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University of Washington
Abstract

Development of Low-Pollution Feeds for Sustainable Aquaculture
by Shozo H. Sugiura

In order to cope with an ever-increasing world population, it is imperative to find a way to increase
world food production and, at the same time, to reduce environmental pollution. The present research
has a significant implication since it aimed to achieve both goals simultaneously by developing
low-pollution feeds for the world’s fastest growing food-producing sector, aquaculture. To determine
the minimum dietary requirement of phosphorus for large fish, an original, sensitive and rapid method
has been developed. This approach is based upon the urinary excretion of phosphorus of fish placed
in a metabolic tank, and the phosphorus requirement can be determined within a few days. Other
response parameters for dietary phosphorus were also studied, and were found to be less sensitive than
urinary phosphorus concentrations; i.e., concentrations of glucose, glucose-6-phosphate, ATP, creatine
phosphate, inorganic phosphorus, calcium, acetoacetate, total lipids, cholesterol, glycogen and alkaline
phosphatase in blood, plasma, skeletal muscle, liver and feces. To select feed ingredients based on
the nutrient digestibility (availability), the apparent digestibility (availability) of dry matter, protein,
phosphorus, calcium, magnesium, sodium, potassium, iron, copper, manganese, zinc and strontium
were determined for many feed ingredients, which provided substantial amount of new data currently
unavailable in the literature. Many feed ingredients were found to have strong interactive properties
with dietary trace elements that reduced their availabilities in complex feeds. The apparent
availability of phosphorus in fish meal was found to be dose-dependent. Water-borne calcium had no
measurable effect on the apparent absorption of dietary minerals. Low-phytate grains were found to
be useful ingredients in low-ash feeds, but not in high-fish meal feeds. Citric acid was found to
increase the availability of many minerals, including phosphorus, in fish meal-based diets.  In addition,
citric acid amplified (ca. 8 times) the effect of supplemental phytase in soybean meal-based diets.
Citric acid supplementation (up to 10%/dry feed) did not affect the growth, feed efficiency or health of
the fish in 35 days of satiation feeding. For phytase-supplemented feeds, a single feeding (per day)
was found to be better than multiple feeding to reduce fecal excretion of phosphorus.
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INTRODUCTION

The primary difference between aquaculture and capture fisheries is that aquaculture is a practice
to produce fish, whereas capture fisheries is a practice to harvest fish. The capture fishery harvest must,
theoretically, reach a maximum in the future. Most estimates predict that this plateau will be about 100
million metric tons and this will remain static well into the next century (Ackefors et al., 1994). The
annual increase of capture fisheries between 1985 and 1995 was 1.5 %, whereas that of aquaculture was
17.7 % (FAO, 1996, 1997; New, 1997). Accordingly, the future of fisheries will be increasingly
dependent upon the supply from aquaculture. In fact, aquaculture already contributes about a quarter of
the global food fish supply, almost double what it supplied a decade ago (New, 1997). There are,
however, a number of problems or constraints associated with further expansion of world aquaculture.
Currently, the following are considered the priority issues.

0 Priority issues for the development of aquaculture in the world (Pillay, 1992; Shell, 1993; Stickney,
1994; Hardy, 1995; Grover, 1996)
Environmental pollution due to aquaculture effluent. A rapid increase of world aquaculture production

and concomitant increase of global environmental awareness has been increasing the priority of this issue.
Animal protein sources (feed ingredients). With continuous increase of world population, feeding fish

(fish meal) to fish cannot be an affordable practice on any significant scale for aquaculture in the future.
Genetic and ecological effects of cultured fish on the wild strains. The possible adverse effects of

aquaculture escapees, marine enhancement practice and the translocation of exotic species, including
inadvertent distribution of non-indigenous pathogens, parasites, algae, shellfishes, to other areas have
been generating increasing concern.

Medication of aquatic species. Large scale use of antibiotics and antibacterials in aquatic feeds and

water in some culture systems, and the potential danger of resistant or virulent pathogens to the natural
habitat and to humans has been increasing public concern.  Also, the discharge of chemotherapeutants
into the environment (water and sediment) has adverse impacts to the local ecosystem.

Technigues of artificial propagation and the supply of fingerling fish. For some important aquaculture

species, the unsteady supply and availability of fingerling fish is a limiting factor for their production.
This is due to the unsuccessful artificial spawning or larval breeding.
Mangrove destruction. In some parts of the world, destruction of mangrove and swamps, which are

important spawning grounds and the essential habitat for indigenous fishes, has been causing increasing
concern.

Quality issues in relation to aguaculture products. An increasing public consciousness for the quality

and safety of seafoods has greatly increased the profile of this important issue.



Human factor. Aquaculture education, extension, technical transfer, research and development of
appropriate technology for the development of local aquaculture program will be crucial for increasing
world aquaculture production in the future, especially in developing countries.

Water resources. Due to excessive pumping of industrial water, construction of dams, deforestation,
global desertification and drought, the volume of water available for aquaculture or indeed for many other
human endeavors is decreasing. No water, no fish.

Location for aquaculture.  In many countries, concerns for environmental impact and the pressures on

coastal zone resources has meant that the installation of net pens, construction of ponds, use of public
waters and lands have been subjected to increasing numbers of regulations and constraints.
Systematic research and public perception. This may apply to most of the above issues. Consistent

scientific evidence as the rational basis for risk assessments is critical in decision- (policy-) making
processes. This serves to structure a meaningful dialog with the public and the government, and helps to
avoid unnecessary regulations and precautionary measures.

Clearly, environmental issues are not the only obstacles for the future development of
aquaculture in the world.  The priority will, however, largely depend on the region.  In many
industrialized countries, an increasing number of regulations for the discharge of wastes from aquaculture
systems is leading to the need for immediate action to this issue. As is common in the fertilization of
earthern ponds with organic manure or chemical fertilizers in extensive fish farming, phosphorus input to
the system is essential for increasing the primary production of the food chain.  Without phosphorus
input, there will be only very limited growth of phytoplankton, plants and animal species.  Fertilizing
ponds or natural waters with organic or inorganic sources of phosphorus is thus essential to increase
overall productivity. As an old Japanese proverb says ---“There are no fish in clean streams.”

Reducing phosphorus pollution (cleaning water) and increasing productivity of ecosystems (producing
foods) are, therefore, quite opposite activities. The phosphorus problem for aquaculture appears to be at
least partly attributable to the last issue in the above category “Systematic research and public
perception.”  The critical problem of phosphorus pollution associated with commercial aquaculture is
that the activity is so intensive and often in areas where water exchange rate is not high enough to
disperse aquaculture wastes away from the site. Increasingly aquaculture production, particularly in the
intensive sector, is being subjected to environmental regulations and waste discharge guidelines.

Various regulations including limitations of production itself have already been set in many industrialized
countries.  In developing countries the problem is more often self-pollution and the destruction of local
ecosystems. In the US, aquaculture effluent discharge is regulated by the National Pollutant Discharge
Elimination System (NPDES) through permits issued by the Environmental Protection Agency (EPA)
and various state agencies. The NPDES permit may require aquaculture facilities, as a point source, to



limit discharge of total suspended solids, settlable solids and total phosphorus to meet Total Maximum
Daily Load or Waste Load Allocation given by the Clean Water Act (formally Federal Water Pollution
Control Act). In Idaho, the largest trout producing state in the US, per-facility waste load allocations
were developed in 1998 for phosphorus, with compliance levels requiring 20%-reduction over current
levels in 1998 and 40%-reduction by the year 2002.  This indicates that maintaining even current levels
of aquaculture production will be difficult, not to mention increasing the production in the future.

There are three basic approaches to reduction of phosphorus discharge from aquaculture
systems: (1) Improving quality of feeds by increasing availability and retention of dietary P by fish; (2)
Collection of fish feces by settling or screening in annexed settling ponds or related facilities --- Soluble
wastes are essentially uncollectable by this method; (3) Water filtration and recirculation, common in
for example intensive eel farming greenhouses --- Such waste treatment systems, however, require
considerable additional expense, technology and intensive management.

The ultimate source of wastes in an aquaculture system is feeds. Fish meal is a major
ingredient in aquaculture feeds, containing high levels of phosphorus inherent to fish bone, which often
elevates total phosphorus content in diets well above the requirement level of fish. Data from several
studies with rainbow trout consistently indicate that approximately 80% of dietary phosphorus in typical
commercial salmonid feeds is excreted into water as soluble and fecal forms (Ketola, 1982; Philips and
Beveridge, 1986; Ackefors and Enell, 1990; Holby and Hall, 1991; Ketola and Harland, 1993).
Phosphorus is an essential dietary nutrient for all animal species, necessary for adequate development and
maintenance of the skeletal system, as well as playing a key role in many metabolic processes. However,
currently available data for its specific dietary requirements are quite limited. In addition, the
availability of P has been shown to be largely different depending on the form of the compound in feed
ingredients.  Ogino et al. (1979) reported availability of P in some feed ingredients and phosphate salts,
using carp and rainbow trout, to range between 0-98%. To avoid potential phosphorus deficiency,
normally manifested as growth depression, low feed efficiency and abnormal skeletal development (NRC,
1993), most commercial fish feeds contain dietary phosphorus at levels known to be sufficient for
optimum growth. These of course could be well in excess of the minimum dietary requirements.

Consequently, reducing P load in aquaculture effluent can be most effectively implemented by
increasing the retention (%/intake) of dietary phosphorus by fish.  As mentioned above, the amount of
unretained phosphorus is largely influenced by the amount of phosphorus in feeds and bioavailability of
the compound.  The following factors, therefore, should be considered critical to the development of
low-polluting feeds: (1) minimizing the allowances of phosphorus in the feed; (2) selecting highly
digestible feed ingredients for phosphorus; (3) processing feed ingredients with chemical, thermal or
enzymatic measures to improve availability of inherent phosphate; and (4) integrating research findings
and developing practical low-polluting feeds. In the present dissertation, each of these subjects was



allocated to a specific section, with results presented in its own chapter. Chapter 4 then provides a
synthesis in which the preceding three chapters are integrated and discussed.

A brief description of each chapter follows. Chapter I. The minimum dietary phosphorus
requirement for large fish should be accurately known because it is large fish that consume most of feeds
in practical aquaculture feeding. Thus large fish are the major contributors of wastes into the effluent
water. Phosphorus allowances used for commercial trout feeds are based upon data obtained with very
small fish in a laboratory (Ogino and Takeda, 1978). Nutrient requirements, however, usually decrease
as animal size increases. For example, the dietary phosphorus requirement of broiler chickens is 50 %
higher for 0 to 3 wk-old birds as compared to market-size (6 to 8 wk-old) birds (NRC, 1984).
Determining the minimum dietary phosphorus requirements for large rainbow trout will thus provide
basic information for the formulation of low-pollution feeds for trout farming industries.

Chapter Il. Many factors are known to influence dietary phosphorus utilization by fish,
including the level and the form of phosphorus in the diet and its interaction with other dietary
components.  Phosphorus in salmon and trout feeds is contributed by fish bones in fish meal, phytate
phosphorus in various plant protein sources, and phospholipids in fish and plant oils (Hardy, 1995).

Some trout feeds contain added phosphorus supplements, such as dicalcium phosphate.  Several
investigators have researched the availability of phosphates from various sources to different species of
fish (NRC, 1993). In spite of the increasing importance of this subject, however, currently available
data are quite limited. Knowing precisely the available phosphorus content in common feed ingredients
is essential to allow selection of feed ingredients based on the available phosphorus content, and to reduce
available phosphorus in diets to the minimum required level for fish without the risk of potential
deficiency problems.

Chapter I1l.  Fish meal is one of the main ingredients in commercial feeds for salmon, trout and
many other aquaculture species. The form of phosphorus in fish meal is mostly hydroxyapatite, which
is not efficiently utilized by fish (Ogino et al., 1979; NRC, 1993). Several feed supplements appear to
influence availability of phosphorus and other minerals in fish meal. There has been increasing attention
paid to the replacement of fish meal in practical feeds with plant or grain by-product materials because of
the decreasing supply / increasing price of fish meal in recent years, its relatively high phosphorus content,
and the ethical issue of using fish meal in fish feeds (Tacon, 1994, 1997). Hardy (1995) suggested that
the production of soybean meal continues to increase, and that it was the most promising alternate protein
source for fish feeds in terms of future availability. Approximately two-thirds of the phosphorus in
soybean meal and most other plant feed materials is present as a phytate form which is almost unavailable
for fish and many other monogastric animals.  Also, phytate forms indigestible complexes with protein,
Ca, Mg and some essential trace minerals in complex feeds, and reduces their availabilities (NRC, 1993).



Processing plant-ingredients to convert phytate phosphorus into available phosphorus is, therefore, a
procedure critical to the use of plant ingredients in low-pollution feeds.

Chapter IV. Fish farming is still largely empirical by nature, the application of many years of
experience acquired through trials and errors is the fundamental technique and by far the most reliable
source. A critical function of applied research if it is to change or to replace traditional techniques is,
therefore, to show the efficacy of research findings at a practical level. Unfortunately, this critical
element is often missing or ignored among scientists. Nothing therefore happens in the production
sector even if potentially significant findings have been made in a “laboratory”.  This final chapter
attempts to provide workable solutions based on the research findings of the project to help meet the
environmental guidelines imposed on the fish farming industry by regulatory agencies.

The overall objective of this dissertation was to develop low-pollution (environmentally friendly)
feeds, in order to reduce phosphorus discharge from aquaculture systems to the environment without
compromising fish production, and thereby to contribute to the development of aquaculture for the future.



Chapter I:  Determination of Dietary Phosphorus Requirement

ABSTRACT  The minimum dietary requirement of phosphorus for large rainbow trout (initial mean
body wt, 136—-400g) was studied in a series of experiments using the concentrations of
glucose-6-phosphate, ATP, creatine phosphate, inorganic phosphorus, calcium, glucose, total lipids,
cholesterol, glycogen and alkaline phosphatase in whole blood, plasma, skeletal muscle, liver, feces and
urine as response variables. Fish were fed egg albumin-based purified diets with incremental
concentrations of supplemental phosphorus supplied as monopotassium phosphate for 5-24 days. The
concentrations of glucose-6-phosphate, ATP, creatine phosphate, glucose, total lipids and cholesterol in
blood and skeletal muscle were little affected by the 24 days of deprivation of dietary phosphorus. The
concentration of inorganic phosphorus in blood, however, correlated significantly and positively with the
concentration of ATP in the blood. Plasma and urinary inorganic phosphorus levels were significantly
lower in fish fed phosphorus-deficient than phosphorus-supplemented diets.  Urinary phosphorus levels
responded very rapidly to dietary phosphorus levels, settling to a constant low level within a few days of
feeding phosphorus-deficient diets. To determine the dietary requirement of phosphorus, the potency of
the diet (N-gain of fish/diet), which differs from feed to feed, must be defined. Results showed that the
requirements of available phosphorus (g-P per g-N gain) for rainbow trout having body wt 200g are 0.277
(based on non-fecal excretion), 0.237 (based on retention efficiency), 0.277 (based on balance plateau),
0.293 (based on 95%-body saturation) and 0.312 (based on 95%-plasma saturation). The requirement of
available phosphorus for rainbow trout having body wt 400g is 0.284g per g-N gain based on the balance.

BACKGROUND

The dietary requirement of phosphorus (P) has been studied in many animal species including
various fishes. Hart, McCollum and Fuller in 1909, using such response criteria as phosphorus
concentrations in various hard and soft tissues, bone density and bone-breaking strength, studied the
phosphorus deficiency of pigs and estimated the dietary requirement.  The balance technique to estimate
dietary phosphorus requirements has been used for more than a century (Forbes and Keith, 1914). In
fish, similar response criteria, e.g., growth, feed efficiency, P retention, bone mineral accretion, tissue P
concentrations and enzyme activities (NRC, 1993), have been studied to estimate dietary phosphorus
requirements.  These indicators, however, may not be sensitive enough to evaluate minimum P
requirements, especially for large commercial-size fish which consume the major portion of feeds in
aquaculture operations and thus contribute the most waste into the hatchery effluent.  The P allowances
used for commercial trout feeds are based upon data obtained with juvenile fish raised in laboratories.
Nutrient requirements in most animal species, however, decrease as they become older or larger, because,
as they grow larger, growth rate (retention or deposition of dietary nutrients) decreases and increasing
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portions of dietary nutrients including P are used for maintenance (significant portions of which can be

recycled). In order, therefore, to provide the necessary information for formulating low-pollution feeds
for commercial aquaculture of large rainbow trout, it is necessary to determine the minimum dietary P
requirements for large fish.

