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Table 5.3.c
Formulation of the mineral supplement component added to experimental diets, fed to
rainbow trout containing each source.

Mineral Supplement Supplement % CaCl % a - cellulose %
MCP 3.509 1.715 4.59
MDCP 3.653 1.215 5.046
DCP 3.96 0.0281 5.926
DCPDH 4.396 - 5.518
MP 5.926 3.988 -
MCP Mono-calcium phosphate Ca(H,P0,),.H,O

MDCP Mono-dicalcium phosphate CaHPOQ,

MDCP Mono di-calcium phosphate CaHPQ,.Ca(H,P0y),.H,0O
DCPDH Di-calcium phosphate dihydrate CaHPO,.2.H,0

MP Magnesium phosphate Mg;(POy),

Table 5.3.d

Basal dietary formulation for experimental diets fed to rainbow trout containing various
feed additives.

Dietary component Diet composition (%)
Fishmeal (LT94) 40

Hi-pro soya bean 25

Fish oil 10
Cornstarch 10

Dextrin 5
Vitamin/Mineral premix 4

Alpha cellulose 5.75

Yttrium oxide marker 0.25
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Table 5.5¢
Protein and mineral composition of experimental diets containing various mineral supplements and additives.

Eﬁ:i::;nt Ca(%) Mg (%) P (%) Zn(%)  YtO(%) Protein (%)
Reference diet 2.245 0.187 1.255 0.096 0.112 37.88
MCP 1.816 0.225 1.057 0.041 0.111 37.42
DCP 1.816 0.229 1.045 0.042 0.114 36.92
MDCP 2.053 0.237 1.220 0.042 0.120 38.44
DCPDH 2.074 0.227 1.244 0.047 0.117 36.21
MP 1.897 1.892 1.105 0.044 0.111 36.75
Reference diet 2.518 0.214 0.895 0.087 0.095 37.39
Phytase 2.326 0.201 0.869 0.086 0.094 37.88
Phenylalanine 2.443 0.212 0.893 0.090 0.097 37.17
Phen’ + Vit D; 2.409 0.219 0.913 0.085 0.096 38.07
Vit D; 2.379 0.219 0.885 0.088 0.099 38.42
Citric acid 2.314 0.209 0.912 0.087 0.094 39.60
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Feed additives were substituted in the place of a proportion of the alpha-cellulose as
follows to produce 4 experimental diets:- citric acid at 5%, vitamin Dj; at 0.05% (400,000
U/G), L-Phenylalanine at 1.5%, vitamin D; and L-Phenylalanine combination at 1.55%
(0.05 + 1.5%). The diet containing phytase was produced from the reference diet, after
drying this diet was coated with a gelatin mixture containing an active 50,000 IU of

phytase (irade name of Nautophos supplied by BSAF, Germany).

5.6.3 Feeding, sampling and analysis

The total animal biomass was calculated for each of the tanks, with this value and the
figures produced in the manufacturer’s guidelines, it was estimated that fish should be fed
1.3% of their body weight per day, this rate subsequently fell to 1.0% as the fish grew.
Fish were fed once a day at 4.00pm, for a period of 10 days, on the 11th day 17 hours after
the feeding of the last meal fish were manually stripped, all fish were stripped in this time
frame in order to maintain continuity. Faeces were then immediately frozen at -17°C prior
to the freeze drying process, after which samples were acid digested by microwave and the
yttrium and mineral content determined by ICP-AES. Additionally, the protein:analysis

was carried out by the kjeldahl method (refer to chapter 2 for methods).

5.7  Results

Fish readily accepted all experimental diets with the general feeding reaction being good.
No mortality was encountered during the period of the digestibility trial. For statistical
purposes data was analysed in ‘blocks’ representing each set of diets (comprising of 5 diets
for the protein data and 6 diets for the supplement data, each block is differentiated by a
horizontal line in the table) for one time period. Therefore significant differences can only
be stated for data within blocks, although general trends and predictions are made between
block data. Statistical analysis was carried out using the ‘GMAYV 5’ statistical software

package to conduct ‘nested’ two-way ANOVA’s on the data in question, followed by SNK

201



multiple range testing. A probability level of P < 0.05 was considered statistically

significant.

Apparent digestibility coefficients of protein for diets containing all of the alternative
protein sources ranged between 77.74 to 94.47% and are reported in table 5.5. The diet
containing the blood meal protein produced the highest ADC of 92.48% for the first set
tested, this was the only coefficient higher than the reference diet (90.43%). The apparent
digestibility coefficients for each particular feed ingredient in this first set of diets also
confirmed blood meal to be the most highly digestive protein source with a value of 100%.
This ADC was significantly higher than all other ingredients in this set. Feather meal,
poultry meal and the feather/blood meal combination of feed ingredients all resulted in
similar ADC’s ranging between 73.78-76.35%, in comparison the reference diet had a

significantly lower ADC value of 66.07%.

