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high consumption, growth rate and tissue n-3 FA levels
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digestion efficiency, increased with environmental

temperature (Chapter 2). In addition, a drop in growth

rate coincident with decreased tissue n-3 FA levels
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ENERGY UTILIZATION BY YOUNG GRASS CARP
FED DIFFERENT DIETS

INTRODUCTION

Grass carp (Ctenopharyngodon idella Val.) are now

cultured world-wide as either food fish or an aquatic weed

control agent. Compared to fish of similar size, grass

carp, under optimal conditions, exhibit an intrinsic

growth rate perhaps greater than any other species. The

maximum growth at a minimal cost is desirable either for

attaining stocking size in weed control or for achieving

marketable size for human consumption. However, growth of

grass carp is greatly affected by food quantity and

quality (Shireman and Smith, 1983).

As regards effects of food quality on growth of

grass carp, most investigations have emphasized the

effects of different natural foods or plant foods

(Blackburn and Sutton, 1971; Shireman et al., 1978, 1983;

Van Duke and Sutton, 1977). Growth of grass carp was

usually related to protein type in the diets (Fischer,

1970, 1972, 1973), dietary protein levels (Dabrowski,

1977; Dabrowski and Kozak, 1979; Lin et al., 1980),

softness or mineral contents in the diets (Tan, 1970).

For commercial production of grass carp, however,

formulated feed is commonly used. The frequently used

commercial diet is catfish feed, which usually contains

low amounts of n-3 fatty acids (FA). In my first
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experiment, I found a variety of aquatic macrophytes, the

natural food for grass carp, were rich in linolenic acid.

Since dietary lipids function not only as an energy source

but also a source of essential fatty acids (EFA) (Cowey

and Sargent, 1979; Watanabe, 1982), which are required by

fish for maximal growth and freedom from certain

pathologies, the question immediately rises as to how

differences in dietary lipids affect growth of this

species. Moreover, it was reported that flesh of grass

carp fed marine fish meal contained 22:6n-3 as high as 24-

32% of total lipids (Shimma and Shimma, 1969, cited from

Shireman and Smith, 1983). Evidence from my first

experiment also indicated grass carp readily elongated and

desaturated dietary linolenic acid into n-3 long chain

polyunsaturated fatty acids (PUFA). The current evidence

qualifies the n-3 PUFAs as "essential" nutrients for

maintenance of human health and inclusion of more fish

containing n-3 PUFAs in Western diet has been recommended

by many scientists (Simopoulos, 1986). The capacity of

grass carp to produce n-3 PUFAs from dietary linolenic

acid offers a promising avenue for enhancement of n-3 PUFA

in fish flesh. Thus, this research emphasized the

investigation of effects of dietary lipid sources and

levels on growth of grass carp.

Growth, being an outcome of the integrated activities

of the whole organism, ultimately depends upon the quality
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and quantity of available food, the physiological state of

the animal, and energy required for maintenance and

behavior. Like any other organized system, animals cannot

convert input energy (food) to output (growth) with one

hundred percent efficiency. Only after all other

metabolic demands have been met, is the remaining energy

and materials from food intake available for growth. Any

factor influencing the other metabolic demands will

inevitably affect growth of the animal. This is the

viewpoint of external control over the growth process and

is favored by most workers involved in the study of fish

growth (Jobling, 1985).

Fish growth studies which follow the bioenergetic

approach facilitate understanding of how environmental

factors affect growth through influences on food

consumption and utilization (Warren, 1971). The

bioenergetic approach is not new and has its deep roots in

the history of biology. In his Bioenercretics and Growth,

Brody (1945) provided a broad foundation for such studies.

Study of fish bioenergetics has a fairly active, but

relatively brief history. One of the first ecologists to

utilize energy budgets of individual organisms was Ivlev

(1945, 1961). Following Ivlev's pioneering work, Winberg

(1956) established the basis for experimental studies in

fish energetics with the publication of his monograph,

Rate of Metabolism and Food Requirements of Fishes. His
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ultimate aim was to develop a scientific approach for fish

culture and management. In the ensuing years, there have

been numerous attempts to compile energy budgets for

particular fish species or at least to relate

quantitatively and reliably some of the factors in the

energy equation (Brafield, 1985). However, bioenergetic

studies have largely been theoretical or applied to

natural populations. The extent of knowledge and

practical utilization of energetic approaches to

aquaculture is far behind those in farming of poultry and

ruminants (Knights, 1985). Indeed, the bioenergetic

approach may benefit fish farming by making rapid

predictions of growth effects for certain diet

formulations (Knights,1985).

Most fish bioenergetic studies have concentrated on

carnivores, especially salmonid fish. Herbivorous fish

are undoubtedly the most important species of food fish in

world aquaculture and yet have received far less attention

in bioenergetic studies than the carnivores (Brett and

Groves, 1979). Since herbivory is a relatively uncommon

feeding strategy in fish, energetics of grass carp is of

general scientific interest. Therefore, this study

followed the bioenergetic approach.

This research consists of three experiments. In the

first experiment, food consumption, digestion and growth

of fingerling diploid grass carp fed different aquatic
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plants or a commercial catfish feed were compared and the

effects of dietary FA composition on fish muscle FA

composition were examined.

Future use of sterile triploid grass carp in weed

control was suggested to limit impacts of expanding grass

carp populations on native fish and wildlife (Shireman et

al., 1983). In light of this, effects of the diets used

in the first experiment on consumption, digestion, growth,

and fish tissue FA composition of triploid juvenile grass

carp were determined in the second experiment. The

temperature effects on the above parameters were also

examined.

In the final experiment, each component of the energy

budget of diploid juvenile grass carp fed formulated

isoprotein diets with varied lipid levels or an aquatic

plant was determined separately. Dietary FA composition,

fish tissue FA composition and growth performance of grass

carp fed formulated diets with varied lipid sources were

compared to examine the influences of dietary lipid on

energy utilization.
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CHAPTER 1

Effects of Diet on Consumption,

Growth and Fatty Acid Composition

in Young Grass Carp

Zhengwei Cai and Lawrence R. Curtis

Oak Creek Laboratory of Biology,

Department of Fisheries and Wildlife,

Oregon State University, Corvallis, OR 97331, USA.

Oregon State University Agriculture Experimental Station

Technical Paper No. 8378
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Abstract

Fingerling and juvenile grass carp (Ctenopharyngodon

idella) were fed elodea (Elodea densa), coontail

(Ceratophyllum demersum), eurasian water milfoil

(Myriophyllum sp.) or a commercial catfish feed at 26°C or

20°C, respectively. Diet significantly affected

consumption, digestion, growth and muscular fatty acid

composition of grass carp. Fingerling grass carp fed

Elodea at 26°C consumed a ration (wet weight) higher than

their body weight with a digestion efficiency around 50%

and achieved excellent growth. Fish fed other diets in

this study grew more slowly and their growth rates were

positively related to the daily intake of protein. Grass

carp readily elongated and desaturated dietary linolenic

acid into long chain polyunsaturated fatty acids. Dorsal

muscle lipids from fish fed Elodea at 26°C contained 35%

n-3 fatty acids and n-3 fatty acid content in Elodea- fed

fish was 7- or 4-fold higher than in those fed catfish

feed at 26oC or 20°C, respectively. Among the plant-fed

fish, muscle docosahexaenoic (22:6n-3) levels were very

similar at 26°C while linolenic and eicosapentaenoic

(20:5n-3) acid levels varied. Grass carp selectively

deposited dietary n-6 fatty acids in their muscle. Total

n-6 fatty acid levels in all groups of fish were very

similar at 26°C or 20°C regardless of the great

differences in linoleic level among the experimental
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diets. The ratio of saturates to unsaturates in grass

carp muscle fell in a narrow range (0.31-0.36)

irrespective of large differences in this ratio among the

diets (0.27-0.66).
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Introduction