Since P plays a crucial part in the vital processes of all living cells, the depletion of this mineral
should have definite pathological consequences.  Studies in experimental animals and humans indicate
that either deficiency of P or hypophosphatemia may result in various metabolic complications including
erythrocyte, leukocyte and platelet dysfunction, glucose intolerance, rhabdomyolysis or acute necrosis of
skeletal muscle, impaired myocardial function, central nervous system dysfunction, and osteomalacia
(Day and McCollum, 1939; McCollum et al., 1939; Lotz et al., 1968; Knochel, 1977; Kreisberg, 1977,
Berner and Shike, 1988; Hodgson and Hurley, 1993).  Erythrocyte dysfunction, including a decline of
2,3-diphosphoglycerate (2,3-DPG) and a decline of ATP, is the most important biochemical abnormality
associated with P deficiency. The decline of erythrocyte 2,3-DPG shifts the oxyhemoglobin dissociation
curve to the left, resulting in the diminished release of oxygen at the cellular level and creates anoxia
(Lichtman et al., 1971; Travis et al., 1971). This shift becomes especially important in tissues such as
brain where oxygen is necessary for the oxidation of glucose (Glu) through the Krebs cycle and for the
synthesis of ATP by oxidative phosphorylation. Hypophosphatemia leads to a reduction of serum and
intracellular inorganic phosphorus (Pi), which in turn independently reduces the cell’s capacity to produce
ATP. Thus, an adequate supply of Pi is critical for repletion of ATP stores in every cell (Lotz et al.,
1968; Kreusser et al., 1978; Knochel, 1981).

The decreases in serum and cellular concentrations of Pi are associated with a decrease in
creatine phosphokinase, mitochondrial respiration, glycogen, glucose-6-phosphate (G6P) and
phospholipid-P in myocardium, skeletal muscle or liver and with impaired fatty acid oxidation, marked
hypercholesterolemia and slight hypertriglyceridemia (Horl et al., 1983; Brautbar and Massry, 1984;
Brautbar et al., 1984; Kreusser et al., 1984).  Although creatine phosphate (PCr) and ATP levels do not
change in skeletal muscle, concentrations of both are significantly reduced (8-12 weeks) in myocardium,
indicating phosphorus deficiency is associated with reduced mitochondrial capacity to produce ATP,
impaired transport of energy via the creatine phosphate shuttle, and reduced myofibrillar ability to utilize
ATP (Brautbar et al., 1982a, 1982b; Brautbar et al., 1983).

The effect of dietary P levels on energy metabolism has not been well researched in fishes;
however, the accumulation of lipids in tissues by feeding fish with P-deficient feeds (Ogino and Takeda,
1976, 1978; Sakamoto and Yone, 1978, 1980; Eya and Lovell, 1997) or reduction of blood ATP under a
hypoxic environment (Smit and Hattingh, 1981) suggests fish species might have essentially the same
metabolic processes as laboratory animals and humans.



Under normal conditions, the gastrointestinal absorption of P is unregulated in that net
absorption is directly proportional to the amount ingested.  Thus, P homeostasis depends primarily on
the mechanisms that govern renal excretion. Within 24 h of starting an essentially P-free diet, renal
excretion of P is reduced to essentially zero (Moser et al., 1981). This remarkable linkage between
intestinal absorption and renal excretion of P is clearly powerful, but the mechanisms involved are not
fully understood (Lee et al., 1981; Dennis, 1992).

Intestinal and fecal alkaline phosphatase activities have been known to increase in association
with decreased intake of dietary P (Pileggi et al., 1955; Davies et al., 1970; Kempson et al., 1979; Birge
and Avioli, 1981). The response of alkaline phosphatase activities to a lower dietary P intake may
precede the decrease of P reserve in the body pool (hard tissues) to prevent excessive loss and possible
depletion of P.

This paper presents a series of experiments designed to determine the minimum dietary
requirement of P for large rainbow trout based on accurate and sensitive response criteria. Experiments
were conducted sequentially to improve new approaches: various physiological parameters were
evaluated, and the urinary P was found to be the most sensitive indicator (expt.1); to reduce large
fish-to-fish variation in urinary P concentrations, maturing fish were eliminated and the feed intake of
individual fish was controlled (expt.2); to study the peak excretion of P after feeding, each fish was
placed in a metabolic chamber and the urine was collected every 2 h using a catheter (expt.3); four
different diets were used to study whether the pattern of P excretion was altered (expt.3); the P
requirement for individual fish was estimated by the total collection of urine based on the balance
(expt.3); urine samples were collected 8 h after feeding (excretion peak found in expt.3) from a large
number of fish (expt.4); fish were placed in a metabolic tank, water-supply was withheld for 24 h, and the
tank water was analyzed (expt.5); commercial feed was used and the requirement estimated by the
balance (expt.6). The overall objective of this project was to reduce P levels in practical aquaculture
feeds to the minimum requirement of fish; thereby to reduce environmental pollution associated with
aquaculture effluent without compromising growth of the fish or expansion of world aquaculture
production in the future.

MATERIALS AND METHODS
Rainbow trout, Oncorhynchus mykiss, Donaldson strain (obtained from the School of Fisheries’

hatchery, University of Washington) was used in experiment 1, and House Creek strain (obtained from
the trout hatchery of the College of Southern Idaho) was used in experiments 2, 3,4, 5and 6. The sizes
of fish were shown in Table 1. A 12:12 h diurnal photoperiod was maintained in all experiments using
incandescent (expt.1) or fluorescent (expt.2, 3, 4, 5 and 6) lighting.  All fish were handled in accordance



with the guidelines approved by the Animal Care Committee of the University of Washington and the
Animal Care and Use Committee of the University of Idaho.
Experiment-1 (Screening of response parameters for dietary P).

Egg albumin-based purified diets with incremental concentrations of P (0.10, 0.32, 0.52, 0.76,
1.07g P/100g diet, dry basis, Table 2) were prepared as cold-extruded pellets, air-dried, and stored at
0-4°C for no longer than 1 month before feeding. Thirty fish (Table 1) were stocked in five 80 L-glass
aquaria (six fish/tank) receiving continuous, temperature-controlled (15 + 1°C) water at 10 L/min from a
common recirculating system to which de-chlorinated municipal water was constantly supplied at 5
L/min to prevent accumulation of nutrients and metabolic waste in the recirculating water. Levels of P
and ammonia in the recirculating water were monitored daily during the experiment and were below
0.0325 mg/L for P and 0.47 mg/L for total ammonium nitrogen. Each fish within a tank was identified
by clipping a tip of the adipose fin and ventral fins in different combinations. To acclimate fish to the
purified diet, all fish were fed one of the test diets (containing 0.76g P/100g diet) once daily as much as
they would consume for 7 days. Tanks were then randomly assigned to the test diets (1 tank/diet) and
the fish were fed for 24 days.

Urine was collected ca. 24 h post feeding at day O (after feeding 0.76P diet for 7 days), and at
day 2, 4, 10, 20, 21, 22, 23, and 24 by anesthetizing fish with tricaine methane sulfonate (MS-222),
wiping the anus to avoid contamination of water, and applying slight pressure to the abdomen. Urine
specimens were collected from individual fish into 1.5 ml-microcentrifuge tubes, stored at —20°C, and
analyzed each day for concentrations of Pi according to Taussky and Shorr (1953).

After urine sampling, feces were collected at day 20, 21, 22, 23 and 24 by stripping. To avoid
contaminating feces with urine (potential source of error for erroneously low availability of dietary P),
feces were stripped into a beaker containing water, the water was decanted immediately thereafter, and
the fecal pellets were collected as essentially urine-free feces. Fecal samples collected from the same
fish over 5 days were pooled, ashed (550°C-12 h) and analyzed for total P content (Taussky and Shorr,
1953). Diet samples (low in Ca) were wet-ashed in Kjeldahl flasks to avoid loss of P at higher
temperatures.

At the end of the feeding trial, specimens of blood, skeletal muscle and liver were collected 12 h
after the last feeding.  Fish were anesthetized without handling by introducing the anesthetic (MS-222)
into the inflow water. Immediately, blood was collected from the caudal vessels using a syringe and,
without stasis, ca. 0.5 ml of the blood was injected directly into a tared micro-centrifuge tube containing
1.6 ml of ice-cold perchloric acid (6%) and shaken vigorously. Ca. 1 g of white skeletal muscle was
excised quickly from the post dorsal area (just below the adipose fin), directly homogenized with 3.25 ml
of ice-cold perchloric acid (6%) using a loosely fitted Potter-Elvehjem tissue grinder, and weighed.
Muscle samples were not freeze-clamped with liquid nitrogen because of the apparent stability of muscle
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phosphagens (Thillart et al., 1980; Séderlund and Hultman, 1986; Harris and Hultman, 1992). Blood

and muscle specimens were collected and treated as above before the onset of death. The acidified
blood and muscle specimens were kept on ice, neutralized in 2 h, and assayed enzymatically for ATP,
PCr, G6P and Glu within the day according to Passonneau and Lowry (1993), and assayed for Pi the
following day according to Taussky and Shorr (1953). A portion of liver was excised and stored at
0-2°C for 1 day and homogenized with six times the volume of extraction media (sucrose 0.25 mol/L;
Tris HCI 10 mmol/L; EDTA-2Na 0.5 mmol/L) using a motor-driven Potter-Elvehjem tissue grinder.
The homogenate was centrifuged at 1,500 x g for 5 min, and the supernatant was re-centrifuged at 15,000
x g for 10 min.  The post-mitochondrial supernatant was assayed for Pi content by the above method.
Portions of liver and plasma samples were stored at —20°C until analyzed for total lipid and cholesterol
content according to Kates (1986).

Experiment-2  (Urine collection by stripping).

Fifty-four fish (Table 1) were stocked in nine 40 L-fiberglass tanks (six fish/tank) receiving
untreated spring water at 5 L/min, which had a constant temperature (15 + 0.5 °C), dissolved oxygen
level (ca. 9.0 mg/L) and P and Ca concentrations ca. 0.011 mg/L and 28-36 mg/L, respectively (water
from the same source was used for all the succeeding experiments). A basal diet was prepared with
purified ingredients (Table 2) and incremental concentrations of P were added to the basal diet. The test
diets were formulated as moist pellets and stored at 0-4°C for no more than two weeks. After a one
week conditioning period during which all fish received a test diet containing 0.73g P/100g diet (dry
basis), the diet was replaced with the test diets of varied P concentrations (0.04, 0.17, 0.27, 0.40, 0.50,
0.62, 0.73, 0.81, 0.90g P/100g diet, dry basis). During the conditioning and experimental period, each
fish was force-fed, once daily, a constant amount of feed (0.9% of the body wt, dry basis) by the method
of Post et al. (1965). Urine was collected at day -1, 0 (before switching to each test diet), day 1 (first day
on the test diet), day 2, 3, 5 and 7 at the time of feeding (24 h after the previous feeding) by the same
process described above. Daily urine samples from each fish were analyzed for Pi (Taussky and Shorr,
1953) and calcium (o-cresolphthalein complexone method, Sigma Diagnostics, Procedure No.587).
Experiment-3  (Urine collection by catheterization).

Ten fish (Table 1) were stocked in each of four 40 L-fiberglass tanks receiving continuous flow
of spring water.  Fish were fed one of 3 purified test diets (Table 2) or commercial trout feed at 1.0%
body wt (dry basis) once daily for 5 days. On the 6th day, feces were collected from each fish by
stripping, and test diets were fed at 1.0% body wt (dry basis) to each fish by the method of Post et al.
(1965), after which the fish were stocked into the metabolism chambers. ~ Although the original
procedure (Smith, 1967 and 1971) used a rubber diaphragm and pure oxygen to bubble water in the
head tank, neither procedure was used in this study; rather spring water was continuously supplied into
the head tank. Urine samples were quantitatively collected using a catheter for 24 h.  Urine collection
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vials were changed every 2 h using an automatic feeding device (Falls, 1980). Collected urine

samples were immediately diluted with 10% TCA and stored at —20°C before being analyzed for the
concentrations of Pi (Taussky and Shorr, 1953), calcium (o-cresolphthalein complexone method) and
ascorbic acid (dinitrophenylhydrazine method, Omaye et al., 1979). 'When urine collection was
successful, the fish was allowed to stay in the same chamber as long as possible with continued collection
of urine and the regular feeding provided every 24 h.

Experiment-4  (Urine collection by stripping; 8 h post feeding).

Two different sizes of fish (Table 1) were stocked into fiberglass tanks (6 to 20 fish/tank), and
fed one of the test diets daily to apparent satiation. The test diets contained incremental concentrations
of P in the basal diet with the same composition previously used in experiment 3 (Table 2) except for the
source of vitamin C (ascorbic acid used in the previous trial was replaced with ascorbyl polyphosphate,
trade name Stay-C®, in the present trial). After conditioning the fish by feeding the test diets for 5 days,
urine was collected by stripping 8 h after feeding. The urine collection was repeated the following day.
Collected urine specimens were immediately diluted with 2x volume of 10% TCA and stored at —20°C
before being analyzed for Pi and ascorbic acid concentrations by the procedures described above. Since
anorexic freshwater fish also excrete (dilute) urine to regulate osmotic pressure, samples from fish that
did not eat were excluded by measuring urinary ascorbic acid levels, on the assumption that fasting fish
excrete less ascorbic acid in urine than actively feeding fish (exclusion limit arbitrarily set at 5 mg
ascorbic acid/L urine).  Ascorbyl-polyphosphate was used because different dietary acidities caused by
the different levels of KH.PO, considerably affected the stability of ascorbic acid in diets during storage
(data not given).

Experiment-5 (Urine collection in a metabolic tank; Daose-response).

Thirteen fish (Table 1) were stocked in each of 9 fiberglass tanks receiving spring water at ca.10
L/min. Fish were fed a constant weight. of commercial trout feed, once daily, for 2 weeks prior to
feeding the experimental diets. The feeding level for the commercial feed and the experimental feeds
was calculated from the estimated digestible energy level in diets, fish body wt and the water temperature
(Smith, 1989). At “day 0”, fish were fed one of the 9 experimental diets that differed in P concentration
(0.15,0.32, 0.45, 0.59, 0.71, 0.85, 0.95, 1.08, 1.28g availableP/100g dry diet, Table 2) and after ca. 5 min
fish were gently transferred to a metabolic tank (modified Hajen et al., 1993, Fig. 33). The system
collected both fecal and non-fecal wastes separately. Fish remained in the metabolic tank containing
clean spring water for a 24 h period after feeding (stocking) with aeration and recirculation but no
filtration provided. Preliminary tests showed no loss of ammonia (NH4Cl used) and P (KH2PO4 used)
from the tank containing no fish. Water temperature was maintained at 16 + 1°C and the oxygen levels
were above 5 mg/L at all times.  Feces and water samples were collected at day 0, 3, 6, 9 and 12.
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Feed and fecal samples were dried (105°C-6 h) and analyzed for total N by a LECO FP-428

Nitrogen determinator (Leco Instruments, St. Joseph, Michigan) and for gross energy by a 1241 adiabatic
oxygen bomb calorimeter (Parr Instrument Company, Moline, lllinois). Subsamples of dried feeds and
feces were ashed (550°C-12 h), heated to boiling with perchloric acid-sulfuric acid mixture (1:1, v:v) and
diluted to an appropriate concentration to measure concentrations of Cr (at 350 nm) and P (at 660 nm, on
neutralized samples by Taussky and Shorr 1953).  The fecal losses of P and N were estimated based on
the apparent digestibility and the feed (P and N) intake instead of the total collection. Apparent
digestibility of P, N and energy were determined based on both Cr and acid-insoluble ash (AlA) as
indigestible markers. The digestibility values calculated based on Cr were used to determine fecal loss
of N and P although very similar values were also obtained with AIA (see Results). The digestible
energy (DE) values of feeds were determined by multiplying the gross energy of feeds by the apparent
digestibility (%) of energy. Water samples were stored at 0-4°C after collection, and analyzed within 1
day for Kjeldahl-N (Golterman, 1970), with ammonium N in the distillate determined by the phenate
method (APHA et al., 1989), and total Pi by the stannous chloride method (APHA et al., 1989). At the
end of the feeding trial (12th day), feed was withheld for 24 h in a flow-through tank, and the blood, liver
and fecal samples were collected from 5 randomly sampled fish/treatment (tank) using the anesthetic
(MS-222) to tranquilize the fish before handling. Blood samples were collected into heparinized
syringes and immediately chilled on ice. Plasma was separated within 1 h of the sampling, and assayed
for Pi (Taussky and Shorr, 1953), calcium (o-cresolphthalein complexone method, Sigma Diagnostics #
587), total cholesterol (Assous and Girard, 1962), acetoacetate (Schilke and Johnson, 1965), glucose
(Hyvarinen and Nikkila, 1962) and alkaline phosphatase (p-nitrophenol method, Sigma Diagnostics # 104,
incubated at 15°C).  The lower part of the liver was excised immediately after blood was collected,
placed into a tared tube containing 30% KOH solution, screw-capped tightly, boiled immediately for 30
min, cooled to room temperature, weighed, and analyzed for glycogen content (Oser, 1965). All
specimens were collected before the onset of death. Fecal samples collected by stripping were stored in
capped glass vials at 0-4°C for 2 days, mixed thoroughly with an equal volume of distilled water using a
flat-bottom glass rod, and centrifuged (1,000 x g-10 min). The supernatant was assayed for alkaline
phosphatase activity (p-nitrophenol method, Sigma Diagnostics # 104) with a modified incubation
temperature of 15°C. Available P in diets was calculated by subtracting obligatory loss; i.e., total fecal P
of fish fed the basal diet (= sum of indigestible P and endogenous P) from the total P of each diet. N
retention by fish was estimated by subtracting N loss in water and in feces from N fed. The body wt
gain was calculated from N (protein) retained according to Shearer (1994).