Apparent digestibility coefficients calculated for the second block of diets, indicated no
significant difference within the set the data ranging between 89.16-90.38%. Although the
Norsea fishmeal had a significantly lower ADC of 63.27% when presented as an individual
feed ingredient and compared within its set. Significant differences in ADC values were
noted in the third block of diets with two of the soya bean protein sources 87.00% (Hi pro)
and 88.32% (full fat) being significantly lower when compared to the reference diet of
91.23%. Conversely soya protein concentrate (SPC) was significantly higher than the
reference at 94.47%. These results were mimicked with the ADC figures for the individual

feed ingredients.
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Table 5.5
Apparent digestibility coefficients of protein for each experimental diet, and individual alternative protein source, (n=3, £ S.E).

Diet/Protein source Apparent protein digestibility of Apparent protein digestibility of

diet (%) feed ingredient (%)

Reference diet 90.43 £0.16 66.07 £0.28 "
Feather meal 77.74 £1.34° 73.78 £2.56 °
Poultry meal 82.28+091° 76.18 +1.88 °
Blood meal 92.48 + 0.34 ¢ 100.00 £ 0.62 ¢
Feather + Blood meal 82.67 £0.79° 76.35+1.23°
Reference diet 89.32+£0.09° 74.14+0.16°
Maize gluten 89.16 £ 0.50" 7642 +1.0°

Norsea fish meal 89.41 +1.04° 63.27 +1.68°
Special G fishmeal 90.25 +1.06° 75.25+1.86°
Sunflower meal 90.38 £ 0.25° 76.02 £ 0.66 °
Reference diet 91.23+0.26° 69.91 £0.46°
Krill meal 92.68 +0.49° 72.09 £ 0.96 *
Soya protein concentrate 94.47 £ 0.29° 7533 +0.54°¢
Hi pro soya 87.00+1.05° 56.03 +2.29°
Full fat soya 88.32 + (.86 ° 54.89 +£2.29°

Unlike superscripts denote a significant statistical difference, P < 0.05 ANOVA, each block of data is divided by a horizontal line.
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Table 5.7
Apparent digestibility coefficients for the mineral component of each experimental diet, containing an alternative protein source, (n=3, + S.E).

Diet/Protein source Calcium (%) Magnesium (%) Phosphorus (%) Zinc (%)
Reference diet 16.00 + 4,74° 47.09 + 3.83° 47.10+2.68" 7.31 +£1.99°
Feather meal 12.80 +2.68° 55.67 +6.84% 48.06 + 1.32° 20.29+5.77°
Poultry meal 29.49 +2.49° 46,99 + 1.52° 45.49 +1.73° 8.31+2.79°
Blood meal 26.64 £2.43° 63.35 +2.08° 59.95+1.76° 41.59+1.81°
Feather + Blood meal -8.14 +6.73 49.71 +1.83° 18.43 +2.22° 19.38 +3.31°
Reference diet 16.51 £1.56° 34.54 +1.79° 4493 +1.49° 9.72£2.24°
Maize gluten 1098 +3.11° 59.83 +2.68° 4733+ 1.67° 8.38 £0.50°
Norsea fish meal 11.41 +1.03° 41.86 + 1.36° 28.40+1.18° 2.17+1.04°
Special G fishmeal 2.81+1.20° 88.03 +0.98¢ 59.99+0.88° 6.67 £ 1.34°
Sunflower fishmeal -3.76 £ 1.98 -214.73 £10.94 24,05 + 1.88¢ -7.06 £143
Reference diet 22.87+2.24° 31.19+1.69° 37.93 +2.33° 3.53+2.15°
Krill meal 40.05 +1.28° 32.86 +2.46° 51.82+1.29° 1226 £2.51°
Soya protein concentrate 22.04 +1.74° 29.30 + 1.78° 36.49 +2.22° 3.78 £2.24°
Hi pro soya 22.36 +1.26" 29.18 + 4.79° 42.70 £2.26¢ 16.84 + 1.34°¢
Full fat soya 1203 +1.57°¢ 13.63 £4.20° 37.50+1.62> 6.25+1.79

Unlike superscripts denote a significant statistical difference, P < 0.05 ANOVA, data with negative values were excluded from statistical analysis.
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Apparent digestibility coefficients for the minerals, calcium, magnesium, phosphorus and
zinc from the individual feed ingredients are reported in table 5.6. Most statistical software
packages are unable to analyse negative data therefore the few negative data values in table
5.6 were excluded from the analysis as a whole, hence they have no allocated lettering in
the table above. Once again the data was analysed in 3 blocks, therefore direct
comparisons can only be significant within these blocks, although general trends can be
noted between the blocked data. In the first block both calcium and zinc produced fairly
low ADC values between —8.14 and 29.49% with the exception of a zinc value of 41.59%
calculated for the blood meal diet. Whereas the minerals magnesium and phosphorus gave
higher ADC results ranging between 45.49 to 63.35% with the exception of a phosphorus
value of 18.43% for the combined feather and blood meal diet, in fact all mineral data for
this diet was low in comparison with the other 4 diets. In general, few significant
differences were noted for this data and it could be suggested that the primary result
established was that all mineral digestibility was significantly higher for the blood meal

diet, with all other diets being similar to the reference diet.