Grass carp (Ctenopharyngodon idella) are now commonly

cultured in many countries for their use as either aquatic

weed control agents or edible fish. With regard to

nutritional requirements of grass carp, protein demand

has been extensively studied. Some authors reported that

small grass carp must consume animal protein in order to

achieve a high growth rate (Dabrowski 1977; Dabrowski and

Kozak 1979; Fischer and Lyakhnovich 1973), while others

(Shireman et al. 1978) found that inclusion of a high

quality roughage such as duckweed (Lemna), in

supplemental diets for grass carp improved growth rate of

the fish. Few studies, however, have related growth

response of grass carp to the dietary fatty acid

composition. Since essential fatty acids (EFAs) improved

growth, feed conversion and survival of various fish

species (Watanabe, 1982), study of fatty acid (FA)

requirements is an indispensable aspect of nutritional

research on grass carp. The conventional way to estimate

FA requirements of fish is to feed fish with diets having

a combination of different families of FAs at various

levels. Before conducting such studies, collecting

information on fatty acid composition of fish may provide

insight into their dietary fatty acid requirements

(Castell, 1979).

At present, commercial catfish feed is used for
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commercial production of grass carp in North America.

Typically, catfish feeds are comprised of vegetable

proteins that contain relatively low amounts of n-3 FA.

The natural foods for grass carp, however, are aquatic

plants, most of which usually contain large amount of

linolenic type (n-3) fatty acids (Ackman 1982). Effects

of dietary fatty acids on body FA composition is well

established (Watanabe 1982). Shifts in diet composition

for grass carp may induce important modifications in FA

composition of fish flesh.

The present study was designed to estimate food

consumption and growth of grass carp fed different aquatic

macrophytes and a commercial diet. The relationships

between general aspects of bioenergetics, dietary

composition and muscle fatty acid composition of the fish

were also examined.
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Methods

Grass carp of about 2 g body weight, which were

randomly sampled from a rearing pond, were donated by

Osage Catfisheries (Osage Beach, MO). After arrival at

Oak Creek Laboratory of Biology, Oregon State University,

they were held in a 1 M diameter circular tank with

waterflow of approximately 1 1/min. and fed commercial

catfish feed (CF, 32% protein, Floating Catfish Food, MFA

Incorperated, Columbia, MO) once daily for a one-month

acclimation period. Water temperature was maintained at

25°C. Three weeks before the initiation of an experiment,

fish were transfered to 54-1 aquaria with aerated

waterflow of 200 ml/min. and acclimated to the

experimental conditions with an 11 hr light and 13 hr dark

photoperiod. Fish were fed CF ad libitum. Dissolved

oxygen and pH in water were monitored weekly.

The first experiment was conducted at 26°C for 52

days. Eight fish (with mean weight + SE of 3.55 + 0.08g)

were held in each of eight aquaria. One of four

experimental diets was randomly assigned to fish in an

aquarium and each treatment was duplicated. At the

initiation and the end of the experiment, total length and

body weight of individual fish were measured to nearest 1

mm and 0.01 g, respectively. Calculation of consumption

and growth was based on the average body weight of the

fish in each aquarium.
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Three aquatic plants, elodea (Elodea densa) (EL),

eurasian water milfoil (Myriophvllum se.) (WM) and

coontail (Ceratophyllum demersum) (CT), were selected as

representatives of common aquatic macrophytes. Fresh

plants were collected from Devils Lake, Oregon and held in

a 1000-1 tank with stream waterflow. Catfish feed (CF)

was used as a control diet. The ad libitum ration for

those fed CF was a little different from that for plant-

fed fish. The proximate estimation of ration size of the

CF-fed fish was achieved in the acclimation period, when'

fish were fed excessive feed. During the feeding trial,

the amount of feed fed to fish each day was 20% more than

they consumed in the two previous days. If they consumed

this ration in each of two consequent days, 20% more feed

was added to their daily ration. If they couldn't, their

daily ration was reduced to the level of the two previous

days. Before feeding, fresh aquatic plants were washed

first with warm water and then cold water to remove

adherent sediments and encrusting organisms and then

blotted and weighed. Uneaten food and feces in each

aquarium were collected before the fresh food was put into

each aquarium. The uneaten plants were also washed,

blotted and weighed to calculate food consumption. The

weight difference between the food fed and recovered was

considered to be consumed by fish. The uneaten CF was

collected by either netting (when feed was still intact
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and floating on the water surface) or siphon (separating

as much from the feces as possible). The collected

uneaten CF was dried and weighed. A factor of 0.7 was

used to calculate the uneaten food from the recovered CF

weight for nutrient leaching correction. This factor was

obtained from a nutrient leaching test, in which the dry

weight differences of feed samples (n=6) before and after

soaking in water for 24 hours were considered as leaching

loss. Feces collected by siphon were dried at 70°C for 96

hr and used to measure crude fibre by the methods

described below.

A similar feeding trial was conducted at 20°C for 42

days to examine dietary effects on fish muscle FA

composition at a lower temperature. Five fish with a mean

weight + SE of 19.71 + 2.32g were held in each of the four

aquaria and fed one of the four expermental diets ad

libitum.

Moisture, fat and ash in each diet were measured by

AOAC (1980) methods. Protein and crude fibre in each diet

and feces were measured by the Bradford method (1976) and

the Buddington method (1979, 1980), respectively. The

energy contents in the diets were measured by a Parr

Oxygen Calorimeter ( Moline, Illinois). Using crude fiber

as an indicator, digestion efficiency was calculated as

follows:

Digestion efficiency of dry matter (%) =
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100 -100* (% of crude fiber in dry diet)
(% of crude fiber in dry feces).

The proximate composition of experimental diets is shown

in Table 1-1.

Fresh plants (3 g per sample) and catfish feed (1 g)

as well as fish dorsal muscle (1 g) samples before and

after the experiment were taken for fatty acid composition

analysis. Tissue and dietary lipids were extracted by

the method of Foich et al. (1957) and the methyl esters

prepared with boron fluoride-methanol (Morrison and Smith

1964). The prepared plant fatty acid methyl esters were

purified by silica thin layer chromatograph ( Silica gel

IB, from J.T. Baker Chemical Co., Phillipsburg, N.J.).

Tissue and dietary fatty acid compositions were analysed

by a HP 5710A gas chromatograph equipped with a hydrogen

flame detector. A 1/4 inch glass column packed with 5%

DEGS on 100-120 mesh Supelcoport was used. Column

temperature was programmed starting from 160°C for the

first 8 min, increasing to 190°C with a step of 4°C/min.

and then holding at 190°C for 32 min. The flow rate of

nitrogen was maintained at 30 ml/min. Injection port and

detector temperatures were 250°C. Readings for each

sample were the average of two runs. Identification of

fatty acid methyl esters was accomplished through

comparision with standard mixtures of known methyl esters

(68A, Nu Chek Prep, Elysiam, MN. and PUFA2, Supelco,

Bellefonte, PA). Each fatty acid methyl ester was
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quantitated with a HP 3380A digital integrator.

One-way ANOVA was used to test the effect of diets on

growth rate, digestion efficiency and FA levels in fish

muscle. The T-method was used to compare each mean of

growth rate and digestion efficiency and the GT2-method

was used to compare levels of individual FA in fish fed

different diets (Sokal and Rohlf, 1981). The significance

level was set at p<0.05.
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Results

Consumption, digestion and growth

The results for consumption, growth rate and

digestion efficiency of grass carp fed different diets at

26°C were shown in Table 1-2. Fingerling grass carp

consumed only leaves of the plants fed. Food type had

significant effects on consumption, digestion and growth

rate of fingerling grass carp. Instantaneous growth rate

was 2.3, 5.0 and 7.4-fold higher in fingerlings fed EL as

compared to the respective CF, CT and WM rations. Much

higher consumption of EL than other diets (on both a wet

and dry weight basis) explained part of these differences.