Experiment 6 (Urine collection in a metabolic tank; Balance).

Two different sizes of fish (Table 1) were used in this trial.  The large fish were carefully sorted
in winter (reproductive season) by an experienced hatchery staff to exclude maturing fish. A total of 13
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fish (small trout) or 7 fish (large trout) were stocked in a fiberglass tank with a flow-through water

supply (no tank replication). The fish had been fed a commercial compressed trout feed for at least 3
months before starting this trial, and had been fed to apparent satiation once daily. Two weeks before
starting the sample collection, fish were fed a constant amount of feed once daily, which was also near
satiation level. During that period, fish received the same commercial diet except that it contained 0.5¢g
Si02/100g dry diet (added by repelleting the diet). The diet had the following analytical composition
(dry basis); ash, 9.27; N, 7.30; P, 1.65; Ca, 1.839/100g diet; GE, 22.06; DE, 18.09 or 18.84 kJ/g (in large
or small fish, respectively).  All fish were placed in the metabolic tank 3 times (as replicates) every 3
days and fecal, nonfecal (water) samples were collected for 24 h.  The amounts of P and N retained by
the fish were calculated by the net balance, i.e., retained amount= intake—fecal loss—nonfecal loss.
Sampling and analytical procedures were the same as described in experiment 5.

Statistical analysis.

Analytical data for all experiments were subjected to a single factor ANOVA followed by
Newman-Keuls multiple comparison test, linear and polynomial regressions, or a sigmoidal dose
response analysis using GraphPad Prism, version 2.01 (GraphPad Software, Inc., San Diego, CA).
Treatment effects were considered significant at P< 0.05.  All experiments were conducted in a
laboratory under strictly controlled environmental and biological conditions; e.g., water quality
parameters, light intensity, flow rate, fish size, strain and source. With those experimental procedures,
tank replications were omitted assuming that tank effect should be small compared with dietary effect.

RESULTS
Experiment 1 (Screening of response parameters for dietary P).

Twenty-four days of deprivation of dietary P markedly reduced Pi levels in blood and skeletal
muscle; however, the levels of G6P, ATP, PCr and glucose in the same tissues remained fairly stable
(Table 3). Nevertheless, the blood ATP level was significantly correlated with the blood Pi level in
either linear (P< 0.01), quadratic or cubic (P< 0.001) manners (Fig. 1). Urinary P concentration was by
far the most sensitive indicator among other response criteria (Table 3).  Fish responded to a different
dietary P intake within 1 day by regulating urinary excretion, which was near zero within 5 days on low P
diets (0.10 and 0.32g P/100g diet). In the groups of fish fed 0.52g P, 0.76g P or 1.07g P/100g diet, fish
continually excreted a certain amount of P in the urine during the 24 day feeding period, and no trend was
observed of either a consistent decrease or increase in urinary P levels over time (Fig. 2). Pi levels in the
hepatic cytoplasm were little affected by dietary P levels; however, they were significantly correlated
with blood P levels (linear effect, P< 0.01; quadratic or cubic effect, P< 0.001). Fecal P content was
significantly higher in the group of fish fed the highest level of P in diets (P< 0.05 by ANOVA). Also,
there were linear (P< 0.05), quadratic or cubic (P< 0.01) regressions of fecal P content on the dietary P
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concentration, but not on the plasma P concentration (Table 3). Total lipids, cholesterol,

cholesterol/lipid ratio and water levels in plasma and liver were not significantly changed by the dietary P
levels (Table 3). Fish that received either the lowest (0.10g P/100g diet) or highest (1.07g P/100g diet) P
in the diets reduced their feed intake compared with other groups of fish (data not given).

Experiment 2 (Urine collection by stripping).

Pi levels in urine collected by stripping (24 h post feeding) were lower in fish receiving lower
levels of dietary P (Fig. 3); however, the response was not clear enough to estimate adequacy or
requirement of dietary P even after 7 days of feeding with the test diets.

Experiment 3 (Urine collection by catheterization).

Urinary P excretion peaked approximately 6-12 h after feeding when the dietary P source was
monopotassium phosphate (with or without calcium carbonate; Fig. 4). Conversely, urinary P levels
were normally low (in most cases, lower than 100mg/L) and constant over time when the dietary source
of P was fish bone or commercial fish meal-based diet. Urine volume was fairly constant over time, day
and night.  Urinary calcium levels were constant and independent of the dietary levels of calcium.
Urinary ascorbic acid levels were initially high when fish were placed in a metabolism chamber; however,
the levels progressively decreased to very low levels after 2 to 5 days in the chamber even though the fish
had been receiving the same amount of diets daily. Fecal P levels were very low in fish fed the diet with
KH2PO.; by adding CaCOs to this diet, fecal P levels were significantly increased and urinary excretion
of P decreased (Fig. 5). Fish excreted most of the dietary P in the feces when the dietary source was fish
bone or commercial feed, and urinary P levels became very low. Fecal calcium levels were directly
proportional to the dietary levels (data not given). The dietary requirement of P for each fish estimated
by this balance method, i.e., intake—urinary excretion—fecal excretion, ranged from 0.18 to 0.86g/100g
dry diet (n=28 fish). Although the route of P excretion was largely different among dietary source of P
and dietary calcium levels, retention of dietary P (g/100g dry diet) was not significantly different among
treatments (ANOVA P= 0.27, pooled mean + SEM, 0.494 + 0.086, n=4 or 5 fish/treatment). Urine
volume (% body wt/24 h) and urinary calcium (mg/L urine) levels also were not different (ANOVA P=
0.34 and 0.81, pooled mean + SEM, 7.64 +1.08 and 90.9 + 8.92, n=4 or 5 fish/treatment, respectively).
Fecal calcium levels (g/100g dry feces) were directly proportional to the dietary levels (mean; P, 0.46;
PCa, 6.02; FB, 5.00; C, 4.94; n=8 to 9 fish/treatment). Apparently the fish were stressed by being in the
metabolism chamber and by being catheterized. Acclimation of fish to the metabolism chamber did not
occur, and fish became exhausted and weakened over time.

Experiment 4 (Urine collection by stripping; 8 h post feeding).

Urinary P levels were generally low up to 0.40g P/100g dry diet with small and large fish (Fig. 6).
At 0.65g P/100g diet, urinary P levels markedly increased. No clear break point was obtained which
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would have allowed estimation of the minimum dietary requirement.  Adjusting data using the ratio of

P/ascorbic acid in the urine did not reduce the large deviation of values among fish fed the same diet.
Experiment 5 (Urine collection in a metabolic tank; Dose-response).

There was no appreciable increase of P in the tank water up to 0.61g P/100g dry diet. P
excretion increased linearly beyond this level of dietary administration.  This pattern was observed at the
3rd day on the test diets and the pattern remained constant for the following days (Fig. 7). Liver
glycogen levels tended to be high in fish fed the low P diets; plasma Pi and cholesterol levels were
significantly lower (P< 0.05 by ANOVA,; P< 0.001 by linear, quadratic or cubic regressions) in fish fed
the low P diets than in fish fed the high P diets; plasma calcium and alkaline phosphatase levels also
tended to be lower in low P diet groups than high P diet groups; plasma glucose and fecal alkaline
phosphatase were apparently unaffected by the dietary P levels (Table 4). Plasma acetoacetate was not
detectable in any treatment (< 0.1mmol/L). Fecal P levels were higher in high P groups than low P
groups (Table 4). The apparent availabilities (=net absorption, % of dietary intake) were similar
regardless the dietary P level (0.32—1.28g P/100g dry diet); i.e., ranged 93.1-97.1% (n=32, based on Cr).
In the group of fish fed diets of lowest P (0.15g P/100g diet, not supplemented with KH2POy), the
apparent P availability was the lowest; i.e., ranged 79.4-89.9% (n=4, based on Cr). The apparent
availabilities of P determined based on Cr and those determined based on AlA closely agreed (two-tailed
paired-t test; mean of differences 0.17%, P > 0.05, df=35). There was an increase of non-fecal N
excretion in the lowest P group, while fecal N was unaffected by the dietary P level (data not given).
Average N retention (lowest P group excluded) was 44.00+0.70% (mean+SEM, n=7 to 8) of dietary
intake, or 2.47+0.04g per 100g dry diet consumed. The apparent digestibilities of N determined based
on Cr (ranged 97.4-98.0%, n=9) and those determined based on AlA (ranged 97.2-97.9%, n=9) were in
a good agreement (mean of differences by paired t-test, 0.094%, df=8); however, the difference was
statistically significant (P < 0.01). The apparent digestibility of energy ranged from 81.5 to 84.5% (n=9),
which was not correlated to the dietary P level. Determined digestible energy (DE) value of diets was
19.23 £ 0.075 kJ/g dry diet (mean + SEM, n=9). The digestible protein/DE ratio of diets (mean) was
18.31 mg/DE kJ. Estimated weight gain per dry diet consumed (feed efficiency) was 92.4+1.409/100g
diet, except for the lowest P group which had a lower value. Estimates of requirements of available P
based on the plasma or body saturation (95% level) were higher than those determined from either
non-fecal (urinary) excretion, retention rate or balance plateau (Table 5). Retention rate (%) of dietary P
was between 95.6-98.0% at low dietary P levels (up to ca. 0.6%; Fig. 8). Although ammonium-N
accumulated in the tank water during the 24 h period (5.61 mg/L, max), this apparently was within the
safety level for fish for a short time exposure (Piper, 1982) and no depression of feed intake or any
adverse effect was observed.

Experiment 6 (Urine collection in a metabolic tank; Balance).
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The mean apparent digestibilities (%) of P were 46.6 for large fish and 50.9 for small fish (P<

0.05), those of N were 89.2 for large fish and 91.7 for small fish (P< 0.01), and those for energy were
82.0 for large fish and 85.4 for small fish (P< 0.01). Determined digestible energy values (mean + SEM,
n=3) were 18.09 + 0.063 kJ/g dry diet for large fish and 18.84 + 0.025 kJ/g dry diet for small fish. P
requirements per g N gain were not significantly different between large and small fish; however, the
requirements in diets (g/100g dry diet) were significantly higher in small fish than large fish (Table 6).
Large fish retained 33.5%N per N consumed, while small fish retained 39.6%N per N consumed.

Grams of N retained per 100g dry feed consumed were 2.44g N (large fish) and 2.89g N (small fish).

The estimated feed efficiencies (wt gain per dry feed consumed) were 91.3% and 107.5% (P=0.093) for
large and small fish, respectively.

DISCUSSION
Experiment 1 (Screening of response parameters for dietary P).

Levels of G6P, ATP and PCr in blood and skeletal muscle did not appear to be sensitive
indicators of either P status or adequacy of dietary P intake in rainbow trout. Presumably, structural
tissues, e.g. bones and scales, served as a reservoir to maintain constant levels of phosphagen and high
energy P compounds in the body since they are essential for intermediary metabolism and maintenance of
life. Studies in experimental animals have shown that despite P-deficiency, adenine nucleotides and PCr
in skeletal muscle did not show a significant change (Knochel et al., 1980; Brautbar et al., 1983; Brautbar
and Massry, 1984). Hettleman et al. (1983), however, reported that ATP in muscle returns to resting
levels more slowly in P-deficient than in the control animals during the recovery period following fatigue,
indicating a reduced rate of ATP synthesis. In the present study with rainbow trout, the ATP level in
blood was little affected by feeding a low-P diet for 24 days, although it has indeed been reported to
decrease in P-deficiency in rats (Rapoport and Guest, 1938), chickens (Bishop and Williams, 1958) and
humans (Lichtman et al., 1969, 1971; Travis et al., 1971). The blood P concentration, however, was
positively correlated with blood ATP concentration (P < 0.001, quadratic or cubic effect) and with muscle
ATP concentration (P < 0.01, linear, quadratic or cubic effect), suggesting that hypophosphatemic fish are
less capable of generating ATP. In fact, Hardy et al. (1993) reported that rainbow trout fed P-deficient
diets exhibited a transient lethargy that correlated with the extent of P-depletion in their bodies.

The anorexic effect of low-P diets might be due to the accumulation of reducing equivalent
(Langhans et al., 1985) as a result of impaired oxidative phosphorylation in mitochondria or as a result of
impaired glycolysis (impaired phosphorylation of G3P) due to lowered intracellular Pi concentrations
(Travisetal., 1971). Inthe present study, fasting blood glucose levels were not significantly elevated
with dietary P-restriction. If, however, there is an increased hyperglycemic response due to the reduced
rate of glycolysis, and if this diabetogenic effect of P-deficiency stimulates insulin secretion, then
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anabolic pathways, especially lipogenesis and glycogenesis could likely be stimulated.  Studies in

mammals indicate that P-deficiency or hypophosphatemia causes reduced glucose utilization (Rose et al.,
1964; Davis et al., 1979; DeFronzo and Lang, 1980), increased insulin secretion in response to glucose
(Marshall et al., 1978), or hyperinsulinemia accompanied with carbohydrate intolerance (Harter et al.,
1976). Chronic hypophosphatemia (P-deficiency) thus elevates fasting blood glucose and insulin levels,
increases lipogenesis, and reduces growth hormone (diabetogenic) secretion and protein synthesis, which
appears to be similar to non insulin-dependent diabetes mellitus (NIDDM) and obesity (McCann et al.,
1997). Feeding fish with P deficient diets for a prolonged period and determining clinical deficiency
signs were beyond the scope of this study; however, the small differences of PCr, G6P and ATP levels
among fish fed diets with different P levels suggest that energy metabolism could be affected fairly
rapidly by dietary restriction of P based on the results of this study. In previous experiments with carp
(unpublished data), the anorexic effect of P deficiency was not so pronounced as that observed in the
present study with trout even though the growth of the fish was highly arrested. The excess energy
absorbed from feeds then needs to be “effectively wasted” via energy dissipation systems which require
no ATP; e.g., the proton leak by the uncoupling proteins in the mitochondrial oxidative phosphorylation
to generate heat rather than ATP (Rolfe and Brown, 1997). Conversely, ATP-wasting processes to
dissipate excess energy; e.g., increase of the resting metabolic rate induced by catecholamines (also
induced by various stressors), increase of protein turnover, increase of futile cycles such as Cori cycle,
may not be active due to the limited availability of ATP under P depletion. Changes in concentrations
of metabolic intermediates appear to be too insensitive to assess requirement levels; however, the
importance of elucidating the relationship between dietary P levels and the partitioning of dietary energy
and nutrients, cannot be overestimated since it offers basic information for improving nutrient retention
and utilization and for controlling final food fish quality.

Although Pi levels in blood (perchloric acid extract of whole fresh blood) responded well to the
dietary P levels, urinary Pi appears to be a more sensitive and rapid indicator of dietary P intake and
probably of P status in the body. The dietary P requirement estimated from urinary P concentrations
(Table 3, Fig.2) is between 0.32 and 0.52g P/100g dry diet, which is lower than the requirement
estimations determined previously with small rainbow trout (Ogino and Takeda, 1978; Ketola and
Richmond, 1994; Rodehutscord, 1996).

Experiment 2 (Urine collection by stripping).

In experiment 1, the urinary Pi levels responded rapidly to dietary P levels. The concentration
of P in urine, however, was found to be highly variable among individual fish. In the present study,
smaller fish were used to minimize the potential effect of gametogenesis and reproductive hormones
associated with large fish. In addition, each fish was fed a constant amount of feed (0.9% BW/d) to
reduce variability in urinary level of P as a result of differences in feed intake. These changes, however,
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did not effectively eliminate fish-to-fish variance, and thus no clear break point for the requirement

level was obtained. This experiment, however, confirmed the results of the previous trial in that the
urinary P levels respond quickly to the dietary levels, and the fish tended to excrete relatively low levels
of P in urine up to ca. 0.4g P/100g dry diet.

Experiment 3 (Urine collection by catheterization).

Urinary excretion of dietary P was rapid when the dietary level of “available” P was high;
however, no excretion peak was observed when the dietary P source was less available, and the route of
excretion was mostly fecal (non-absorbed). This confirmed the earlier studies reporting that the
absorption of P is via the stomach as well as the intestine (Phillips et al., 1964), and that dietary P from
high-level P feed is recoverable in the 12 h after feeding %P, while low-level P feed does not cause this
early excretion (Podoliak and Smigielski, 1971). The volume of urine collected from fish using the
metabolism chamber and a catheter was highly variable among fish, and was approximately half of the
value (ca. 15% BW/d) reported by Smith (1970). This might be due to the use of a diaphragm (in the
original method), which damages a part of the skin and permits water (hypotonic) to enter into the body
of fish as the consequence of osmotic pressure.