The second block of data produced more varied results. The diet containing sunflower
meal produced the lowest ADC values indicating the poorest mineral digestibility for this
protein source. Digestibility figures for calcium were similar 10.98%, 11.41% and 16.51%
for maize gluten, Norsea fish meal and the reference diet respectively, the exception being
2.81% for the Special ‘G’ fishmeal diet which was significantly lower then the other diets.
Significant differences between digestibility values were noted between all diets for
magnesium the lowest being 34.54% for the reference diet, then 41.86% for Norsea fish
meal, 59.83% for maize gluten and 88.03% for Special ‘G’ fish meal. Results for
phosphorus showed no significant difference between maize gluten and the reference diet,

Norsea fish meal was significantly lower at 28.40% and Special ‘G’ significantly higher at
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59.99%. The only significant difference noted for the zinc digestibility data was a low

value of 2.17% for Norsea fish meal when compared to the other three diets.

Results in the third block of data show that the diets containing soya protein concentrate
and Hi Pro soya along with the reference diet had no significant differences between them
for calcium digestibility. The full fat soya diet was found to be significantly lower at
12.03% and the krill meal diet significantly higher at 40.05%. This pattern was similar for
the mineral magnesium with the full fat soya diet being significantly lower than the other
diets, which were not significantly different from each other. Digestibility trends were
similar for the minerals phosphorus and zinc, the soya protein concentrate, full fat soya and
reference diets bared no significant difference, with the Hi pro soya and krill meal diets

possessed significantly higher digestibility coefficients for these two minerals.

Table 5.7 reports the apparent digestibility data for the mineral component of each
individual alternative protein source. Due to the fact that results displayed several negative
ADC values throughout the table a statistical analysis was unable to be performed on the
data set as a whole (Sokal and Rohlf, 1995). Generally data obtained for the mineral
digestibility from individual protein sources is very varied including several negative
coefficients and with a few values being extreme. Negative digestibility figures for
calcium were calculated for the combined feather and blood meal diet, and diets containing
maize gluten, Special ‘G’ fish meal, sunflower meal and full fat soya. The highest calcium
digestibilities were for the soya protein concentrate and Hi pro soya protein sources at
67.16% and 72.08% respectively, followed by blood meal 52.67%, krill meal 44.64% and
poultry meal at 37.90% all other values ranged between 5.76% and 16.15% the latter of
which being the reference diet. Only two negative magnesium digestibility coefficients
were reported, and once again they were for sunflower meal and the full fat soya protein

SOUrces,
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Magnesium digestibility values varied considerably with the highest figures being reported
for Special ‘G’ fish meal (1109.2%), blood meal (210.1%), feather meal (121.72%),
feather and btood meal mix (103.21%), maize gluten (96.3%) and poultry meal (60.92%).
All other ADC values were fairly similar ranging from 19.19% for the reference diet to
36.47% for the Norsea fish meal diet. Digestibility coefficients for phosphorus ranged
between —140.6% to 127.44% although generally the bulk of results fell between 8.47%
and 53.47% with the higher values representing the blood meal, Special ‘G’ fishmeal, krill
meal, poultry meal and Hi-pro soya diets. The lower results were the sunflower meal,
Norsea fishmeal and full fat soya meal diets. Zinc followed a similar trend with values
ranging between —53.38% for full fat soya to an extreme high of 2314.1% for blood meal,
and once again the higher values obtained were for the blood meal, maize gluten, Hi —pro
soya and Special ‘G’ fish meal diets. The lowest coefficients were for the diets utilising
full fat soya, sunflower meal and Norsea fishmeal as the alternative protein source. To
summarise the diets that produced the highest digestibility of minerals when presented to
rainbow trout were ones comprised of the following alternative protein sources; blood
meal, Special ‘G’ fishmeal, Hi-pro soya, krill meal, maize gluten, feather meal, poultry
meal and soya protein concentrate. With the lowest mineral digestibility coefficients being
observed for the diets containing sunflower meal, Norsea fishmeal, full fat soya and

Icetandic (LT 94) fishmeal (this was the primary component of the reference diet).

Table 5.8 shows the apparent digestibility coefficients for the mineral and protein
components of the experimental diets containing mineral supplements and dietary
additives. Protein digestibility coefficients for diets containing the mineral supplements
ranged between 81.32% to 93.33%, diets with additional mono-calcium phosphate (MCP),
mono di-calcium phosphate (MDCP) and magnesium phosphate were not significantly
different from the reference diet of 92.17%. Although the diet with calcium phosphate

dihydrogen (CPDH) was significantly lower than the reference at 87.99%, and the di-
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production commensurate with excellent health, disease resistance whilst also minimizing the

effect of such operations on the environment.

Donna Snellgrove, December, 2002
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