Significantly higher digestion efficiency in fish fed EL

as compared to that in fish fed other plants also

contributed to these differences.

Instantaneous growth rates were positively related to

protein intake calculated from proximate composition of

the experimental diets and consumption data. Figure 1-1

shows the regression of growth rate on protein intake at

26°C. The correlation coefficient is 0.98 (p<0.01) and

the regression equation is

Y= 0.0965 +0.0872X,

where X is mg of protein intake per gram of body weight

per day, and Y is growth rate % per day. This result

indicated that certain kinds of plant protein met the

growth requirements for fingerling grass carp and animal
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protein was not a prerequisite for fast growth. If proper

plant protein supply was not limited, high growth rate was

achieved.

Dietary effects on fatty acid composition of fish

The fatty acid compositions of the experimental diets

and the dorsal muscle of fish fed those diets at 26°C and

20°C were listed in Tables 1-3, 1-4, and 1-5,

respectively. As expected, dietary FA composition greatly

affected that of fish. Significantly higher levels of 18:1

and 18:2n-6 in CF-fed fish muscle at 26°C apparently

resulted from their abundance in the diet. The

considerably higher level of linolenic acid in the three

aquatic plants resulted in not only the generally high

level of 18:3n-3 but also the higher levels of long chain

n-3 FA (20:5n-3, 22:5n-3 and 22:6n-3) in muscle of aquatic

plant-fed fish. The total n-3 FA in fish fed EL were 7 or

4-fold higher than that in fish fed CF at 26°C and 20°C

respectively. This indicated dietary linolenic acid had

been extensively elongated and desaturated into long chain

n-3 polyunsaturates in grass carp.

Although linolenic acid levels in CT and WM were

close to or even higher than in EL, fish fed CT and WM

had levels of 18:3n-3, 20:5n-3 and total n-3 FA

significantly lower than those fed EL at 26°C. However,

22:5n-3 or 22:6n73 levels in these fish were very similar
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to those in EL-fed fish (Table 1-4). Regardless of the

great differences in 18:2n-6 levels in the diets, which

was almost the only exogenous source of n-6 FA for these

fish, the total n-6 FA level in fish fed CF, CT or WM at

26°C was very similar (around 30%). Although the total n-

6 FA level in fish fed EL at 26°C was significantly lower

than that in fish fed CF, it was not significantly

different from the initial level in fish fed CF before the

experiment (see Table 1-4). No significant differences in

total n-6 FA level for fish fed any experimental diet at

20°C were found. These results suggested that the lower

total n-6 FA level in fish fed EL at 26°C was due to the

shortage of 18:2n-6 in diet, not from the influence of

high level of n-3 FAs in the diet. Furthermore, total n-6

FA in muscle of grass carp fed EL, CT, or WM was

significantly higher than their respective dietary source

at either 20°C or 26°C and levels of individual long chain

n-6 FA (namely, 20:2n-6, 20:3n-6 and 20:4n-6) were very

similar in all fish. The arachidonic acid (20:4n-6) level

in fish fed CT or WM was even higher than that in fish fed

CF which is rich in linoleate. This was an indication

that grass carp selectively deposited dietary n-6 FA in

fish tissues and that the elongation and desaturation of

linoleic acid appeared not, or at least not seriously,

affected by the presence of high levels of linolenic acid

in diets. Irrespective of large differences in the ratio
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of saturates to unsaturates (S/U) among diets (0.27 to

0.66), this ratio fell in a narrow range of 0.33 to 0.36

at 26°C and of 0.31 to 0.36 at 20°C.
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Discussion

The published data for daily ration of grass carp

vary greatly. When consumption rate is expressed as

percentage of body weight, reports range from above 100%

(Shireman and Smith, 1983) to as low as 1% (Shireman et

al., 1983). Several factors beside fish body size, which

is a major factor, can lead to such variation. The

preference of individual authors for a wet or dry weight

basis for calculating consumption rate (which is

frequently not mentioned) may result in great variations

in the reported values and difficulties in comparing data.

Thus, we list consumption rates on the basis of both wet

and dry weight.

Our results demonstrate a marked effect of food type

on consumption and generally agree with the conclusion of

Shireman et al. (1978; 1983). They attribute differences

in consumption rate within a size group to protein

content of the diet. It is interesting to note that

protein intake (as percentage of body weight) for fish fed

EL in our first experiment (2.75%) is very close to that

(2.4%) for the similar sized fish (2.8g) fed duckweed at

similar temperature (25°C) (Shireman et al., 1978),

regardless of the large difference in protein content of

duckweed and EL (31% VS 22%). This suggests food

consumption of grass carp might be regulated to meet a

protein intake requirement.
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Herbivorous fish generally have a low digestion

efficiency when fed natural diets as compared to

carnivorous fish (Brett and Groves 1979). As

fundamentally herbivorous fish, grass carp take a "low

efficiency-high volume" energetic strategy when fed plants

(Wiley and Wike 1986). Hickling (1966) reports a

digestion efficiency for grass carp around 50% of dry

matter. Our results on digestion efficiency (Table 1-2)

for those fed EL is close to that value, but is lower than

the value (58%) reported by Stanley (1974) for grass carp

fed the same plant. Fish fed CF have higher digestion

efficiency (67%-68%). Obviously, prepared diets

facilitated digestion. Among plant-fed fish, digestion

efficiency varies greatly. This is contrary to the report

from Wiley and Wike (1986) who found plant type was the

least important in explaining variation in digestion

efficiency of diploid, hybrid and triploid grass carp.

Our ANOVA on digestion efficiency indicates most variation

in digestion efficiency comes from food type. At 26°C,

fish fed EL had 2.5-fold higher digestion efficiency than

those fed other plants (Table 1-2). This difference

cannot be explained by dietary cellulose as proposed by

Fischer and Lyakhnovich (1973).

Fischer and Lyakhnovich (1973) conclude that growth

rate of grass carp depends first and foremost on the diet.

Our results conform to this conclusion. At 26°C, fish fed
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EL have a growth rate of 2.5% per day. This is

significantly higher than for fish fed other diets and

higher than most reported growth rates (Table 1-6). The

interesting thing is that grass carp, even small

fingerlings, can maintain growth rate when consuming only

plant food. This result disagrees with Fischer and

Lyakhnovich's (1973) conclusion that it is impossible for

grass carp to achieve high growth rate when they fed only

plants.

Our conclusion that growth rates in fingerling grass

carp were positively related to the daily intake of

protein agrees with those of Dabrowski (1977) and Lin et

al. (1980). Relating growth to protein intake appears

more reasonable than to protein content in the diet. Fish

fed CF, which had higher protein content than EL, grew

more slowly than those fed EL. Low protein intake

resulted from lower consumption rate in fish fed CF.

Generally we can conclude that food type affects both

consumption and digestion of grass carp and thus affects

their growth.

Long chain polyunsaturates, a unique character of

fish oil, are derived from both direct dietary sources and

chain elongation and desaturation by fish (Stansby, 1986).

In the current study, dietary sources of long chain n-3

polyunsaturated FA are limited in the experimental diets.