Increasing dietary calcium increased fecal excretion of P, resulting in a decrease of P availability
in diets.  This result also agrees with the earlier findings of Phillips et al. (1958, 1959) who suggested
that the reduced utilization (of dietary P) was due to the chemical binding of P with calcium. This
indicates that reducing dietary calcium might be an essential step to increase P availability in practical
feeds. However, since P and calcium are normally present together as hydroxyapatite (bone) in fish
meal-based feeds, removing calcium without removing P might be impractical. Using sequestrants such
as citric acid in feeds will offer an opportunity to chemically “remove” calcium in practical feeds, thereby
rendering P more available to fish (ref. Study 1, 2 and 3 in Ch. 3).

A rapid decline of urinary ascorbic acid concentrations suggests that fish were not under a
normal metabolic status or, presumably, being stressed by the confinement and the catheterization in the
metabolic chamber. In other words, the dietary requirements of ascorbic acid may be higher than the
currently recommended if fish are kept in a stressful environment.

Experiment 4 (Urine collection by stripping; 8 h post feeding).

In experiment 3, the peak urinary excretion of P was found to be between 6 to 8 h after feeding
for the majority of fish. In experiment 1 and 2, urine samples were collected by stripping 12-24 h after
feeding. By that time, the urinary P levels had returned to baseline levels, so that the influence of dietary
P level on urinary P had passed.

Collecting urine by stripping was still preferred to catheterization since it apparently is less
stressful to fish. The amount of urine obtained by stripping was normally less than one drop or less,
especially when fish were in the fed state. Collecting urine from fish that had not eaten, on the other
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hand, was much easier because the volume was greater. Fish that have not eaten must, therefore, be

excluded from sampling. Those fish providing dilute urine samples were excluded, firstly by visual
observation of fish when collecting urine and secondly, by measuring another component in urine that
corresponded to feed intake. The urinary level of ascorbic acid was chosen as the indicator of feed
intake and the ratio (P/AA) was taken for the stripped urine, which, however, did not successfully reduce
the large variation in urinary P level among fish. Another problem with stripping was the different
excretion peaks among fish even though the peak normally appeared between 4 to 12 h after feeding. In
summary, collecting urine by catheterization and stripping were both unsuccessful approaches to meeting
the purpose of these studies.

Experiment5 (Urine collection in a metabolic tank; Dose-response).

In this experiment  (and also in experiment 6), a group of fish was placed in a metabolic tank
(140 L), and water sampled from the tank. Thus, the fish were not stressed and there was no need to
sample at the peak point of excretion after feeding. Also, the samples were the average of many fish,
reducing variability associated with individual fish.

Liver glycogen levels tended to be higher in fish fed low P diets than high P diets although the
difference was small, similar to the observation of McCartney (1969a, 1969b) who reported inconclusive
results of liver glycogen levels with small brown trout fed low P diets for 20-22 weeks. Sakamoto and
Yone (1978), however, reported lower liver glycogen levels in red sea bream fed low P diets compared to
high P diets. The plasma alkaline phosphatase activity was higher in P-sufficient than P-deficient
groups, which contradicted the finding with mammals (Kempson et al., 1979), but was in agreement with
the finding with catfish (Eya and Lovell, 1997). Increased non-fecal N excretion in fish (both large and
small groups) fed low P diets indicated reduced N retention or growth. Morris and Ray (1939) studying
sheep and Kleiber et al. (1936) using beef heifers noted increased urinary N-excretion in animals fed
low-P diets. Rudman et al. (1975) also noted in balance studies with hyperalimented human subjects
that P removal from the hyperalimantation fluid interrupted retention of N, while weight gain continued
due to repletion of adipose tissue. This effect of P-deficiency might be related to the reduced availability
of ATP for protein synthesis since the energy (ATP) requirement for protein deposition is much more
costly than for the accumulation of fat and glycogen (Hommes, 1980; Jobling, 1985; Mommsen, 1998).

Plasma (or serum) Pi concentrations could be another indicator (besides urinary P) to estimate
adequacy or requirement of dietary intake. The plasma Pi concentration is the indicator used to estimate
the requirement (EAR, Estimated Average Requirement) of dietary P in adult humans (I0M, 1997).

The requirement level estimated from plasma Pi in this study (Table 5), however, showed higher values
than those determined from urinary (non-fecal) excretion, retention efficiency or balance plateau. This
is presumably due to the difference between “required” level and “saturation” level.  The latter level
should always be higher than the former, and for some nutrients, the saturation level even exceeds the
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toxic level, demonstrating that tissue saturation may not be indicative of the minimum dietary

requirement for animal species. Dietary Reference Intakes (IOM, 1997) also use the balance plateau to
estimate the EAR and RDA (Recommended Dietary Allowances) for humans.  Since for fish, dietary
intake and composition can be precisely controlled over time, the balance technique should be better
suited for fish and experimental animals than for humans. The dietary P requirement estimated in the
present study, using the balance plateau, resulted in a close agreement with that estimated from non-fecal
excretion (Table 5). This value, however, is a plateau value (Y); i.e., an excess level of dietary intake
(X) is required to reach the plateau. To achieve 95% level of the plateau (Table 5), the diet still needs to
supply P in an amount higher than that determined based on non-fecal or retention rate. The body
saturation is an estimate for the dietary level which completes the maximum retention to the body. At
near plateau level, the retention efficiency of dietary P will be very low while net retention still continues.
The balance technique in terms of estimating the dietary requirement of P, therefore, may not be a method
of choice since, at least theoretically, it overlooks the utilization efficiency of phosphorus at different
dietary concentrations and also overlooks endogenous loss.  The balance method, however, provides an
estimate for the maximum retention (body saturation) because no living organisms can retain excessive
amounts of any nutrients over extended periods, whereas the time required to reach the balance or
equilibrium depends on the size of body pool which differs from nutrient-to-nutrient (Hegsted, 1976;
Mertz, 1987).

Experiment 6 (Urine collection in a metabolic tank; Balance).

Small fish required higher levels of P in diets than larger fish.  This difference is presumably
due to differences in feed efficiency and/or nutrient expenditures for growth and maintenance
requirements. When comparing the P requirement between large and small fish based on per N-gain,
however, there was little difference. This indicates that growth (N-gain) governs the requirement of P.
In other words, the body composition of fish will approximate the minimum essential requirement of P
per N (protein) gain.  This theoretical estimate of P requirement based on the P/N ratio in the body,
however, may not be an approach of choice because 1) there is a considerable variability of N and P
content in the body of fish (Papoutsoglou and Papaparaskeva-Papoutsoglou, 1978; Satoh et al., 19933,
1993b), 2) endogenous (obligatory) loss and retention efficiency of dietary P are overlooked, 3) there
could well be incidental losses of P from the body via e.g., loss of scales (high in P content), mucous, and
bleeding caused by parasites or bacteria, agonistic behavior among fish and by handling stresses. For
example, the P requirement of scaleless fishes such as catfish and eel is substantially lower than that of
scaled fish (NRC, 1993), suggesting that the loss of scales may well elevate the dietary requirement of P.
In the present study, fish were handled as gently as possible, yet aggressive behavior among fish could
not be completely eliminated, which could in part be the reason for the higher requirement of P
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determined in this study for the N-gain than the actual amount of P and N that can be recovered in the

body of the fish.

Foy and Rosell (1991) reported that 10% of total phosphorus loading from a Northern Ireland
fish farm was soluble (molybdate-) unreactive phosphorus.  Also, Cowey (1995) noted that 85-95% of
urinary P is in the form of soluble molybdate-reactive P.  This indicates that in the balance trial, the
retention of P in fish must be an overestimate since this soluble unreactive fraction of P was not
quantified. In the balance trial, however, most P excreted from fish was via feces, and the excretion via
urine was very small, suggesting that the quantity of soluble-unreactive P must be very small compared
with total excreted P or retained P, and that this could unlikely be a significant source of error in the
measurement.  Another possible source of error is the leaching of water-soluble phosphorus from diets
before they were ingested by the fish.  Although the fish ingested experimental diets very rapidly (in a
few seconds), there remained the possibility of leaching losses of highly soluble sources of nutrients, like
potassium phosphate that was used as the P source in the diet. According to Murai and Andrews (1975)
half of the pantothenic acid was lost in 10 sec and all was lost in 1 min in water from feed pellets having
1mm of diameter. Slinger et al. (1979) also noted that the leaching loss of ascorbic acid was the highest
of all of the vitamins and that 15-67% was lost after 10 min in water from 1.18-2.36mm crumbled pellets
(steam or extruded). Wilson (1989) also noted that a significant amount of the crystalline amino acids
were rapidly leached from the amino acid test diets for channel catfish. ~ Although the sizes of fish and
feed pellets used in the present balance trial were much larger than those of the above-mentioned studies,
leaching loss could also lead to an overestimation of P retention by fish since they were fed in a separate
tank before being transferred to the metabolic tank. Neither the unreactive P, however, nor the rapid
leaching would be likely to interfere with the value determined in the dose response trial (experiment 5)
because complete collection of metabolic wastes in the dose response trial is not critical. The close
agreement of the data obtained in the dose-response trial (experiment 5) and the balance trial (experiment
6) suggests that the two potential sources of error mentioned above were apparently minor.

CONCLUSION

Growth is a major determinant governing the dietary requirements of nutrients, especially for
nutrients such as N, P and Ca, which are the major constituents of constructive tissues in the body.
Nitrogen retention is tightly linked to protein synthesis and growth, while weight. gain involves a
problem introduced by hypertrophy; i.e., fat-gorging adipocytes (Rudman et al., 1975; Mommsen, 1998).
Dietary requirements of nutrients can, therefore, be most appropriately expressed on a per nitrogen
retention (growth) basis rather than a per weight. gain basis. To determine dietary nutrient requirements,
it is necessary to know the potency of the diet (N-gain of fish/diet). For example, when the potency of

feed (~ feed efficiency) is low due to low protein, low energy, amino acid imbalance, low digestibility or
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availability of nutrients, a deficiency in some essential nutrients, etc., then the fish will not grow well

per amount of diet consumed, and thus will require less P in the diet than do fast growing fish fed high
performance feeds. Nutrient requirements in fish should, therefore, be considered on a growth basis
rather than on a diet basis, energy basis or daily basis.

Since large fish already have substantial body mass (pool) and also the specific growth rate is
low, studying nutrient requirements of large fish by means of conventional approaches, such as weight.
gain, retention of specific nutrients, and analyses of soft or hard tissues, requires months of feeding to
obtain meaningful data.  Also, feeding large fish with purified diets for any extended period is
economically impossible.  Alteration of enzyme levels does not indicate that fish are “clinically”
deficient; more likely it is simply an adaptive response of fish for a different level of intake. When fish
receive nutrients in an amount more than they require (above the dietary requirements), the excess must
be excreted via feces, urine or gills to avoid potential toxicity. The excretory route differs for different
nutrients.  Any excess P absorbed from feeds must be excreted (spill) in the urine.  This renal response
for dietary P is a far more sensitive and rapid indicator than any other response criteria for P. By closely
monitoring P concentrations in urine, the requirement level for P (and possibly for some other nutrients)
can be estimated within a few days.  This rapidity and sensitivity will be particularly useful to research
nutrient requirements for large fish at various physiological stages and under various environmental
conditions.
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Table 1. Materials and methods used in Experiment-1 through 5.

Expt Fish size* Tank Feeding Method Period Response Urine Sampling Results

No. (days) criteria  sampling time?
1 258.1+16.0 flow fed to dose 24 blood ATP stripping 24 h Table 3
through  satiation response etc.? Fig.1,2

2 390.66.5 flow force-fed a dose 7 urinary Pi  stripping 24 h Fig.3
through  constant wt. response

3 310.645.0 metabolic force-feda balance 6-11 (balance) catheter every2h Fig.4,5
chamber  constant wit.

4 136.145.4(S) flow fed to dose 6,7 urinary Pi stripping 8h Fig.6
349.7+15.5 (L) through  satiation response
S5  203+0.65 metabolic fed a dose 12 urinary Pi water 0-24h  Table45
tank constant wt. response etc.4 Fig.7,8
6  203+0.65(S) metabolic feda balance 14  (balance) water 0-24h  Table6
400+2.88 (L) tank constant wt.

Llnitial mean body wt. + SEM.  S: a group of small fish; L: a group of large fish.

2 Collection of urine specimens; hours post feeding.

3 ATP (blood, muscle), PCr (blood, muscle), G6P (blood, muscle), Glu (blood), Pi (blood, muscle, liver,
urine, feces), total lipids (plasma, liver), total cholesterol (plasma, liver).

4 Glycogen (liver), Pi (plasma), total P (feces), Ca (plasma), alkaline phosphatase (feces, plasma), Glu
(plasma), total cholesterol (plasma), acetoacetate (plasma).



Table 2. Composition of the diet used in Experiment-1 through 5.

Experiment No. 1 2 3 3 3 3 4 5
DIET ID Basal Basal P! PCal FB! ct Basal Basal
INGREDIENT g dry matter

Egg white? 35 42 35 35 3% 35 10
Wheat gluten® e e e e e e e 30
Gelatin* 10 12 10 10 10 - 10 -
Dextrin® 14 16 14 14 14 - 14 20
Fish oil® 23 8.5 20 20 20 - 20 25
Vitamin mix.’ 4 4.7 3 3 3 - 3 3
Mineral mix.8 2 2.4 1 1 1 - 1 2
Amino acid mix.? 2 2.4 2 2 2 - 2 -
a-cellulose!® 10 12 1417 1417 147 - 1417 1018
KH,PO, var®  var®® 351 351 @ - - var? var?
CaC0312 --------------- 421 - e e e
Fish bone (purified)® - e e 7 e e e
Trace mineral solution® (30)  (30) (30) (30) (30) @ ----- (30) (30)
Total dry matter 100 100  103.51 107.72 107 100 100+var 100+var
Analytical composition g/100g, dry basis

Crude protein 428 487 40.8 36.1
Crude ash 4.43 7.31 10.04 8.57 9.20 4.43
Acid insoluble ash 0.179 104 107 121 0.29 0.643
Total P 0.101 0.043 0.888 0.831 0.837 1.324 0.126 0.172
Total Ca 0.042 0.060 0.046 1.885 1.938 2.058 0.068 0.056
Ascorbic acid (ug/g dry diet)® 611 524 167 184

DE (kJ/g dry diet)?® €c21.25 ¢17.78 ¢ 20.08 ¢20.08 c20.08 c20.08 d19.25

L Abbreviations: P (P added as KH,PQO4); PCa (P and Ca added as KH,PO4 and CaCOg, respectively);
FB (P added as “fish bone”); C (Commercial feed).

2 Egg white spray-dried (ICN Biomedicals, Aurora, OH); autoclaved (130°C-1 h); contained 1.06g P/kg.

3 Wheat gluten (commercial grade), fortified with L-lysine 3g/100g wheat gluten; contained 2.84g P/kg.

4 50 bloom (technical grade, ICN Biomedicals); contained 0.590g P/kg.

580 % water-soluble, from corn (technical grade, ICN Biomedicals); contained 0.196g P/kg.

6 Red #3 (fat-soluble) was added at 0.7g/kg dry diet in experiments 1,2,3 and 4, except the commercial
diet; the fish oil contained 0.018g P/kg.

" Abernathy No.2 formula (Hoffmann-La Roche, Inc.), fortified with D-biotin 6 mg, ascorbic acid 2,
inositol 2, choline chloride 5g/kg dry diet (ascorbic acid was replaced with L-ascorbyl-polyphosphate,
15%-active, in Experiments 4 and 5).

8 KCI: NaCl: MgSO4-7H,0, 2:1:1 ratio by weight.

9 DL-Methionine: L-Lysine: L-Arginine: L-Threonine, 1:1:1:1 ratio by weight.

10 Alpha-cellulose powder (Sigma Chemical Co., St. Louis, MO); contained 0.012g P/kg..

1 Anhydrous, 99.0% min P-5379 (Sigma Chemical).

12 Precipitated powder, U.S.P. (Merck & Co., Inc., Rahway, NJ).

13 From whitefish, ground, purified by repeated washing.

14 Supplied the following (mg/kg dry diet); Kl, 1.9; MnSQO.-H,0, 40; ZnSO4-H,0, 85; Na,SeOs, 0.9;
COC|3-6H20, 4; CUSO4~5H20, 12; FGSO4-7H20, 300.

15 Determined on the remaining diets (after feeding trial),.

16 Digestible energy (c: calculated values; d: determined values).

7 Contained SiO; (100 mesh, Mallinckrodt Chemical Works, St. Louis, MO) at 1g/100g dry diet

18 Contained SiO; at 0.5g and Cr,O3 (Fisher Scientific, Fair Lawn, NJ) at 0.59/100g dry diet.

19 Incremental levels of KH,PO4 (Sigma Chemical) were added to the basal diet replacing alpha-cellulose.

20 Incremental levels of KH,PO4 were added to the basal diet but not replacing alpha-cellulose.
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Table 3. Physiological parameters of rainbow trout fed various levels of phosphorus for 24 days
(Experiment 1).!

Dietary P2 Significance
010 032 052 076 1.07 ANOVA Regression-1 Regression-2
P5 P6 P?

L Q CL QZC
G6P  umol/g blood®*  0.037 0.045 0.033 0.047 0.034

pmol/g muscle®  2.32°¢ 223 1.99° 270* 1.92° * ** *h o kx
ATP umoligblood® 177 213 204 210 211 Ak ek Sk
umol/g muscle3 6_89b 7_71bc 8.15%¢ 7_88bc 7_69bc* *k  hk kk Kk k%
PCr  umol/g blood® 0.069 0.159 0.096 0.084 0.071
umol/g muscle> 231 234 234 247 259 * oKk *
Glu  pmol/g blood® 415 337 392 312 341 *h ok
Pi ng/g blood? 2843 5770 7180 7070 B7.90 xx  wk wkx kxk NA NA NA
Hg/g muscle3 10522 1161b 1193b 1172b 1l7lb *%k * *kk kkk kk  kk  kkk
ug/g liver cytosol 607 684 718 671 656 *ok Kk dkk dekk
Hg/g urine“ 4.3 14.42 89.9b loo_lb 114.8b *%k *kk hkk khhkk kkhk  kk kK
ug/g dry feces* 720 1105% 999%  909® 2084° * kxR kK
TL  g/L plasma 215 190 183 184 160
g/100g liver 509 501 536 488 552
TC g/L plasma 647 561 591 589 493
g/100g liver 069 0.739 0.841 0.738 0.837 *
TC/TL plasma 302 306 324 323 315
liver 148 148 157 152 152
Water ¢/100g liver 791 782 791 797 80.1

! Abbreviations; G6P, glucose-6-phosphate; ATP, adenosine triphosphate; PCr, creatine phosphate; Glu,
glucose; Pi, inorganic phosphorus; TL, total lipids; TC, total cholesterol; TC/TL, percentages of total
cholesterol/total lipids.  All samples were collected 12 h after feeding. ~ Values in rows with
uncommon letters are significantly different (P< 0.05) by Newman-Keuls multiple comparison test, n=6
fish/treatment.

2 Total phosphorus content g/100g dry diets (analytical values).

3 Determined on the perchloric acid extract of whole blood or skeletal muscle.

4 Each value for urine and feces is the average of 6 fish x 5 consecutive days (day 20-24).

5 Single-factor ANOVA, *P< 0.05; **P<0.01; ***P<0.001 (n=6 fish/treatment).

6 Regression against dietary P levels (L; linear effect, Q; quadratic effect, C; cubic effect). * P< 0.05;
**P<(0.01; ***P<0.001 (n=6 fish/treatment).

" Regression against blood P levels (L; linear effect, Q; quadratic effect, C; cubic effect). * P< 0.05;
**P<(0.01; ***P<0.001 (n=30 fish).
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Table 4. Physiological parameters of rainbow trout fed phosphorus gradient diets for 12 days
(Experiment 5).!

Dietary P2 Significance
0.15 0.32 045 0.59 0.71 0.85 0.95 1.08 1.28 ANOVA Regression
P6 P6
L Q C
Gly  g/100g liver 9.78 6.11 7.27 878 454 444 519 537 6.14 ook xK

Pi mg/L plasma 91 131 143 167 169 182 192 187 177 *** %k sokk ook
Ca mg/L plasma 101 98 104 109 104 109 109 109 111 * folalalaiaialakalal
ALP3  IU/g feces* 2.26 2.63 260 3.95 256 3.15 2.89 2.68 2.18

ALP3 IU/L plasma 355 32.0 43.6 58.8 28.7 47.2 434 714 482 * ook x
TC mg/L plasma 2857 2694 3018 3487 3055 3211 3210 3674 4011 * folaialaiaialakaiol

Glu  mmol/L plasma 550 4.70 4.60 4.92 4.62 4.84 590 5.08 6.33 *x
AcAc mmol/L plasma tr5 tr. tr. tr. tr. tr. tr. tr. tr.
Total P ug/g feces* 925 1078 1172 1294 1304 1421 2006 1634 2993 FhR Kk kkek

L All samples were collected 24 h after feeding.  Each value represents the average of 5 randomly
sampled fish except for the fecal P which was determined on a pooled sample of 13 fish/treatment.
Abbreviations: Gly, glycogen; Pi, inorganic phosphorus; ALP, alkaline phosphatase; TC, total
cholesterol; Glu, glucose; AcAc, acetoacetate.

2 Available phosphorus (g/100g dry diet; analytical values).

3 Incubation temperature 15°C.

4 Dry basis.

> Not detected (< 0.1mmol/L).

6 Single factor ANOVA, Regression against dietary P levels (L; linear effect, Q; quadratic effect, C;
cubic effect). *P<0.05; **P<0.01; ***P<0.001.
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Table 5. Requirement of available phosphorus  (Experiment 5).

Criteria g/ g-N gain g/100g dry diet! mg/ kJ-DE?
Non-fecal excretion® 0.277 0.686 0.357
Retention rate* 0.237 0.585 0.304
Balance plateau (Y)° 0.277 0.685 0.356
95%-plateau (X)® 0.293 0.724 0.376
Plasma saturation’ 0.312 0.772 0.401

1 The value should differ from feed to feed depending on the potency of the feed. ~ With the present diet,
fish retained 2.47+0.04 g N (mean+SEM, n=8) per 100g dry diet consumed except for those that
received the lowest P diet, which had lower N retention.  Estimated g wt gain of fish per 100g dry
diet consumed (feed efficiency) was 92.4+1.40 except for the lowest P group that had a lower value.

2 Digestible energy; determined from the gross energy content in feeds and feces.

3 Based on the P concentration in the tank water.  The value indicates the X-intercept of the linear
regression of “floating” points (n=5).  An average of day 3,6,9 and 12 (See also Fig. 7).

4 The maximum efficiency of net retention (percentage of intake).  The retention was estimated as
Intake—Fecal loss—Nonfecal loss.  An average of day 3,6,9 and 12 (See also Fig. 8).

5 The maximum net retention (the plateau value, Y-axis).  The plateau value was determined by
sigmoidal dose-response curve on the assumption that there were a slope and a plateau in response to
the dietary P concentration.  The retention was estimated as Intake—Fecal loss—Nonfecal loss.  An
average of day 3,6,9 and 12.

6 The concentrations of dietary P (X-axis) to achieve 95% of the maximum retention (the balance plateau).
An average of day 3,6,9 and 12.

" The concentrations of dietary P to achieve 95% of the plasma saturation.

Table 6. Requirement of available phosphorus (Experiment 6).

Size g /g-N gain ¢/100g dry diet? mg/ kJ-DE*
Large fish (400g BW) 0.284 0.692 0.383
Small fish (200g BW) 0.278 0.793 0.421
P value® 0.830 0.022 0.051

! Estimated by balance (retention = intake—fecal loss—nonfecal loss).

2 This value should differ from feed to feed depending on the potency of the feed.  On the commercial
diet fed in this experiment, fish retained 2.44g N (large fish) and 2.89g N (small fish) per 100g dry feed
consumed,; i.e., the feed efficiency (g wt gain of fish per 100g dry feed consumed) was 91.3 (large fish)
and 107.5 (small fish).

3 Probability values between large fish and small fish by two-tailed t-test, n=3 days.

“ Digestible energy; determined from the gross energy content in feeds and feces.
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Figure 1. Correlation between inorganic phosphorus (Pi) and ATP levels in the blood of rainbow trout
(Experiment 1).  Fish were fed diets of varied P content for 24 days.  The regression line was
Y=0.0000160X3-0.00292X?+0.166X-0.780.
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Figure 2. Change of urinary P levels over time (Experiment1).  Each line shows the change of
urinary P concentrations of each fish over the 20 day feeding period with diets of varied P content. Fish
were fed as much as they would consume once daily, and the urine samples were collected ca. 24 h post
feeding by stripping.
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Figure 3. Urinary P levels at various dietary P intakes (Experiment 2).  Each point represents the
mean+SEM of 3-6 fish.  Values were expressed as % of initial levels (urinary P mg/L at day 5 and 7 vs.
at day “-1” and 0, determined for each fish).  Each fish was force-fed a constant weight of feed (0.9g
dry diet/100g BW) once daily, and the urine samples were collected 24 h post feeding by stripping.
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Figure 4. Typical pattern of urinary excretion of phosphorus and ascorbic acid in rainbow trout fed test
diets in a metabolism chamber (Experiment 3).  Fish (BW 366.0g) was force-fed and placed in the
metabolism chamber at 0 h, and force-fed every 24 h thereafter (indicated by vertical lines).  Dietary
treatment was PCa (Table 2).  Urinary concentrations of P peaked between 6 and 12 h post feeding in P
and PCa groups (n=8 fish).  There was no distinct peak (flat) in FB and C groups with much lower
urinary P levels (n=10 fish; data not shown).  Urinary ascorbic acid levels declined in 2-5 days to a
base-line level in all fish studied (in all dietary treatments).  See also Figures 45-50.
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Figure 5. Excretion of dietary phosphorus into urine and feces (percentages of dietary intake; Experiment
P: P (as KH2PO,) was added to the basal diet; PCa: P (as KH2POs)

3).

and Ca (as CaCOs) were added to the basal diet;

Diet abbreviations (X axis),

Commercial feed (see Table 2 for diet compositions).

fish).

FB: Fish bone was added to the basal diet; C:

Each bar represents the mean+SEM (n=4-5
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Figure 6. Urinary P levels in small and large trout (Experiment 4).  Fish were fed as much as they
would consume once daily.  Urine samples were collected 8 h post feeding by stripping at day-7 and 8.
Each point represents one sample (n=6-22/treatment for large fish; n=16-24/treatment for small fish; up to
2 samples/fish).  Urine samples containing less than 5 mg/L ascorbic acid were excluded.
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Figure 7. Non-fecal excretion of P in metabolic tanks (Experiment5).  Values (Y axis) were
expressed as mg Pi/L water in the tank in which 13 fish were confined for 24 h without any external water
supply.  The linear regression lines, determined based on “floating” points, were Y=1.838X-1.283 (d3),
Y=1.936X-1.403 (d6), Y=1.575X-0.987 (d9) and Y=2.071X-1.440 (d12).
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Figure 8. Retention of dietary P (percentages of intake) at various dietary P concentrations (Experiment
5).  Retention rate (Y axis)= (P fed—nonfecal P—fecal P)x100/ P fed. ~ Break points for the day 3, 6
and 9 were 0.541, 0.653 and 0.548, respectively.  See also Figure 36.
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Chapter 1I:  Determination of Protein Digestibility and Mineral Availability

1. Awailability of Nutrients in Common Ingredients in Salmonid Feeds

ABSTRACT  Apparent digestibility of protein and availability of minerals (Ca, K, P, Mg, Na, Cu, Fe,
Mn, Sr, Zn) in various feed ingredients were determined for coho salmon and rainbow trout using yttrium
oxide (Y203) as the inert marker and passive feces collection tanks. The feed ingredients were herring
meal, menhaden meal, anchovy meal, deboned whitefish meal, poultry by-product meal, feather meal,
soybean meal, corn gluten meal, wheat gluten meal, wheat middling and wheat flour. Apparent
digestibility (%) of protein and availability (%) of minerals were determined as a fractional net absorption
of nutrients from diets. Apparent digestibility of protein and availability of K was high (> 80%) in all
feed ingredients, whereas digestibility of dry matter and availability of Ca, Cu, Fe, Mg, Mn, Na, P, Sr and
Zn were variable among ingredients.  Apparent availability (%) of mineral elements was not
significantly correlated to the amount of nutrient intake (ug nutrient/g BW/day) in any test diet. Net
nutrient absorption (ug/g BW/day) was positively correlated (P<0.05) to the nutrient intake except for Mn,
Feand Ca. Fecal nutrient losses (ug/g BW/day) were positively correlated (P<0.05) to nutrient intake
except for protein, Na, K and Zn.

BACKGROUND

The ultimate source of waste in aquaculture systems is feed. Nutrients that are not retained by
the fish are excreted into the water and discharged in effluents from the aquaculture system.
Macronutrients, especially phosphate and nitrogen, stimulate eutrophication of the aquatic environment,
whereas trace elements may be of concern because of trophic accumulation through food chains.

Ketola and Harland (1993) reported that the retention of phosphorus (P) from several
experimental diets and one commercial salmon diet ranged from 14 to 22%, meaning that approximately
80% of dietary P may have been discharged into the water in soluble and fecal forms. It has been shown
that bioavailability of nutrients differs markedly in different ingredients and in different diets (Lall, 1989).
Consequently, management of aquaculture wastes can be approached through improvements in nutrient
utilization and diet formulation.  Although some investigators have studied the availability of P from
specific feed sources using salmonid fishes (Ogino et al., 1979; Riche and Brown, 1996), currently
available data for common feed ingredients are limited. Because of the increasing concern for the
environmental effects of the expansion of aquaculture worldwide, further research in this area is essential.

Availability of many trace elements varies among different sources and ingredients (Hilton,
1989). To avoid potential deficiency problems, practical feed formulations are supplemented with

inorganic minerals known to be available to fish; however, many compounds in feed ingredients further
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reduce availability of those inorganic minerals by direct and indirect interactions. Mineral availability

in common feed ingredients and the potential interactions of these ingredients with added inorganic
mineral sources have not been well researched. To avoid excessive use of inorganic minerals in
practical rations, availability of intrinsic minerals in feed ingredients and their potential antagonistic
properties need to be understood.

The purpose of this research was to determine digestibility of protein and availability of specific
minerals with particular attention to phosphorus in common feed ingredients for aquatic feeds. The use
of this information in formulating feeds will help to minimize excess levels of available nutrients in diets
without having a risk of clinical deficiency problems, and thereby to reduce the excretion of nutrients into
aquaculture effluents.

MATERIALS AND METHODS
Diet preparation

Feed ingredients tested for apparent digestibility of protein and availability of minerals were
herring meal (5-02-000); anchovy meal (5-01-985); menhaden meal (high quality, prime, 5-02-009);
deboned whitefish meal; poultry by-product meal (5-03-798); feather meal (5-03-795); soybean meal
(48% crude protein, dehulled, solvent extracted, 5-04-612); wheat gluten meal (5-05-221); corn gluten
meal (5-28-242); wheat middling (4-05-205) and wheat flour (4-05-199). Test diets were prepared by
mixing a basal diet (Table 7) and one of the test ingredients (Table 8) at the ratio of 7 to 3 on an as-is
basis as described by Cho and Slinger (1979). This method provided several advantages in that the
difference of nutrient content among feed ingredients would be reduced by the 70% inclusion rate of the
basal diet for all test diets, which is helpful since biological adaptation to a different level of intake
interferes with estimating actual availability of minerals. Also, the interaction (antagonistic or
synergistic) property of test ingredients for the absorption of dietary minerals other than those contained
in the ingredient could be determined.  If calculated digestibility values are lower than 0 or higher than
100, the implicit assumption of this method,; i.e., the digestibilities (absorption) of nutrients from the basal
diet is constant or unaffected by the test ingredients, can not be justified, and the alternative hypothesis
“interaction is present” has to be taken. The importance of knowing this interactive property of feed
ingredients can not be over emphasized in practical feed formulations. The basal diet was formulated
with purified ingredients rather than practical ingredients to minimize unknown variables, e.g.
composition, contamination, property and quality factors. The basal diet also contained extrinsic
inorganic mineral supplements since the diet should be nutritionally complete by itself. Yttrium oxide
(Y203) was used as the inert marker at a concentration of 0.05% in dry diets. The use of yttrium in
nutrient absorption studies, as an inert nonabsorbable dietary marker, has been studied previously in rats
(Marcus and Lengemann, 1962), chickens (Hurwitz and Bar, 1965, 1966; Sklan et al., 1975) and fish (T.
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Storebakken, personal communication, 1996). All diets were prepared as cold extrusion pellets

containing approximately 30% moisture and stored at —20°C until fed.
Feeding and feces collection

Coho salmon (Oncorhynchus kisutch), with initial body weight 110.7 + 3.5g (mean + s.e.m.,

n=156), were stocked into 12 150-L tanks, each of which had a specifically designed feces collection
system (modification of Hajen et al., 1993). The system permitted the collection of feces into a long
narrow collection tube within a minute of evacuation by the fish. Even though soluble components in
the feces might have leached into the unstirred water column (in the tube), they were separated from the
tank water. Each tank was supplied with a continuous flow of dechlorinated municipal water at 3
L/min/tank. Water temperature ranged from 12.5 to 15.0°C during the six week experiment.  Fish were
fed once daily at 1800 h as much as they would consume.  After seven days of acclimatization during
which time the fish received the test diets, fecal samples were collected from the collection tube twice
daily at 0800 and 1730 h for five consecutive days. The acclimation period to each test diet was
minimized to reduce any adaptive response of fish. Fecal samples of each treatment were analyzed
separately for each day of collection. The acclimation (week-1) and fecal collection (week-2) process
was repeated three times to obtain triplicate measurements per treatment (diet). Experimental diets were
randomly assigned to the fish tanks, and randomly re-assigned for each following round. The fish
stayed in same tanks and were not rearranged during the experiment.