Dietary linolenic acid must be the major origin of long
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chain n-3 FA found in grass carp. Fairly high levels of

long chain n-3 FAs found in grass carp flesh in this study

indicate this species can extensively elongate and further

desaturate linolenic acid. Low consumption and subsequent

insufficient intake of 18:3n-3 for fish fed CT or WM at

26°C may explain why 18:3n-3 and total n-3 levels are

lower than in those fed EL, although CT or WM has 18:3n-3

or total n-3 content similar to EL (see Tables 1-3 and 1-

4). Based on consumption and dietary composition data,

daily lipid intake can be calculated as 31, 8.7 and 4.1 mg

per fish for fish fed EL, CT or WM respectively. The

total amount of ingested linolenic acid was much less in

CT- or WM-fed fish than in EL-fed fish and linolenic acid

available for desaturation and elongation was limited in

these fish. Limited dietary supply of linolenic acid in

CF also explains the low level of long chain n-3 FA found

in grass carp fed CF. Supprisingly, however, 22:5n-3 and

22:6n-3 levels in CT- or WM- fed fish were close to those

in EL-fed fish irrespective of their limited 18:3n-3 from

food intake. This indicates elongation and desaturation

of linolenic acid to 22-carbon FAs are of priority in

metabolism of n-3 FA in grass carp, although physiological

and ecological significance of such an ability is unknown.

The current evidence qualifies the long chain n-3 FAs as

"essential" nutrients for maintenance of human health and

enrichment of n-3 polyunsaturated FA in fish flesh is
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encouraged (Simopoulos 1986). Results from the present

study suggest in addition to phytoplankton, aquatic

macrophytes might also be potential dietary sources for

enhancement of long chain n-3 polyunsaturated FA in

certain species of fish.

A fairly uniform level of saturates (23%-24%) was

maintained in rainbow trout and coho salmon fed diets

containing varied levels of saturated fats (Yu and

Sinnhuber, 1981; Reinitz and Yu, 1981). These authors

concluded that certain highly saturated fats (such as beef

tallow) could be used as an energy source to partially

substitute for fish oil in fish feed once EFA requirements

of the fish are met. The narrow range of S/U ratio in

grass carp muscle (0.31 to 0.36) regardless of this ratio

in respective diet (0.27 to 0.66) reported here is a

phenomenon similar to that found in rainbow trout and coho

salmon. This suggests grass carp "normalize" their tissue

S/U ratio and more saturated fats might be potential

energy sources in the commercial fish feed for this

species.



Thble1-1.Prrodmate chemical composition of the experimental diets (%).*

Diet
Percent
Dry Matter

Composition of dry matter

Protein Lipids Ash Fibre Othera Energy
Kcal/g

Elcdea
whole 8.80+0.29 15.80+0.35 8.43 ±0.95 20.09+0.75 25.45+0.75 30.23

leaf 10.65+0.73 22.80+0.59 7.66+0.43 18.34+0.37 23.92+0.84 27.28 3.61+0.06

Coontail
whole 7.81+0.26 12.40+2.50 5.69+0.06 14.00+0.40 26.80+2.20 41.09

leaf 8.06±0.43 16.70+0.50 5.67+0.43 14.07+0.36 23.98+0.50 39.58 3.56+0.12

Watermilfoil
whole 13.02 ±1.71 9.41+0.88 4.13+0.27 17.60+2.12 22.27+0.98 46.59

leaf 12.05+1.72 6.51+0.25 4.93+0.20 14.17+0.12 20.15+0.15 54.24 4.27+0.06

Catfishb
feed

89.16+0.10 33.27 ±0.16 3.49±0.42 9.42+0.70 7.94+0.06 45.88 4.38+0.06

* Results are mean ± SE of duplicate samples unless indicated elsewhere. Analytical methods are described in the text.

a "Other" represents nitrogen-free extract and was calculated by subtraction.

b Sample size for dry matter and protein measurements was 3 and that for lipid measurement was 6. Protein measurement

was achieved through Kjedahl method by the Plant Analysis Laboratory, Department of Horticulture, Oregon State

University.



Table 1-2. Consumption and growth rate of grass carp at 26'C (Mean ± SE)*

Instantaneous Food Consumption Protein Food conversion Digestion Protein EfficiencyGrowth Rate (% of initial body intake rate (g of food efficiency ratio (g Dw gainDiet (% per day) weight per day) (% of intial per g of body (% of dry matter) per g of protein
body weight weight gain) consumed
per day

Wet Food Dry Food Wet Food Dry Food

CF 1.09+0.21 3.41+0.42 3.04+0.38a 1.00+0.12a 2.39+0.30 2.13+0.27a 68.41+1.79 1.14+0.18a

EL 2.50+0.03 107.41+1.22 11.44+0.13 2.74+0.03 20.95+0.71 2.23+0.08a 46.13+1.27 1.97+0.07a,b

CT 0.50+0.02a 53.47+3.54 4.31+0.29 0.72+0.05a 95.66+10.03 7.71+0.80b 18.66+3.13a 0.78+0.08

WM 0.34+0.03a 19.59+1.30 2.36+0.16a 0.15+0.01 52.26+1.59 6.30+0.19b 18.50+0.18a 2.44+0.07b

* Each Mean ± SE value was calculated from the group averages of each of the duplicate aquaria.
CF = catfish feed; EL = Elodea; CT = coontail; and WM = watermilfoil.

a,b,c Within each column, values bearing the same letter are not significantly different.
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Table1-3. Fatty acid composition of the experimental diets (Mean ± SE, % of total

lipid weight).

Diet Catfish Feed Elodea Coontail Watermilfoil

Sample Size 6 3 3 3

Fatty Acid

14 : 0 1.01+0.07 1.74+0.68 0.85+0.06 1.17+0.06

16 : 0* 20.77+0.51a 34.36+6.05a 18.45+0.59a 18.41+0.27a

16 : 1* 4.56+0.63a 3.48+0.08a 3.09+0.41a 2.74+0.13a

16 : 2 0.31+0.04 0.18+0.11 1.96+0.05 0.91+0.05

18 : 0* 4.03+0.52a 3.53+0.74a 2.00+0.03a 2.33+0.12a

18 : ln-9* 29.89+0.54 3.80+1.03a 2.23+0.04a 3.08+0.08a

18 : 2n-6* 34.29+0.15 11.22+1.22a 21.90+2.49a 17.55+0.96a

18 : 3n-3* 2.12+0.15 36.84+7.00a 43.41+1.55a 44.13+0.88a

20 : ln-9 0.15+0.10 --- ---

20 : 2n-6 0.81+0.08 0.65+0.10--- ---

20 : 4n-6 0.30+0.03 0.64+0.37 0.72+0.26---

22 : 0 3.42+1.77 1.55+0.97---

20 : 5n-3* 0.67+0.21afb 0.37+0.03a 1.91+0.201° 1.81+0.11afb

22 : 6n-3 0.51+0.16 --- 0.89+0.07---

Total n-3* 3.24+0.22 38.21+6.31a 45.32+1.74a 46.87+0.86a

Tbtal n-6* 34.58+0.39 11.22+1.22a 22.93+2.31b 19.09+1.00a/1°

S/U** 0.35 0.66 0.27 0.28

* Significance test for differences between treatments has been carried out.

** Ratio of saturates to unsaturates, calculated from the mean values in the list.

a,b Within each raw, values bearing the same letter are not significantly different.
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Table 1-4J/21=1e fatty acid composition of fingerling grass carp fed various
diets at 26'C (Mean ± SE, t of total lipid weight).

Diet fed to Catfish feed
fish before

experiment

Catfish feed Elodea Coontail Wetermilftoil
after

experiment

Number of
Samples

Fatty acid

4 3 3 2

14 : 0 1.89+0.05 1.52+0.08 0.79+0.17 1.82+0.53 1.08+0.19

14 : 1 0.25+0.08 0.17+0.09 0.33+0.05 0.47+0.07 0.14+0.14

16 : 0* 20.00+0.17 19.98+0.17a 17.50+0.47a 17.49+0.47a 18.41+0.52a

16 : 1* 7.89+0.45 6.60+0.26 2.60+0.20a 2.25+0.07a 2.17+0.12a

18 : 0* 4.15+0.25 4.41+0.07 6.33+0.35 7.02+0.12 6.96+0.08

18 : ln-9* 31.52+1.21 27.25+0.59 8.32+1.68a 10.58+0.80a 15.53+0.25a

18 : 2n-6* 15.57+0.38 17.30+0.81 10.17+0.38a 10.88+0.04a 11.76+0.24a

18 : 3n-3* 1.00+0.25 1.58+0.18 18.87+0.48 7.31+0.08 3.41+0.76

20 : ln-9 1.02+0.04 0.90+0.05 0.99+0.25

Unknown 0.67+0.23 0.82+0.12 0.74+0.20 0.95+0.20 1.74+0.45

20 : 2n-6 0.81+0.02 0.83+0.05 0.98+0.06 1.19+0.05 1.85+0.34

Unknown 0.68+0.23 0.91+0.13 0.82+0.05 1.40+0.30 2.00+0.70

20 : 3n-6 1.75+0.16 2.00+0.14 1.70+0.09 2.26+0.20 2.43+0.50

20 : 4n-6* 4.70+0.56 6.95+0.84a,b6.51+0.21a 11.70+0.45b 9.85+1.54a,b

20 : 5n-3* 0.54+0.08 0.47+0.03 5.58+0.32 3.89+0.53a 2.80+0.41a

22 : 4n-6 0.39+0.07 0.61+0.09 0.49+0.04 1.05+0.02 1.23+0.46

22 : 5n-6 1.88+0.22 3.31+0.41 1.57+0.11 4.60+0.06 3.28+0.10

22 : 5n-3* 0.33+0.04 0.17+0.13 2.45+0.12a 2.06+0.29a 1.59+0.18a

22 : 6n-3* 2.04+0.33 2.39+0.23 8.25+0.67a 8.30+0.65a 7.63+0.65a

Total n-3* 3.89+0.23 4.71+0.32 35.16+1.47 21.56+1.39a 15.43+0.69a

Total n-6* 25.12+0.93a 31.00+1.22b 21.43+0.45a 31.68+0.69b 30.39+1.10b

S/U** 0.35 0.35 0.33 0.36 0.36

*Significance test for differences between treatznents has been carried out.
Fish samples before experiment were not included except for total n-6 FA.

**Ratio of saturates to uradaturates, calculated from the mean values in the
table.

a,bWithin each tested row, values bearing the same letter are not significantly
different.
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Table 1-5. Muscle fatty acid copposition for juvenile grass carp fed
various diets at 20'C (% of total lipid weight)*

Diet fed to fish Catfish Feed Elodea Cocrtail

Fatty Acid

14 : 0 2.20+0.01 1.49+0.24 2.29+2.15

14 : 1 0.61+0.01 1.09+0.24 1.99+1.34

16 : 0** 20.22+0.82a 19.61+0.72a 16.93+1.538

16 : 1** 8.23+0.49a 5.48+0.38b 6.18+0.17a,b

16 : 2 0.73+0.07 1.21+0.11 0.92+0.09

18 : 0** 3.93+0.04a 4.99+0.10a 4.27+0.408

18 : 1n-9** 27.41+0.94a 19.15+1.38a 22.27+2.958

18 : 2n-6** 14.85+0.75a 11.63+1.62a 14.87+1.878

18 : 3n-3** 1.41+0.13a 7.16+1.70a 4.25+0.59a

20 : ln-9 1.14+0.04 0.56+0.08 1.28+0.37

Unknown 1.00+0.11 0.35+0.18 0.85+0.63

20 : 2n-6 0.96+0.04 0.71+0.14 1.09+0.34

Unknown 1.00+0.05 0.61+0.03 0.69+0.16

20 : 3n-6 2.08+0.03 1.75+0.16 1.89+0.35

20 : 4n-6** 6.50+0.79a 6.56+0.82a 6.53+1.62a

22 : 5n-3** 0.51+0.16a 2.86+0.568 1.41+0.53a

22 : 4n-6 0.47+0.14 0.75+0.05 0.70+0.19

22 : 5n-6 2.97+0.41 2.57+0.57 2.58+0.81

22 : 5n-3** 0.62+0.02 1.64+0.028 1.44+0.118

22 : 6n-3** 2.43+0.14a 7.74+0.01 4.15+0.91a

Total n-3** 4.97+0.418 19.40+2.28 11.25+2.138

Total n-6** 28.39+1.988 23.97+0.128 28.28+1.908

S/U*** 0.36 0.35 0.31

* Results are mean + SEM for duplicate samples. The feeding trial for
fish fed Watermilfoil lasted for only 27 days due to lack of feed.
Thus the results for those fish are not included-

** Sianificance test for differences between treatments has been carried
out.

*** The ratio of saturatess to unsaturates, calculated from the mean values
in the table.

a,b Within each tested row, values bearing the same letter are not
significantly different.
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Table 1-6. Summary of published values of instantaneous
growth rate for grass carp.*

Reference Average
initial BW
of fish (g)

Food Experimantal
temperature

(°C)

GR
(% per day

Tan (1970) 336.6 Hydrilla NR 1.06
290.0 Napier NR 1.00
311.3 Tapioca leaves NR 0.49

Shireman 34.7 Duck weed 25.4 1.74
et al., 34.7 Purina catfish chow 25.4 0.90

34.7 Catfish chow plus
ryegrass 25.4 0.90

34.7 Ryegrass 25.4 0.64
2.8 Catfish chow 25.4 1.83
2.8 Catfish chow plus

ryegrass 25.4 1.83
2.8 Ryegrass 25.4 0.64

Dabrowski 0.4 Prepared food** with 22-24 0.54-1.71
and Kozak
(1979)

various fat and protein
contents

Huisman and 48.2-49.9 Trout food***
Valentijn at various ration 27 -0.4-3.5
(1981)

Shireman et 45.1 Duckweed 14-24 0.24
47.4 Hydrilla 14-24 0.48
43.1 Chara 14-24 0.36
43.1 Filamentous algae 14-24 0.19

Mao et al. 5.87 Prepared food 29 1.89-3.1
(1985) (mean: 2.47)

7.15 Prepared food 23.6 1.41-1.50
(mean: 1.46)

MGbenks and 58 Catfish food 22.5-25.3 1.04
Lovell (1986) 61 Catfish food plus

low alfalfa
22.5-25.3 1.51

56 Catfish food plus
kigh alfalfa

22.5-25.3 1.29

GR= instantaneous growth rate, NR= not reported. Some of the GR
values are recalculated from the original data in the published
paper.

** Fish meal and soybean meal were used as the main source of protein
*** Pelleted mixture of trout food (Trouw & Co., Putten, The

Netherlands) and wheat flour.
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Figure 1-1. Relationship between daily protein
intake and the instantaneous growth rate of grass
carp at 26°C. Each point represents the mean of
eight fish. The linear regression was significant
(correlation coefficient r= 0.98).
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Abstract

Consumption, growth and tissue fatty acid composition

of juvenile triploid grass carp fed different aquatic

plants or a commercial catfish feed (CF) were determined

at 20°C. Highest consumption and growth rates and n-3

fatty acid (especially 18:3n-3) levels in muscle occured

in grass carp fed the aquatic plant, Elodea.

Fish fed Elodea for 42 days and then fed CF for 33

more days at 14.4°C, 18.8°C or 24.4°C were also studied.