Small or large rainbow trout (Oncorhynchus mykiss), with respective initial body weight 42.5 +

1.58g (mean + s.e.m., n=348) or 170.3 + 2.54g (mean =+ s.e.m., n=60) were stocked into twelve 150-L
aquaria used for the coho salmon trial. Each tank was supplied with biofiltered water at the rate of 3
L/min from a common recirculation unit with de-chlorinated municipal water added to the recirculation
system at 3 L/min to maintain optimum water quality and to avoid accumulation of nutrients in the
recirculating water. Water temperature was maintained at 17.0 + 1.0°C during the 10 week-feeding
period. Because significant effects of diet history were observed in the coho salmon trial, all fish in the
rainbow trout trial were removed from experimental tanks, pooled, and randomly re-distributed to the
tanks for subsequent rounds.  Fecal samples were collected after a one week-acclimation period to each
test diet, and the five days of fecal samples were pooled and analyzed by week. This process was
repeated two times (for small trout) or three times (for large trout) to obtain duplicate and triplicate
measurements per treatment, respectively. Other conditions were the same as those in the coho salmon
trial described above. Fish were handled in accordance with the guidelines approved by the Animal
Care Committee of the University of Washington.

Analysis and calculations
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Fecal solution (column water containing feces) were dried in a convection oven at 105°C for

12 h. Dried feces and diets were weighed, finely ground using an electric grinder, and analyzed for
crude protein by the standard micro Kjeldahl method (AOAC, 1990) using a semi-automated system
(Buchi Kjeldahl/Nitrogen Analyzing System, Brinkmann Instruments, Inc., Westbury, NY). A small
portion of dried, ground feces were ashed at 550°C for 12h. in a muffle furnace, dissolved in a
concentrated acid mixture (nitric and hydrochloric acid, 1:1), diluted to an appropriate concentration, and
analyzed for Ca, K, Mg, Na, P, Cu, Fe, Mn, Sr, Zn and Y by an inductively coupled plasma emission
spectrophotometer (Jarrell-Ash Plasma Atom Comp., Waltham, MA).

Although ingredients were weighed and mixed with the basal diet on an as-is basis at a 3:7 ratio,
all analyses and calculations were made on a dry basis. Because there were no significant differences in
the measured apparent digestibility or availability between small rainbow trout and large trout, the data
were pooled. Daily feeding rate at the apparent satiation level was estimated from the amount of feces
that was collected nearly completely and from the change of indicator concentration in the diets and feces
(dry matter digestibility). Net nutrient intake (ug nutrient intake/g BW/day) was calculated based on
feeding rate and dietary concentration of the nutrient. Mean digestibility or availability value of each
ingredient was subjected to a single factor ANOVA followed by Newman-Keuls multiple comparison test.
Mean digestibility or availability value of each ingredient from different weeks were compared based on
the data of five consecutive days per week by a single factor ANOVA to determine possible effect of
previous diet history of fish (in coho salmon only). Linear correlations were determined between dietary
concentrations of nutrients and the nutrient digestibility or availability of the diet. Diets containing test
ingredients of animal origin and diets containing test ingredients of plant origin were compared separately.
Net absorption of each nutrient was compared between coho salmon and rainbow trout by a paired t-test.
Outliers were detected by Dixon’s method and excluded at the 5% level (Snedecor and Cochran, 1980).
Statistical analyses were performed using a computer program (GraphPad Prism, version 2.01, GraphPad
Software, Inc., San Diego, CA). Treatment effects were considered significant at P<0.05.

Apparent digestibility (%) for protein and availability (%) for minerals in test and basal diets
were expressed as a fractional net absorption of nutrients from diets.  Then, apparent digestibility (%)
for protein and apparent availability (%) for minerals in test ingredients were calculated using the
following formula.

ADing= (Nutrrp x AD7p— 0.7 x Nutrgp x ADgp) / (0.3 x Nutring)

ADing: Apparent digestibility (or availability) of nutrients in test ingredient
Nutrrp: Nutrient concentration in test diet

ADqp: Apparent digestibility (or availability) of nutrients in test diet
Nutrgp: Nutrient concentration in the basal diet
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ADgp: Apparent digestibility (or availability) of nutrients in the basal diet

Nutring: Nutrient concentration in test ingredient

Note: 0.3 x Nutring (in denominator) = Nutrrp— 0.7 x Nutrgp.  The actual ratio of test ingredients to the
basal diet deviates from 0.3:0.7 that is given in the formula because of the varied moisture content in each
ingredient and the basal diet (Test ingredients and the basal diet were mixed on an as-is basis). See also
p 59 and p 239.

RESULTS AND DISCUSSION
Apparent digestibility of dry matter and protein

Apparent digestibility of dry matter was highly variable among feed ingredients (Table 9).
Among plant sources, apparent digestibility of dry matter was significantly correlated (r=0.99; P<0.01)
with dietary protein levels, whereas the correlation was lower among animal sources (r=0.58). The high
correlation of the plant sources means that fish cannot efficiently utilize non-protein components in plant
feedstuffs, which are mainly starch and the fiber fraction. The diets and ingredients used in this study,
however, were not heated during feed manufacturing and starch in plant ingredients was presumably
“raw” and not highly digestible. In commercial extrusion pellets, this portion will be more digestible to
fish and may increase dry matter digestibility of high-carbohydrate ingredients.

Apparent digestibility (%) of protein was high in all ingredients compared to dry matter and
minerals (Table 10). Feather meal and menhaden meal had the lowest protein digestibilities. There
was no significant correlation between dietary protein levels (%) or protein intake (% protein/BW/day)
and the apparent digestibility (%) of protein. Consequently, protein intake (% protein/BW/day) was
highly correlated to the net utilization of protein (% protein/BW/day) (Table 21).

Values for apparent digestibility of protein obtained in this study were higher than previously
reported with rainbow trout (Cho and Slinger, 1979; Smith et al., 1980; Smith et al., 1995; Watanabe et
al., 1996). Higher values obtained in this study may be attributed to the leaching of fecal soluble
nitrogen compounds, which is always associated with the settling feces collection method, the extent
depending on the efficiency of the collection method and nutrient solubility. Also, the consistency of
feces collected in this study differed among different dietary treatments, which might alter the rate of
leaching. The degree of errors associated with these variables remains to be studied. The collection of
feces by stripping, however, encounters different problems such as collecting “incompletely” digested
materials and contamination of feces with brownish intestinal fluid and urine which leads to erroneously
low digestibility values. Higher digestibility values may also be attributed to the dietary marker used in
this study (yttrium oxide), which is apparently less absorbable than chromium oxide by fish (unpublished
data) and thus yields slightly higher values than the previously determined values based on chromium.
Apparent availability of calcium
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Apparent availability (%) of calcium (Ca) was generally low and variable among ingredients.

Both content and the apparent availability of Ca were generally lower in plant sources than in animal
sources, except for wheat gluten meal (Table 11). Unlike many other minerals, increasing the intake of
Ca (ug Ca/g BW/day) did not increase net absorption (ug Ca/g BW/day) of this element (Table 21), and
fecal excretion of Ca was affected mostly by the amount of intake rather than by the availability,
suggesting that absorption of Ca was regulated or that Ca precipitated as calcium phosphate in the
intestinal lumen.  This indicates that the apparent availability of Ca determined by the present balance
technique may not be correctly estimating the actual biological availability of Ca in the test ingredients.

In terrestrial animals, as the body’s demand for Ca increases, the process commonly termed
adaptation is activated in which the synthesis of 1,25 (OH).Ds from its precursor is increased, resulting in
an increased rate of Ca absorption (Irving, 1973; Wasserman and Fullmer, 1989; Nemere and Norman,
1991). This mechanism is consistent with the present observation of a negative correlation between
dietary Ca levels and the net absorption of Ca (%) among diets containing animal ingredient sources
(r=-0.56 to -0.80). Calcium in plant sources, the level of which was much lower than that in animal
sources, however, was apparently less absorbed, suggesting other effects such as endogenous loss (Carroll
and Oh, 1989) or the presence of phytate, fiber, and other ligands in plant ingredients which reduce
availability (Champagne, 1989). Mean availability values of Ca in the coho salmon trial were different
at different weeks (ANOVA P<0.05) in five dietary treatments, which suggests that the diet history of
fish may influence net absorption of Ca. Walker et al. (1948) noted that Ca balance became negative for
several weeks when human subjects were put on a low Ca diet after having received a high Ca diet,
indicating the significant effect of diet history and slow adaptation to different dietary levels.

The levels of Ca (also, of ash and P) in diets of animal sources showed inverse correlations with
net absorption (%) of Ca, Fe, Mg, Mn, P, Sr and Zn, indicating possible antagonistic interactions of Ca
with these minerals. Reducing the bone content of fish meals as studied by Babbitt et al. (1994) appears
to be a rational procedure for increasing availability of dietary minerals in fish meal-based feeds.
Apparent availability of phosphorus

Apparent availability of phosphorus (P) ranged from 36.5 to 75.4% in animal ingredients and
from 8.5 to 74.7% in plant ingredients (Table 12). Both coho salmon and rainbow trout had similar
values for the apparent availability of P; however, they were not highly consistent with previously
reported values with rainbow trout (Riche and Brown, 1996) or Atlantic salmon (Lall, 1991), falling
between those reported values.

P availability values of ingredients from animal sources were inversely correlated with dietary
levels of ash (r=-0.94; P<0.01, and r=-0.86; P<0.05 in coho salmon and rainbow trout, respectively), Ca
(r=-0.98; P<0.01, and r=-0.94; P<0.01) and with P itself (r=-0.96; P<0.01, and r=-0.90; P<0.01). This
indicates that high dietary ash, Ca or P levels in animal ingredients not only increase fecal excretion of P
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proportionally, but also increase it further by reducing its fractional absorption.  Also, the amount of P

intake (ug P/g BW/day) was inversely correlated to the fractional net absorption or apparent availability
of P (Table 21). Intestinal absorption of P is normally unregulated; i.e., net absorption is directly
proportional to the amount ingested, and homeostasis of P depends primarily on mechanisms that govern
renal excretion (Podoliak and Smigielski, 1971; Wilkinson, 1976; Nakamura, 1982; Dennis, 1992).
Reduced absorption of dietary P in diets containing animal sources is presumably due to antagonistic
interactions between P and Ca or formation of precipitates of calcium phosphates in the intestinal lumen.
Awvailability of P has been shown to decrease as the dietary level of Ca increases in rats (Hoek et al.,
1988), pigs (Fox and Care, 1978a), chicks (Fox and Care, 1978b; Al-Masri, 1995), rainbow trout
(Porn-Ngam et al., 1993), and in carp (Nakamura, 1982).

Apparent absorption of P at different weeks was significantly different in diets containing corn
gluten meal and in the casein basal diet although the differences were small (71, 75 and 75% in the corn
gluten diet, and 87, 92 and 94% in the casein basal diet for the average of week-2, -4 and -6, respectively),
indicating a minor effect of diet history. Apparent availability of P and some trace elements in wheat
middlings and wheat flour was high compared with that of soybean meal or corn gluten meal, which
might not be expected had the diet been prepared as extrusion pellets and endogenous phytase inactivated.
Although the differences were small, coho salmon absorbed significantly more P than rainbow trout
(P<0.01) in most dietary treatments, suggesting a species difference in ability to utilize phosphates in feed
ingredients.

Apparent availability of magnesium

Apparent availability of Mg in feed ingredients ranged between 0 and 100%, but most values
were between 50 and 70% (95% CI) (Table 13). In both coho salmon and rainbow trout, apparent
availability of Mg showed a strong inverse correlation with dietary levels of ash (r=-0.93 and -0.96;
P<0.01), Ca (r=-0.99; P<0.01), and P (r=-0.90 and -0.96; P<0.01) among diets containing animal
ingredients (n=7) and with P (r=-0.87; P>0.05 and r=-0.99; P<0.01) in diets containing plant ingredients
(n=5). Studies with guinea pigs and rats (O'Dell et al., 1960; McAleese and Forbes, 1961; Toothill,
1963), chicks (Nugura and Edwards, 1963), and humans (Alcock and Maclintyre, 1962; Heaton et al.,
1964) have shown that when dietary Ca or P levels or both were raised, dietary Mg absorption decreased.
These results agree with the present observations of negative correlations between Mg absorption and
dietary ash, Ca or P contents. Knox et al. (1981) did not find any increase in the Mg requirement in
rainbow trout when the dietary levels of Ca or P were increased.

Absorption of Mg in mammals is influenced by the load presented to the intestinal mucosa. On
a low-Mg diet (1-2 m mol/day) approximately 80% was absorbed, whereas it decreased to 25% on a
high-Mg diet (25 m mol/day) (Aldor and Moore, 1970; Aikawa, 1976).  Accordingly, intestinal
absorption of Mg is controlled by factors that respond to dietary Mg content (Quamme and Dirks, 1994).
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This agrees with the inverse correlation (r=-0.61 to -0.89) between dietary Mg levels and its apparent

availability observed in this study. Also, the amount of intake (ug Mg/g BW/day) was inversely
correlated with apparent availability (%) of Mg (Table 21).

Apparent availability of magnesium in wheat gluten and corn gluten meals had odd values.
Both of these ingredients contained much less Mg than the other ingredients or the casein basal diet.
When the concentration of the nutrient of interest in a test ingredient is low relative to that in the basal
(reference) diet, calculated apparent availability values may have higher experimental error than when the
test ingredient has a high level of the nutrient.  Any variation of the values in test diets will result in a
larger deviation of the calculated value of test ingredient, depending on the amount of the nutrient
contributed by the test ingredient. Moreover, if the test ingredient contains compounds that reduce
mineral availability or absorption, e.g., calcium and phytate, bioavailability of minerals from the basal
diet portion of the test diet could be reduced and/or re-absorption of endogenous trace elements secreted
into the gastrointestinal tract (primarily via bile) could also be reduced. This can lead to the calculated
mineral availability of the test ingredient being falsely low, below the “theoretical minimum,” or having
negative apparent availability, a pattern that was more common with Ca, Cu, Fe, Mn, Na, Sr and Zn than
with Mg. The negative availability values of test ingredients do not indicate negative balance of
nutrients, but indicate the antagonistic property of test ingredients for the absorption of nutrients in diets.
The present method provided the advantage of showing this antagonistic (or synergistic) property of test
ingredients, which needs to be understood when formulating complex feeds.
Apparent availability of potassium

Apparent availability of potassium (K) was high in all ingredients (Table 14) and the net
absorption was highly correlated to the amount of intake, which agrees with the observation of
Dabrowski and Schwartz (1986) who noted that the intestinal absorption of K in carp increased up to
88.8% as the food passed through the gut.  In humans, the portion of K excretion via the gut is normally
less than 10% of total K excretion even in states of K excess, and the kidney has the major excretory role
(Spencer, 1959). Dempsey et al. (1958) noted that fecal K tends to be quite constant and unaffected by
the intake. The present observations agree with these previous reports in that variation in K intake (ug
K/g BW/day) did not affect apparent availability (%) of K in any test diet, and the intake of K was
correlated with net absorption (ug K/g BW/day) of K (Table 21).

Apparent availability of sodium

Apparent availability or absorption of sodium in feed ingredients was not as high as that
observed with potassium (Table 15), and availability varied among feed ingredients. The amount of
intake (ug Na/g BW/day) was correlated with net absorption (ug Na/g BW/day) (Table 21). Shaw et al.
(1975) noted in Atlantic salmon that absorption of dietary Na was almost complete regardless of the NaCl
levels in diets or in water. Dempsey et al. (1958) showed very low and constant levels of fecal Na
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excretion regardless the level of intake. Dabrowski et al. (1986) noted that Na concentration of the

digesta tends to increase towards the posterior intestine of rainbow trout in freshwater. Nakamura
(1985) reported in carp that the degree of Na uptake from the intestinal lumen is dependent on the
osmotic pressure of the digesta. The present study indicates that fecal Na and net absorption are variable
among ingredients and are not related to dry matter digestibility or Na levels in the ingredients. ~ Also,
different absorption (%) of Na in some dietary treatments observed in different weeks indicates the
possible effect of diet history. The concentration of Na in all plant ingredients was too low to estimate
availabilities.