Growth rate and food consumption, but not digestion

efficiency, increased with environmental temperature.

When Elodea-fed fish were subsequently fed CF, growth

rates and feed conversion efficiency (FCE) were maintained

for first 23 days and dropped suddenly in the last ten

days at all temperatures. Declines in growth rate and

FCE was coincident with decreased n-3 fatty acids in

muscle and liver. This coincidence suggested 18:3n-3 has

important roles in their growth.

At 14.4°C and 18.8°C, increased monoene and decreased

triene in muscle and liver fatty acid composition without

an altered degree of unsaturation were observed in Elodea-

fed fish. When these fish were subsequently fed CF, an

increased degree of unsaturation at low temperature, which

primarily resulted from decreased 16:0 and increased 16:1,

was found.
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Introduction

Introduction of grass carp (Ctenopharvngodon idella)

for biological aquatic weed control was deemed successful

in the mid-western and southeast United States (Mitzner

1978; Shiremen and Maceina 1981; Shiremen 1984). Concerns

over impacts of expanding grass carp populations on native

fish and wildlife indicated future use of sterile triploid

grass carp was advisable. (Shiremen et al. 1983). Because

the effectiveness of aquatic weed control by grass carp

largely depends upon the stocking rate (Lawrence 1973;

Colle et al. 1978; Shiremen 1984), food preference,

consumption and growth of triploid grass carp must be

considered. Studies with diploid grass carp indicated

food consumption and digestion efficiency varied greatly

with food type (Shiremen et al. 1978; 1983) and

temperature (Wiley and Wike 1986). Realistically, the

potential of grass carp to control aquatic weeds in a

geographic region should be considered in the context of

local problem plants under regional physical conditions.

In a previous study, we found muscle from diploid

grass carp fed Elodea was rich in n-3 fatty acids (FAs)

(Cai and Curtis, Chapter 1), which are thought to have

benefits in the prevention and treatment of a number of

major human ailments including cardiovascular diseases,

cancer and autoimmune processes (Simopoulos 1986). Thus,

grass carp may not only be used as a weed control agent,
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but also as a good source of n-3 FAs for human

consumption. Furthermore, neither the ability of triploid

grass carp to incoporate and further elongate and

desaturate linolenic acid from plant foods nor the effects

of temperature on these processes is known.

The present study was designed to compare food

consumption and growth rate of triploid grass carp fed a

commercial catfish feed (CF) or common aquatic

macrophytes. The effects of low temperature, a common

character of temperate lakes, on these parameters were

examined. The relationship between dietary FA

composition, temperature and FA composition of fish was

also determined.
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Materials and methods

Ploidy-certified triploid grass carp of about 40-gram

body weight were donated by Osage Catfisheries (Osage

Beach, MO. USA). After arrival in the laboratory, they

were held in a 1 M diameter circular tank with a well

water flow of approximately 1 L/min and fed a commercial

catfish feed (CF, 32% protein, Floating Catfish Food, MFA

Incorporated, Columbia, MO. USA) ad libitum once daily for

a three-week acclimation period. Water temperature was

maintained at 20°C. Three weeks before the initiation of

an experiment, fish were transfered to 54-L aquaria with

aerated well water flow of 200 mL/min and acclimated to

the experimental temperatures with a 12-hr light and 12-hr

dark photoperiod. Dissolved oxygen and pH of water were

monitored weekly.

The first experiment was conducted at 20°C for 42

days. Five thermally marked (Groves and Novotny, 1965)

fish with a mean weight+SEM of 45.76+2.70 g were held in

each of four aquaria and fed one of the four experimental

diets. At the initiation and the end of the experiment,

total length and body weight of individual fish were

measured to nearest 1 mm and 0.1 g respectively. While

calculation of instantaneous growth rate of fish was based

on individual marked fish, consumption was measured on the

total number of fish in each aquarium.

CF and three aquatic plants, elodea (Elodea densa)
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(EL), eurasian water milfoil (Mvriophyllum sp.) (WM) and

coontail (Ceratophvllum demersum) (CT), were used as the

experimental diets. The source of plant foods, feeding

procedures, and collection of uneaten food and feces were

the same as described in Chapter 1. The collected feces

were dried and used to measure cellulose by the methods

described below.

Proximate composition and gross energy content of the

experimental diets, and dietary FA composition were listed

in Chapter 1 (Tables 1-1 and 1-3). Fish tissue (muscle

and liver) FA composition was analysed as described in

Chapter 1. Crude fiber was used as an indicator for

calculation of digestion efficiency. Digestion efficiency

on ingested dry matter was calculated as:

1 - % of crude fiber in dry food
% of crude fiber in dry feces,

and digestion efficiency on energy intake was calculated

as:

1- % of crude fiber in dry food * energy content in feces
% of crude fiber in dry feces * energy content in food.

In the second experiment, six thermally marked fish

taken from the stock tank (with an overall mean weight+SE

of 80.67+3.18 g) were held in each of the three aquaria.

Temperatures in the three aquaria were maintained at 14.4,

18.8, and 24.4°C, respectively. Fish were first fed

Elodea ad libitum for 42 days and two fish from each

aquarium were sampled on the 33rd day after the initiation
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of the experiment for muscle and liver FA composition

measurement. The remaining fish were fed CF ad libitum

for 33 additional days. Body weight for each fish was

recorded every 10 or 11 days throughout the experiment.

The feeding procedure was the same as in the first

experiment and daily food consumption was recorded based

on the total number of fish in each aquarium. At the end

of the experiment, duplicate fish samples from each

aquarium were taken for FA composition analysis as

described above.

One-way ANOVA was used to test the effects of diet

or temperature on growth rate, digestion efficiency and

level of individual FA in fish tissues. The GT2-method

was used to compare levels of individual fatty acid in

fish fed different diets or at different temperatures

(Sokal and Rohlf, 1981). The significance level was set

at p<0.05.
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Results

Consumption, digestion and growth:

Results from the first experiment are shown in Table

2-1. Food type had significant effects on consumption,

digestion and instantaneous growth rate of juvenile

triploid grass carp at 20°C. While fish fed CT could not

maintain their body weight, fish fed EL grew almost three

times faster than those fed CF. Although EL fed fish had

a higher digestion efficiency based on dry matter as

compared to WM-fed fish, this difference was not

significant on an energy basis. Digestion efficiency of

CF-fed fish was significantly higher than that of fish fed

other diets, but they consumed less and grew slower than

EL-fed fish. Growth rate differences were primarily

explained by much higher consumption of EL than of other

diets.

Consumption and growth of triploid grass carp were

also significantly affected by temperature. In the second

experiment, consumption and growth rate of EL-fed fish

increased with temperature (Table 2-2). When temperature

increased from 14.4°C to 24.4°C, changes in growth and

consumption were almost the same (4 to 5 times).

Digestion efficiency was generally low in these EL-fed

fish. It was around 40% regardless of the experimental

temperature.

Change in diet from EL to CF affected consumption and
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growth of juvenile fish (Table 2-3). During the first 23

days after diet change, growth rate was either increased

or maintained as compared to that before the change at all

temperatures (Tables 2-2 and 2-3). High protein content

and ease for digestion provided by CF (Cai and Curtis,

Chapter 1) could explain the increased growth rate. In

the last ten days, growth rates at each temperature

dropped significantly (except that at 18.8°C, which

dropped earlier ), even though the consumption rates

remained unchanged or a little reduced. Assuming food

consumption of individual fish was in direct proportion of

body weight, feed conversion efficiency ( FCE, body weight

gain per gram of dry food consumed) was estimated. The

estimations of FCE for each temperature group at different

times are shown in Figure 2-1. FCE for the last ten days

at all temperatures was siginificantly reduced as compared

to that in the first 23 days after diet change from EL to

CF. Reduced growth rate and FCE at respective

temperatures were coincident with altered tissue FA

composition as described below.

Tissue fatty acid composition:

The levels of major individual FAs in muscle of fish

fed various diets, which were statistically different,

were summarized in Figure 2-2.

FA compositions of fish tissues were affected by both
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dietary FA sources and the ability of fish to selectively

modify the dietary FAs. The CF was higher in oleic (18:1)

and much lower in linolenic acid (18:3n-3) as compared to

aquatic plants (Cai and Curtis, Chapter 1). Muscle of CF-

fed fish had an 18:1 level about 1.5-fold higher and an

18:3n-3 level 10-fold lower than in EL-fed fish. Total n-

3 FAs in CT- or EL- fed fish were 2 to 2.5-fold more than

in CF-fed fish. Although eicosapentaenoic (20:5n-3) and

docosahexaenoic (22:6n-3) acid levels in EL- or CT-fed

fish were higher than in CF-fed fish, the differences

between CF-fed fish and CT- or EL-fed fish were not as

large as for 18:3n-3 and total n-3 FAs. This indicated

conversion of 18:3n-3 to 20:5n-3 and 22:6n-3 was not

extensive under our experimental conditions. Linoleic

(18:2n-6) acid levels in EL or CT were much lower than in

CF (Cai and Curtis, Chapter 1), but 18:2n-6 and total n-6

FA levels in fish muscle were fairly constant (around 12%

and 30% respectively) regardless of their different diets.

Palmatoleic acid (16:1) in CF was lower than or equal to

in other diets, but was significantly higher in CF-fed

fish than in plant-fed fish.

The sudden drop in growth rate and the corresponding

changes in fish muscle and liver FA composition that

occured after the diet change in the second experiment

suggested dietary linolenic acid might be an important

factor in growth of juvenile triploid grass carp. The FA
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composition of muscle and liver in fish fed EL for 32 days

was listed in Tables 2-4 and 2-5 respectively. In

either muscle or liver of EL-fed fish, 18:3n-3, 20:5n-3,

22:6n-3 and total n-3 FA levels were fairly high. During

that period and the next ten days (fish were still fed EL

ad libitum, but without quantitative records of

consumption) fish grew stably at respective temperatures.

After a change in diet to CF, as mentioned above, their

growth rates were maintained for the first 23 days and

dropped suddenly in the last 10 days. FCEs were also

reduced in the last ten days. Muscle and liver FA

compostion of the sample fish taken at that time (Tables

2-6 and 2-7) indicated that while 18:3n-3, 20:5n-3, 22:6n-

3 and total n-3 FAs in muscle declined, they were still

maintained at a certain level, while contents of these FAs

in liver were extremely reduced. This result suggested

that when dietary sources of linolenic acid were limited,

endogenous linolenic acid and its derivative FAs were

mobilized from liver to maintain growth. The decrease in

growth rate at respective temperature might have been due

to the exhaustion of n-3 FA stores in liver.

The general feature of tissue FA composition in EL-

fed fish at 14.4°C and 18.8°C was increased monoenes and

decreased trienes while the total proportion of

unsaturated FAs was not changed by temperature. At 14.4°C

and 18.8°C, 18:3n-3 levels in both muscle and liver were
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significantly reduced as compared to 24.4°C as were 22:6n-

3 and total n-3 levels in liver (Tables 2-4 and 2-5).

Total n-3 FAs in muscle also declined at lower

temperature, but not significantly. On the contrary, 16:1

levels in liver significantly increased at 14.4°C and

18.8°C. Contents of 16:1 in muscle and 18:1n-9 as well as

20:1n-9 in both liver and muscle increased at the lower

temperatures, though not significantly. The ratios of

unsaturated FAs to saturated FAs (U\S) in both muscle and

liver and the unsaturation index (U.I.) in muscle were

similar regardless of temperature. The U.I. in liver at

24.4°C was higher than at lower temperatures primarily due

to increased 18:3n-3 and 22:6n-3.

Since linolenic acid, the major triene, in fish

tissue was greatly reduced 33 days after the change of

diet, responses of triene to lower temperature were not

obvious when fish were fed CF. Similarly increased 16:1

in both muscle and liver at 14.4°C was observed after diet

change. Ratio of U\S in both muscle and liver of diet

changed-fish, but not U.I., generally increased with

decreased temperature. Decreased saturation (or increased

unsaturation) primarily resulted from reduced 16:0

proportion at lower temperatures.
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Discussion

Since grass carp were introduced into the U.S. as

biological weed control agents, their consumption,

digestion and growth have been frequently studied. These

are important parameters for predicting their usefulness

in plant control and in adjusting stocking strategies.

Previous studies indicated hybrid triploid grass carp were

less efficient than thermally or hydrostatically induced

triploid fish, which were equally or little less efficient

than diploid grass carp ( Shirema and Maceina 1981;

Shireman et .al. 1983; Cassani and Caton, 1986; Wiley and

Wike 1986). Our results on consumption and growth of EL-

fed fish were similar to those reported by Wiley and Wike

(1986) for lettuce-endive fed triploid fish of similar

size at similar temperatures (40% VS 45% body weight per

day). The instantaneous growth rate for fish in the

current study was a little higher than their reported

values (0.66-0.72% per day VS 0.52% per day).

Furthermore, consumption data from the current study were

well fitted to Wiley and Wike's equation for the

relationship between temperature and consumption. Based

on their equation of consumption for triploid grass carp,

C = -2.8591 + 1.19889 logeT

(where C is proportion of the rate at 25°C), the predicted

value of consumption at 14.4°C and 18.8°C should be 13.5%

and 26.6% body weight per day respectively (consumption at
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24.4°C was proximately viewed as at 25°C) while our

results were 11% and 25.2% body weight per day (Table 2-

2) .

Shireman et al. (1978, 1983) attributed different

consumption rates of grass carp within a size group to

protein content in diet ( e.g., low protein content food

increased consumption). In the current study, triploid

fish consumed 3-3.5 times more EL than CT, although

protein content in EL was higher than in CT (Cai and

Curtis, Chapter 1). It seemed consumption of grass carp

was not determined by protein content alone and other

factors like palatability were involved. The question of

how to measure and compare palatability remains a

challenging task.

Effects of food type on consumption also indicated

feeding of grass carp in the field was very selective.

Fischer and Lyakohnovich (1973) provided a long list of

well, moderately and poorly eaten plant food for grass

carp. In situations where grass carp have a number of

plants to choose from, selective feeding may result in

important consequences on the entire ecosystem. Fowler

and Robson (1978) reported that grass carp changed a

diverse plant community to one of a few unpalatable

species. Another important consideration is the effects

of food type on digestion efficiency. Reported values of

digestion efficiency for grass carp were variable. It
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ranged from 58% (Stanley, 1974) to less than 20% (Fischer

and Lyakohnovich,1973). Values reported by Wiley and Wike

(1986) for diploid and triploid fish were from 11% to 50%.

The differences in reported values of digestion efficiency

may have partially resulted from different methodology and

technique, but most probably reflected dietary effects.

In the present study, digestion efficiency of triploid

grass carp ranged from 13% to 68% (Table 2-1). Low

efficiency may have serious impacts on water quality.