Apparent availability of iron

Apparent availability (absorption) of iron (Fe) in fish meals and plant ingredients was quite low,
whereas that in wheat gluten meal was high but the amount of Fe in wheat gluten was very low. Feather
meal contained a high level of Fe, and the availability or absorption (%) was also high, resulted in much
higher levels of net absorption than in the other ingredients (Table 16). This indicates that Fe in feather
meal is a highly available source; i.e., heme iron, and/or feather meal is devoid of antagonistic substances
that interfere with Fe absorption. Net absorption of Fe (ug Fe/g BW/day) was significantly correlated
with intake (ug Fe/g BW/day) in diets containing feather meal, poultry by-product meal, wheat gluten,
wheat middling and wheat flour (r=0.94-0.98) but the overall correlation was low (Table 21). Negative
values obtained in many ingredients indicate that the availability of Fe in those feed ingredients is low,
and, in addition, unknown factors in the test ingredient are (1) inhibiting the absorption of Fe in the basal
diet portion within the test diet, (2) inducing the endogenous excretion of Fe, and/or (3) the body is
regulating the absorption of Fe or discharging the nutrient from previous intake. It has been shown that
Fe homeostasis is maintained primarily by adjusting Fe absorption to bodily needs because of the limited
capacity of the body to excrete Fe (Scott et al., 1982; Morris, 1987). There was, however, no significant
inverse correlation between dietary intake of Fe and its apparent availability determined as net absorption
(-0.65<r<0.01; P>0.05) in either coho salmon or rainbow trout.

Apparent availability (absorption) of Fe between weeks determined in coho salmon was
significantly different in many dietary treatments, indicating the effect of previous diet history. High
levels of phosphate have been shown to reduce Fe absorption in humans (Hegsted et al., 1949; Bour et al.,
1984). In the present study, an inverse correlation (r=-0.81;P<0.05 for coho salmon, r=-0.85;P<0.05 for
rainbow trout) was observed between dietary P (or Ca) levels and Fe availability among diets containing
animal ingredients.

Apparent availability of copper

Apparent availability of copper (Cu) showed large fluctuations from week to week in both coho
salmon and rainbow trout (Table 17). In coho salmon, large fluctuations from day to day were also

noted, which could mask statistical difference between weeks. Net absorption of Cu (ug Cu/g BW/day)
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was significantly correlated to intake (Table 21). Coho salmon apparently absorbed more Cu from

most diets than did rainbow trout, which may reflect a difference between these two fishes in dietary
requirements or ability to utilize dietary Cu. Davis and Mertz (1987) remarked that there was a large
difference between true and apparent absorption of Cu because the intestines excrete as well as absorb Cu.
Greger and Snedecor (1980) noted that urinary excretion of Cu in humans is relatively small compared to
that from the biliary system.  This suggests that the apparent absorption of Cu will be high when its
dietary level is low, and vice versa. This pattern; i.e., the negative correlation between dietary Cu levels
and its apparent availability, was observed only for coho salmon fed diets containing ingredients from
animal sources (r=-0.92, P<0.01).

Apparent availability of manganese

Apparent availability (net absorption) of manganese (Mn) was found to be quite low in all
ingredients except for wheat gluten meal and the basal diet (Table 18). Unlike many other elements, net
absorption of Mn (ug Mn/g BW/day) was not increased by the amount of intake (Table 21). Many test
ingredients showed negative availability or absorption values, meaning that the ingredients reduced
absorption of inorganic Mn supplied from the basal diet portion within the test diet or inhibited
re-absorption of endogenous Mn secreted into the gut (mainly via bile), yet overall balance of Mn
remained positive in all dietary treatments.  This result agrees with the observation of Dabrowski and
Schwartz (1986) who noted that there was no significant apparent absorption of Mn in carp digestive tract.
Sandstrom et al. (1986) reported negative values for net absorption of Mn, Zn and Fe in human subjects.
Sandstrom (1992) reviewed the percentage absorption of Mn in human studies, which was most often
below 10%.

The main excretory route of Mn is bile and the incomplete enterohepatic circulation
(Papavasiliou et al., 1966). In higher animals, absorbed Mn is almost totally excreted via the duodenum
and jejunum (Bertinchamps et al., 1966), and very little is excreted in the urine even when injected or
added to the diet (Hurley and Keen, 1987).  This indicates that fecal Mn includes a significant portion of
endogenous Mn in addition to the unabsorbed dietary Mn, and apparent availability values may not
approximate the true availability but instead may indicate the balance of this element.

Ca and P have been shown to interact with Mn to reduce its availability. Wilgus and Patton
(1939) and Schaible and Bandemer (1942) reported that excessive Ca from bone meal or Caz(POa)2
would precipitate MnSOs in the lower gut of the chicken, rendering the Mn unavailable to the chick and
creating a perotic condition. Davidsson et al. (1991) noted in a human study that Mn absorption was
significantly affected by dietary Ca. Excess dietary P may be more antagonistic to Mn than is excess Ca
in chickens (Wedekind and Baker, 1990a,b). Dietary tri-calcium phosphate reduced availability of Mn
and Zn in carp (Satoh et al., 1992). Satoh et al. (1991) also demonstrated the low availability of Mn in
whitefish meal to rainbow trout.  In the present study, net absorption of Mn in diets containing animal



46
sources were inversely correlated to dietary Ca and P but the correlation was not statistically significant.

Among diets containing plant sources, net absorption of Mn was inversely correlated to dietary P (not
significant). The negative availability of Mn in many feed ingredients could be due to some antagonistic
substances other than Ca and P in animal and plant ingredients. Phytate has only a slight inhibitory
effect on Mn absorption in humans (Bales et al., 1987). The present study indicates that feed ingredients
could lower absorption of Mn by inhibiting absorption of available (inorganic) Mn and/or by inducing its
endogenous loss. Net absorption of Mn (ug/g diet) was well below the dietary requirement of this
element except for the basal diet and wheat gluten diet, which indicates not only the low availability of
Mn in feed ingredients but their interference with absorption of inorganic Mn in the diets. The long
term effect and the biological adaptation to different intake levels were beyond the scope of this study;
however, the present results provide an evidence of lower (or negative) availability of Mn in feed
ingredients relative to that of inorganic sources in the casein basal diet.

Apparent availability of strontium

Apparent availability of strontium (Sr) was higher in animal ingredients than in plant ingredients
(Table 19). The contents of Srin plant ingredients were, however, negligible. Net absorption of Sr
determined with coho salmon showed large fluctuations among days (Table 19). In a study with
humans, absorption of Sr was shown to fluctuate greatly between subjects as well as between weeks
(Reynolds and Smith, 1994; Sips et al., 1995).  Sr absorption via the intestine ranges from 5 to 25% in
various mammalian species (Nielsen, 1986), which agrees with the observation in the present study with
fish. Apparent availability of strontium in test ingredients was similar to that of calcium in both coho
salmon and rainbow trout.

Apparent availability of zinc

Apparent availability of zinc (Zn) was significantly lower for rainbow trout than for coho salmon,
especially that from fish meals (Table 20). This confirms the results of Satoh et al. (1987a) who
reported growth depression, bone malformation and cataract incident in trout fed a whitefish meal-based
diet. High bone content in diets has been shown to reduce Zn availability in rainbow trout (Ketola,
1979) and Atlantic salmon (Shearer et al., 1992). Hardy and Shearer (1985) and Satoh et al. (1987b,
1993) reported that the bioavailability of Zn was reduced by dietary tri-calcium phosphate in rainbow
trout. Dietary P has been shown to decrease absorption of Zn in rats (Heth et al., 1966) and in rainbow
trout (Porn-Ngam et al., 1993). In the present study, menhaden meal whose Ca and P levels were the
highest among test ingredients showed the lowest Zn availability among animal ingredients.

In contrast to the animal ingredients, the availability of Zn from plant sources was generally
lower than animal sources despite the lower content of Ca and P in those plant ingredients.  Spinelli et al.
(1983) and Richardson et al. (1985) demonstrated the detrimental effect of phytate on Zn absorption in
rainbow trout and chinook salmon, respectively. In mammals, phytate and Ca have been shown to have
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inhibitory effects on Zn absorption (Saltman et al., 1984; Smith and Rotruck, 1988; Gibson, 1994).

Dietary phytate affects not only the bioavailability of dietary Zn but also the reabsorption of endogenous
Zn and thus has a net effect on Zn homeostasis (Oberleas, 1983).

Body homeostasis of Zn is regulated by excretion rather than by absorption (Sandstrom, 1988).
The main route of Zn excretion in man is via intestinal mucosal cells (Hambidge et al., 1986).
Endogenous excretion increases as the dietary Zn intake is increased in mice (Cotzias et al., 1962), in rats
(Kirchgessner and Weigand, 1983), and in humans (Jackson et al., 1984; Turnlund et al., 1986). Urinary
Zn losses are not affected by dietary Zn in rats (Weigand and Kirchgessner, 1980). These observations
in animal species suggest that the dietary level of Zn or the amount of intake should be inversely
correlated to the net absorption (availability) of Zn. The present study indicated that dietary Zn levels
have an insignificant but inverse correlation with net absorption (%) of Zn in both coho salmon and
rainbow trout; however, the absolute amount of intake (ug Zn/g BW/day) showed insignificant but
positive correlations with its availability (%) in most dietary treatments. Consequently, intake was
highly correlated to the amount of absorption (Table 21), which is similar to the behavior of protein,
electrolytes and major minerals but in contrast to Ca, Fe and Mn.  Net absorption of Zn in most dietary
treatments ranged between 60 and 100ug Zn per g diet, which is approximately 4 to 7 times higher than
the dietary requirements of the fish. To maintain homeostasis for this element in the body, most of the
(net) absorbed Zn must be excreted either via urine or gills or body surface. Hardy et al. (1987)
demonstrated the role of gills in rainbow trout for the excretion of Zn, using radiolabelled ¢°Zn
administered via feeds. This suggests that excess Zn absorbed from the intestine is excreted via gills in
fish rather than excreted back into the intestine as in terrestrial mammals.

Turnlund and King (1983) remarked on the significance of carry-over excretion of Zn from
previous intake. Apparent availability of Zn in some test diets was significantly different between
weeks (previous dietary regime) in the study with coho salmon.  The difference was, however, primarily
due to the small deviation within weeks. Negative values of apparent availability and large deviations
were mainly due to the low content of Zn in the ingredients as discussed previously.

CONCLUSION

The net absorption of nutrients (P, Mg, K, Na, Cu, Fe, Zn) between coho salmon and rainbow
trout fed the same test diets was significantly different. This might be attributed to differences in
absorption of dietary nutrients or differences in nutrient requirements between these two species; however,
since genetic-environmental interactions are known to influence fish performance and given that the
rearing conditions were not identical between coho salmon and rainbow trout, differences in nutrient
absorption could be the result of fish cultural conditions, e.g. frequency of feeding, composition of diets,

water temperature and water quality.
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Apparent availability (%) indicates fractional net absorption of nutrients from test diets or

ingredients. The value does not account for any variation of the dietary intake of nutrients (ug/g
BW/day) resulting from either different dietary concentrations or from different feeding rates. Fecal
excretion of a nutrient is affected not only by nutrient digestibility plus the endogenous loss (apparent
digestibility or availability) but also by nutrient intake. Nutrient intake is a function of nutrient
concentrations in diets and the amount of feed ingested. The latter variable normally has less influence
on nutrient absorption and retention since feed intake directly correlates to growth. Management of
fecal excretion of nutrients must, therefore, be approached from two different ways: (1) selection of
highly digestible or available sources; and (2) selection of feed sources of marginal nutrient content (not
excess). Fecal excretion of Ca, Fe and Mn was affected more by intake than by availability; absorption
of these elements was regulated. Unlike other elements, increasing the intake of Ca, Fe and Mn did not
increase net absorption (ug/g BW) of these elements.  Both intake and availability, however, appear to
be important for protein, Cu, K, Mg, Na, P and Zn in terms of reducing their excretion via feces.

To determine the total amount of nutrient excretion into water, excretion of the nutrient via the
urine and the gills, in addition to the amount of nutrient excreted in the feces, must be measured.
Measurement of non-fecal excretion was beyond the scope of the present study; however, certain
nutrients absorbed at levels higher than the requirement were evidently excreted via the urine and/or gills.
Consequently, reducing dietary input of “available” nutrients to the minimum required level will be
necessary to reduce total excretion (fecal and non-fecal) of nutrients into aquaculture effluents.



Table 7. Composition of the basal diet.
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Ingredients %
Caseint 44.8
Gelatin? 10.0
Dextrin3 12.0
Carboxymethyl cellulose 1.0
Alpha-cellulose 4.6
Mineral mixture* 3.3
Vitamin mixture® 2.0
Amino acid mixture® 4.1
Ascorbic acid’ 0.2
Choline chloride (70%, liquid) 1.0
Herring oil 17.0
Trace mineral solution® (40.0)

L Vitamin free (904520; ICN Biomedicals, Inc., Cleveland, OH).
2 Type B from bovine skin, 225 bloom (G-9382; Sigma Chemical Co., St. Louis, MO).

3 Type IV from potato (D-4894; Sigma).

4 Supplied the following per kg dry diet: KCI, 15 g; CaHPOQ4, 12 g; MgO, 3 g; NaCl, 3 g.
5> Supplied the following per kg dry diet: thiamin mononitrate, 62 mg; riboflavin, 71 mg; niacin, 294 mg;

calcium pantothenate, 153 mg; pyridoxine hydrochloride, 50 mg; folic acid, 22 mg; vitamin By, 0.08

mg; d-biotin, 0.8 mg; myoinositol, 176 mg; retinol acetate, 8818 IU; vitamin D3, 588 mg; a.-tocopherol
acetate, 670 mg; menadione sodium bisulfite complex, 37 mg.

6 Supplied the following per kg dry diet: L-methionine, 4 g; L-arginine, 10 g; L-histidine, 2 g; L-lysine,
10 g; L-phenylalanine, 5 g; L-threonine, 10 g.
" Type F-90, Coated ascorbic acid (Takeda U.S.A. INC., Orangeburg, NY).

8 Supplied the following per kg dry diet: KI, 1.9 mg; MnSO4-H,0, 75.8 mg; ZnSO4-7H,0, 132.0 mg;
NazSe0Os, 0.88 mg; CoClsz-6H,0, 4.0 mg; CuSO4-5H,0, 11.8 mg; FeSO4-7H20, 298.5 mg.

Table 8. Composition of the test ingredients (dry basis).

CP2 Ash K Na Ca P Mg Cu Fe Mn Zn Sr

(%) () () (%) (%) (%) (%) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g)
Herring meal 736 9.05 070 057 274 205 020 439 153 31 146 457
Anchovy meal 73.7 1656 1.07 135 471 290 035 632 308 7.8 130 66.7
Menhaden meal 677 20.25 1.04 069 635 343 029 254 934 704 164 837
De-boned meal 782 912 052 057 293 169 022 179 219 108 130 157.0
Poultry-BP meal 81.0 12.04 181 082 254 217 0.22 368 198 tr. 119 56.8
Feather meal 773 481 025 053 129 0.75 0.08 19.10 768 74.8 252 505
Soybean meal 532 794 250 tr. 042 076 042 1700 363 504 69 195
Wheat gluten 85.0 0.77 0.27 tr. 012 018 004 58 59 258 57 33
Corn gluten 723 068 0.24 tr. tr. 055 0.06 11.70 174 tr. 24 tr.
Wheat middling 205 4.79 133 tr. 015 117 060 9.92 126 1680 122 74
Wheat flour 155 100 0.48 tr. 0.03 032 014 250 27 216 13 14
Casein basal diet 586 4.00 0.74 041 050 074 023 493 98 349 123 34

L Values are the average of duplicate determinations.

2 Crude protein (Kjeldahl N x 6.25).



Table 9. Apparent digestibility of dry matter in feed ingredients determined with coho salmon and

rainbow trout.
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Coho salmon Rainbow trout

Digest/diet! Digest/Ing? Digest/diet! Digest/Ing?

(%) (%) (%) (%)
Herring meal 85.8 a 97.6 a 85.3 ab 89.2 abc
Anchovy meal 83.4 b* 894 b 84.9 ab 87.7ch
Menhaden meal 8l4c 826 ¢ 82.3c 78.6d
Deboned meal 83.7b 90.6 b 86.2 a 92.6 ab
Poultry-BP meal  85.1a 955a 86.0 a 91.6 ab
Feather meal 81.3¢c 821c 83.7¢ch 838¢c
Soybean meal 79.2d 74.7d 80.2d 712¢
Wheat gluten 86.3 a 994 a 86.9 a 94.7 a
Corn gluten 83.0b 88.0b 84.9 ab 87.7ch
Wheat middling 69.0e 38.3e 729¢ 450 f
Wheat flour 68.8 e 375¢e 723¢€ 430f
Casein basal diet 81.0c 83.7 ¢cb

! Apparent availability (%) in test diets (measured); n=3 in coho salmon, n=5 in rainbow trout.
with asterisks are significantly different between weeks (P<0.05; in coho salmon study only).
2 Apparent availability (%) in test ingredients (estimated). Values in each column having the same letter
are not significantly different (P>0.05).

Values

Table 10. Apparent digestibility of protein in feed ingredients determined with coho salmon and rainbow

trout.
Coho salmon Rainbow trout

Digest/diet! Digest/Ing? Digest/diet! Digest/Ing?

(%) (%) (%) (%)
Herring meal 96.6 c* 94.7 bc 96.6 bc 94.6 ab
Anchovy meal 955 e* 914c 96.2 bc 93.7 ab
Menhaden meal 945f 87.7d 95.0c 89.8 bc
Deboned meal 96.7 c* 95.1b 97.2 ab 96.7 ab
Poultry-BP meal ~ 96.4 cd* 94.2 bc 96.9 abc 95.9 ab
Feather meal 91.3 g* 79.7¢€ 93.4d 859c
Soybean meal 96.4 cd 93.0 be 95.5 be 90.1 bc
Wheat gluten 98.4 a* 99.6 a 98.6 a 100.0 a
Corn gluten 95.7 de 91.9 bc 97.4 ab 97.3 ab
Wheat middling 96.2 cd* 86.3d 96.7 bc 90.7 bc
Wheat flour 97.7 b* 98.3a 97.7 ab 100.0 a
Casein basal diet ~ 97.6 b* 97.6 ab

12 See footnotes in Table 9.
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Table 11. Apparent availability of calcium in feed ingredients determined with coho salmon and

rainbow trout.

Coho salmon Rainbow trout
Abs®  Avail/diet? Avail/Ing® Abs®  Avail/diet? Avail/Ing®
(ug/g) (%) (%) (ng/g) (%) (%)

Herring meal 2533 220c 130D 1492 139cd 19a
Anchovy meal 4038 23.7c* 188D 5452 31.8ab 29.3 a
Menhaden meal 3699 17.1¢c 121D 4348 20.2 bc 16.0a
Deboned meal 2077 175c* 6.8b 2879 23.9bc 16.4a
Poultry-BP meal 3684 34.2b 30.1b 3684 34.9ab 31.8a
Feather meal 2930 40.2b 38.2b 2506 35.1ab 29.3 a
Soybean meal 744 15.7c 0 (20.8)b 114 0.8d 0(1.1)a
Wheat gluten 2041 526a 100 (48.1)a 1743 446a 79.2a
Corn gluten 631 18.1c* ---- (19.4) 170 4.4d ---- (6.0)
Wheat middling 162 4.0d* 0 (4.5)c 142  49d 0 (5.4)b
Wheat flour 1581 43.1ab 74.0 ab 1242 32.7 ab 0(33.5b
Casein basal diet 2108 42.4 ab* 2063 41.3a

! Net absorption (ug/g test diets, dry basis) (measured); n=3 in coho salmon, n=5 in rainbow trout.

2 Apparent availability (%) in test diets (measured); n=3 in coho salmon, n=>5 in rainbow trout.

Values

with asterisks are significantly different between weeks (P<0.05; in coho salmon study only).

3 Apparent availability (%) in test ingredients (estimated).
letter are not significantly different (P>0.05).

Values in each column having the same
When apparent availability values of the test

ingredients were negative or higher than 100%, apparent availability values of the basal diet portion

within the test diets were re-calculated (shown in parentheses) assuming that the availability from the
test ingredients were either 0 or 100%.

Table 12. Apparent availability of phosphorus in feed ingredients determined with coho salmon and

rainbow trout.

Coho salmon Rainbow trout
Abs!  Avail/diet? Avail/Ing? Abs®  Avail/diet? Avail/Ing?
(no/g) (%) (%) (no/g) (%) (%)
Herring meal 8212 73.1d 57.3 bc 7026 63.1d 44.4 bed
Anchovy meal 8755 64.4¢e* 474 cd 8675 63.7d 50.4 bc
Menhaden meal 8764 58.2f 404d 8044 534e 36.5cd
Deboned meal 7462 73.9d* 548 ¢ 6779 66.7d 46.8 bc
Poultry-BP meal 9011 785¢c 67.7 ab 8377 732¢c 63.5 ab
Feather meal 6423 86.5hb 754 a 5784 77.9 bc 61.7 abc
Soybean meal 5456 73.0d 28.4 ¢ 5026 66.5d 22.0 de
Wheat gluten 5094 88.0 ab 56.9 bc 4848 83.7a 74.7 a
Corn gluten 5066 73.9 d* 158 f 4631 67.2d 85e
Wheat middling 6199 72.1d 41.0d 6296 734c 55.3 abc
Wheat flour 5313 85.1hb 50.1cd 4957 79.1b 47.0 bc
Casein basal diet 6748 91.0 a* 6268 84.5a

1-3 See footnotes of Table 11.



Table 13. Apparent availability of magnesium in feed ingredients determined with coho salmon and

rainbow trout.

Coho salmon Rainbow trout
Abs!  Avail/diet? Avail/Ing® Abs!  Avail/diet? Avail/Ing®
(ng/g) () (%) (ng/g) (%) (%)

Herring meal 1877 854¢c 66.7 c 1744 79.7 de 49.8 bc
Anchovy meal 2092 79.7 d* 59.5¢ 1968 74.9 ef 49.5 bc
Menhaden meal 1846 75.3e 42.0d 1696 69.0¢g 26.4 ¢
Deboned meal 1883 836¢C 60.9 ¢ 1878 83.3cd 63.8 bc
Poultry-BP meal 1965 87.0c 735¢ 1861 82.8 cd 62.5 bc
Feather meal 1615 879c 57.1c 1589 86.7 bc 58.6 bc
Soybean meal 2384 845¢c 738¢c 2094 741 ef 51.3 bc
Wheat gluten 1644 95.7a 100 (95.4)a 1642 95.7a 100 (95.4)a
Corn gluten 1552 87.1c 355d 1323 740 ef 0 (81.5)d
Wheat middling 2489 755e 59.0c 2372 71.7fg 53.0 bc
Wheat flour 1857 91.2b 86.9b 1798 885hb 79.2b
Casein basal diet 2091 92.3 b* 2052 90.8 b

1-3 See footnotes of Table 11.

Table 14. Apparent availability of potassium in feed ingredients determined with coho salmon and

rainbow trout.

Coho salmon Rainbow trout
Abs!  Avail/diet? Avail/Ing? Abs!  Avail/diet? Avail/Ing®
(no/g) (%) (%) (no/g) (%) (%)

Herring meal 7071 96.8 ab 97.3a 7226 99.0 abc 99.0 ab
Anchovy meal 8117 97.1ab 979a 8306 99.4 ab 99.9a
Menhaden meal 7984 96.5ab 96.2a 8169 98.8 abc 98.3 ab
Deboned meal 6589 96.9 ab 979a 6730 99.0 abc 99.0 ab
Poultry-BP meal 10242 979a 99.2 a 10404 995a 99.9 a
Feather meal 5760 95.9 bc 90.8 ab 5928 98.8 abc 96.9b
Soybean meal 12033 97.2ab 97.6a 12251 99.0 abc 98.9 ab
Wheat gluten 5894 97.0 ab 100.0 (96.6)a 6005 98.9 abc 98.2 ab
Corn gluten 5753 95.9 bc 90.7 ab 5903 98.4c 94.0¢c
Wheat middling 8600 94.7 cd 92.1a 8954 98.7 bc 98.2 ab
Wheat flour 6297 94.0d 835b 6598 985¢c 96.5b
Casein basal diet 7179 96.6 ab 7355 99.0 abc

1-3 See footnotes of Table 11.
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Table 15. Apparent availability of sodium in feed ingredients determined with coho salmon and rainbow

trout.
Coho salmon Rainbow trout
Abs!  Avail/diet? Avail/Ing® Abs!  Avail/diet? Avail/Ing®

(ng/g) () (%) (ng/g) (%) (%)
Herring meal 3892 85.2ab 928 a 3885 85.0a 81.6 a
Anchovy meal 5965 87.7 ab* 929a 6066 88.9 a 90.3a
Menhaden meal 4046 82.3 bc* 84.4a 3999 8l1.3ab 729a
Deboned meal 3642 80.0 bc 785 a 4137 90.8a 98.0 a
Poultry-BP meal 4537 86.0ab 924a 4583 86.9a 86.7 a
Feather meal 3340 75.1cd 64.1b 3503 78.9 ab 63.5b
Soybean meal 1136 418 f* ---- (46.5) 1519 56.6 ¢ ---- (60.1)
Wheat gluten 2279 915a* 2285 91.8a
Corn gluten 1093 46.6 ef ---- (57.4) 1246 53.3¢c ---- (62.8)
Wheat middling 1168 514e ---- (62.7) 1483 63.7 bc - (72.2)
Wheat flour 1734 69.3d* ---- (74.1) 1873 749ab ---- (78.8)
Casein basal diet 3331 80.9 bc* 3572 87.0a

1-3 See footnotes of Table 11.

Table 16. Apparent availability of iron in feed ingredients determined with coho salmon and rainbow
trout.

Coho salmon Rainbow trout
Abs!  Avail/diet? Avail/Ing? Abs!  Avail/diet? Avail/Ing®
(nofg) (%) (%) (nofg) (%) (%)

Herring meal 310 272c 8.7 bc 141 131c 0(21.5)b
Anchovy meal 26.7 16.9 de* 0 (38.3)bc 243 16.3c 0 (36.8)b
Menhaden meal 194 58¢g 0 (27.6)bc 153 52c¢ 0 (24.8)b
Deboned meal 125 95fg 0(17.8)c 13.2 102c 0 (19.2)b
Poultry-BP meal 349 27.7c* 13.4b 262 2llc 0 (38.0)b
Feather meal 1499 51.1a 549 a 1469 51.0a 52.7 a
Soybean meal 39.2 227cd 11.4 be 29.2 16.8¢c 0(41.1)b
Wheat gluten 385 44.4b 66.1 a 39.4 46.0ab 484 a
Corn gluten 16.7 14.0 ef* 0 (23.9)bc 97 85¢c 0 (14.5)b
Wheat middling 28.1 26.5c* 1.5 bc 19.8 188c¢c 0 (28.3)b
Wheat flour 236 30.2c* 0 (33.4)d 270 36.2b 0 (40.1)b
Casein basal diet 38.3 39.1b* 43.1 454 ab

1-3 See footnotes of Table 11.
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Table 17. Apparent availability of copper in feed ingredients determined with coho salmon and rainbow

trout.
Coho salmon Rainbow trout
Abs!  Avail/diet? Avail/Ing® Abs!  Avail/diet? Avail/Ing®
(ng/g) () (%) (ng/g) (%) (%)

Herring meal 3.65 76.4 bcd 63.0 bc 3.09 64.7 bc 25.0b
Anchovy meal 421 79.0 bed* 74.4 abc 3.55 66.6 bc 42.1ab
Menhaden meal 3.51 82.7 abc* 89.0 ab 236 555¢c 0 (66.9)c
Deboned meal 3.11 76.7 bed 437 ¢ 223 55.7¢c 0 (63.6)d
Poultry-BP meal 3.69 80.5abcd 77.4 abc 3.00 65.3bc 182D
Feather meal 540 59.7 e* 46.0c 533 589c 46.1 ab
Soybean meal 749 90.0a 96.4 ab 6.83 822a 84.3a
Wheat gluten 421 809abcd*  79.8abc 415 80.0a 8l5a
Corn gluten 507 73.8cd 65.8 bc 503 729ab 66.1 ab
Wheat middling 463 73.1d 62.5 bc 401 61.8hbc 39.5ab
Wheat flour 3.64 85.6ab 100 (82.7)a 327 769a 64.6 ab
Casein basal diet 4,01 81.4abcd 389 79.3a

1-3 See footnotes of Table 11.

Table 18. Apparent availability of manganese in feed ingredients determined with coho salmon and

rainbow trout.

Coho salmon Rainbow trout
Abs!  Avail/diet? Avail/Ing? Abs!  Avail/diet? Avail/Ing®
(nofg) (%) (%) (nofg) (%) (%)

Herring meal 19 7.7d 0(7.9 08 4.2d 0(4.3)
Anchovy meal 27 9.9cd* 0(10.8) 45 165d 0(18.0)
Menhaden meal 24 53d 0(9.6) 26 59d 0 (10.6)
Deboned meal 19 6.6d 0(7.4) 28 10.2d 0(11.5)
Poultry-BP meal 33 134cd ---- (14.5) 16 85d - (9.7
Feather meal 94 202cd 0(37.9) 87 211d 0 (39.6)
Soybean meal 88 222cd 0(34.8) 6.4 165d 0 (25.8)
Wheat gluten 170 52.6 a* 95.2+126 21.7 67.7a 100 (58.3)
Corn gluten 25 99cd ---- (10.1) 26 104d ---- (10.5)
Wheat middling 36 51d 0(14.5) 8.1 11.4d 0(32.9)
Wheat flour 78 250¢ 0 (31.0) 114 377c 0 (46.8)
Casein basal diet 139 399b 183 53.7b

1-3 See footnotes of Table 11.



Table 19. Apparent availability of strontium in feed ingredients determined with coho salmon and

rainbow trout.

Coho salmon Rainbow trout
Abs!  Avail/diet? Avail/Ing® Abs!  Avail/diet? Avail/Ing®
(nofg) (%) (%) (nofg) (%) (%)

Herring meal 197 125¢c 10.8 bc 183 12.7e 78¢c
Anchovy meal 322 150c 14.1 bc 5.78 26.6 bcde 24.9 bc
Menhaden meal 329 125c 11.5 bc 4.28 16.4 de 14.0 bc
Deboned meal 8.74 186¢c 18.5 bc 17.61 37.2abc 37.0 bc
Poultry-BP meal 510 27.4bc 28.3 bc 6.39 35.3 abcd 34.6 bc
Feather meal 6.50 38.0ab 406 b 7.88 47.1ab 48.2 ab
Soybean meal -0.34 -4.2d 0(-139)c -068 -11.0f 0 (-36.0)d
Wheat gluten 143 429a 96.2 a 165 490a 70.7 a
Corn gluten -0.67 -276¢e ---- (-27.5) -0.92 -39.4¢ ---- (-39.3)
Wheat middling -091 -204¢e 0(-379d -048 -10.2f 0 (-18.9)e
Wheat flour 057 20.0c 8.2 bc 0.68 23.2cde 0 (26.9)e
Casein basal diet 0.77 219c 1.37 40.5 abc

1-3 See footnotes of Table 11.

Table 20. Apparent availability of zinc in feed ingredients determined with coho salmon and rainbow

trout.
Coho salmon Rainbow trout
Abs!  Avail/diet? Avail/Ing? Abs!  Avail/diet? Avail/Ing®
(nofg) (%) (%) (nofg) (%) (%)

Herring meal 96.6 74.4b* 62.0 b 69.3 54.4 bc 30D
Anchovy meal 91.2 729b* 55.1 bc 76.1 61.0b 17.2b
Menhaden meal 83.1 6l16¢ 26.0 bc 614 46.2c 0 (70.6)b
Deboned meal 91.3 73.0b* 54.9 bc 66.5 53.3 bc 0 (77.5)b
Poultry-BP meal 941 77.2b 68.8 b 743 618b 157D
Feather meal 100.8 62.8¢c 41.7 be 957 604b 37.7b
Soybean meal 646 60.0c 0 (73.1)d 66.9 63.8b 0 (77.8)b
Wheat gluten 928 89.3a* 100 (87.2)a 85.8 82.8a 100.0 a
Corn gluten 61.2 64.6c¢c* 0 (69.6)e 50.3 52.6 bc 0 (56.7)c
Wheat middling 76.6 62.5c* 15.7¢ 61.3 50.0c 0 (69.3)b
Wheat flour 70.7 76.7 b* 0 (79.8) 704 77.1a 165D
Casein basal diet 99.0 80.5b* 97.3 79.6a

1-3 See footnotes of Table 11.
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Table 21. Overall correlation between intake, availability, absorption and excretion of dietary nutrients.*

CP Ca P Mg K Na Cu Fe Mn Zn
Intake? vs Avail®  -0.21* -0.12 -0.52* -0.37* 0.18* 0.49* -0.22* -0.16* -0.08 0.13

Intake vs Abs.* 1.00* 0.66* 0.94* 0.97* 1.00* 0.98* 0.89* 0.45* 0.24* 0.91*
Intake vs Exc.® 0.67* 0.96* 0.87* 0.79* 0.38* 0.40* 0.75* 0.92* 0.91* 0.66*
Awail. vs Exc. -0.84* -0.32* -0.81* -0.83* -0.79* -0.50* -0.77* -0.47* -0.42* -0.63*

1 Coho salmon study only.  Intake range of each nutrient (ug/g BW/day, n=168-174); Ca (13.2-337.8),
P (19.7-269.3), Mg (5.8-53.1), K (20.7-178.9), Na (8.5-134.7), Cu (0.02-0.12), Fe (0.3-4.2), Mn
(0.11-1.16), Zn (0.35-2.47) and CP or crude protein (0.22-1.25% of BW/day). = Values with asterisks
are statistically significant (P<0.05).

2 Dietary intake (% of BW/day for protein and ug/g BW/day for minerals).

3 Apparent availability (%).

4 Net absorption (% of BW/day for protein and ug/g BW/day for minerals).

5 Fecal excretion (% of BW/day for protein and ug/g BW/day for minerals).
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