Protein is generally acknowledged as a growth

limiting factor in herbivorous fish (Bowen, 1982). This

is of course true under many conditions. Thus, most

studies on growth and nutritional requirements of grass

carp concentrated on dietary protein content in terms of

both quality and quantity (Fischer and Lyakohnovich, 1973;

Dabrowski, 1977; Dabrowski and Kozak, 1979; Lin et al.,

1980; Mao et al., 1985). Poor growth was frequently

reported for commercial ration-fed grass carp (Shireman,

1978; Shelton, 1981). On the contrary, MGbenka and Lovell

(1986) reported the addition of 19% alfalfa meal and 3%

soybean oil to catfish diet formula greatly improved

growth of grass carp. Protein in their low-alfalfa diet

(27%) was lower than CF used here (32-35%). This

indicated growth of grass carp must be limited by factors

other than protein. A previous study (Cai and Curtis,

Chapter 1) indicated linolenic acid was important for
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rapid growth of diploid grass carp. The results from the

current study firmly supported this. Fish cannot

synthesize n-3 family FAs de novo (Castell, 1979) and must

obtain linolenic acid from their diet. When dietary

souces of linolenic acid were limited, fish mobilized

18:3n-3 and its derivatives from the liver to meet the

needs of growth. Once the stored sources of 18:3n-3 and

its derivatives were reduced to a certain point, growth

rate declined. This explained the coincidence of

decreased growth rate and n-3 FAs in tissues of triploid

grass carp after their diet was changed from EL to CF.

Although MGbenka and Lovell (1986) did not discuss the

reason for improved growth after alfalfa was added to CF,

it was reported (Katz and Keeney, 1960) that alfalfa

contained 18:3n-3 levels as high as 31% of its lipid

component. Thus, linolenic acid might be viewed as a

growth promotion factor in that study.

Poikilotherms commonly reduced the proportion of

saturated FAs and increased the proportion of unsaturated

FAs in response to reduced environmental temperature

(Hazel and Sellner 1980). The proposed mechanism for this

change was maintained membrane permeability and fluidity

and prevention of transition from a liquid-crystalline to

a crystalline phase at reduced temperature (Sinensky,

1974). This concept was considered in dietary studies

which evaluated essential FA requirements. Membrane
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lipids are basically composed of phospholipids. In the

present study, we did not separate phospholipid from

triacyiglycerol and other classes of lipids. But lipids

from fish dorsal white muscle are mostly phospholipids.

Thus muscle FA composition reflects that of phospholipids

to a great extent while fish liver fatty acid composition

may reflect that of both neutral lipids and phospholipids.

In the current study, the general trend toward a higher

degree of unsaturation on fatty acid composition at low

temperature could only be detected in fish changed to

feeding on CF, in which the ratios of U\S in both muscle

and liver increased with decreased temperature. In fish

fed EL (the second experiment), U\S ratios remained fairly

constant regardless of acclimation temperatures. On the

other hand, a lower U.I in liver at 14.4°C, which

primarily resulted from a great decrease in 18:3n-3 and

22:6n-3 levels, was observed in these fish. This

indicated that responses of membrane composition to

temperature acclimation varied with diet. The reduced

food consumption at low temperatures might result in

insufficient intake of linolenic acid, leading to

decreased 18:3n-3 and it derivatives in fish tissues.

However, the reduced consumption did not lead to decreased

n-6 family FAs in fish tissues at lower temperatures (they

were fairly constant in both muscle and liver). Thus,

increased monoene and decreased triene were probably
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adaptative responses to lower temperature in these

triploid grass carp.

The reasons for the general trend of reducing triene

and increasing monoene at cold temperature in EL-fed fish

in the present study are unknown. Selivonchick et al.

(1977) found the response of phosphotidyl ethanolamine to

cold temperature (5°C) in goldfish brain was a marked

decrease in 22:6n-3, which was attributed to the reduction

of plasmalogen in cold acclimation. The appearance of

elevated levels of 22:6n-3 at high temperature have been

also reported in certain fish tissues (Cossin et al.,

1977; Wodtke, 1978). On the other hand, Hazel and Sellner

(1980) stated while the most common adaptation to cold

temperature is an increased proportion of long chain

polyunsaturated FAs, another less common adaptative

pattern involves elevation in monoene content with little

or no changes in polyunsaturated FAs. This pattern was

observed in carp (Wodtke, 1978) and goldfish (Cossin et

al., 1977). The response of FAs in triploid grass carp to

low temperature follows this pattern. The general

temperature and dietary responses of FA composition in

grass carp implies that if they are intended to be used as

an n-3 FAs source for human consumption, they should be

fed certain linolenic acid-rich plants at warm

temperatures.
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Table 2-1. Consumption and growth rate of triploid grass carp
fed different diets at 20°C.

Diet Elodea Coontail Catfish
pellet

Water
milfoil

Instantaneous
growth rate
(% per day**) 0.66+0.06 -0.17+0.09 0.23+0.05 0.29+0.04

Consumption
(% of body
weight per day)
wet food 40.90 15.44 1.07 27.37
dry food 4.36 1.24 1.00 3.30

Food
conversion
rate (%)
wet food 56.88 4.96 94.58

dry food 6.06 4.61 12.31

Digestion
efficiency***

on dry matter
basis (%)

on energy
basis (%)

38.5+2.9

44.95+2.55

12.7+2.4

21.25+2.15

68.3+0.5

73.4+0.4

23.3+1.9

40.7+1.5

* Feeding trial for this diet lasted only for 27 days.
** Results are means+SE of five fish.
*** Based on measurements of cellulose content in duplicate feces

samples.
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Table 2-2. Consumption and
fed Zlodea at

growth rate of triploid grass carp
different temperatures.

Temp. 14.4°C 18.8°C 24.4°C

Final body
weight (g) 86.6+6.4 96.2+4.8 116.7+8.4

Initial body
weight (g) 80.6+5.2 77.3+6.6 82.3+3.4

Consumption
(% of body weight
per day *) 11.0+0.5 25.2+0.9 39.9+2.1

Instantaneous
growth rate
(% per day) 0.21+0.07 0.72+0.14 1.06+0.12

Food conversion
rate
wet food 50.6 36.9 35.4
dry food 5.39 3.93 3.77

Digestion
efficiency**

on dry matter
basis 40.95+1.76% 44.18+2.57% 38.60+4.080

on energy
basis 44.64+1.65% 49.16+2.34% 48.83+3.40%

* Based on the total six fish in each aquarium. Results are
expressed as the mean of relative daily consumption + SE over
32 days.

** Based on measurements of cellulose content in three feces
samples.
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Table 2-3. Consumption and growth rate of triploid grass carp
after diet change (detail see the text).

Temp.

Date (days)

Sept.14 to
25 (12)

Sept.26 to
Oct.6 (11)

Oct.7 to 16
(10)

14.4°C

18.8°C

24.4°C

CR 0.68+0.10 0.51+0.08 -0.06+0.08

CR 112 (2.50%) 100 (2.25%) 83 (1.94%)

GR 0.50+0.26 0.41+0.05 0.34+0.11

CR 164 (3.12%) 145 (2.77%) 153 (3.13%)

GR 1.23+0.07 1.28+0.10 0.31+0.07

CR 302 (4.64%) 330 (4.76%) 323 (4.45%)

GR= instantaneous growth rate, % per day; and results are
means+SE of 4 fish.

CR= consumption rate, gram of diet consumed by the 4 fish
during that period (% of body weight per day).
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Table 2-4. Muscle fatty acid composition of triploid grass carp
fed Elodea at different temperatures (as weight percentage).

Fatty Acid
Temperature

14.4°C 18.8°C 24.4°C

14:0 1.77+0.09 1.85+0.02 1.29+0.20
16:0 19.68+0.46 20.18+0.09 20.15+0.12
16:1 4.81+0.47 5.41+0.41 3.71+0.02
16:2 0.28+0.01 0.28+0.03 0.51+0.03

18:0 5.10+0.04 5.25;0.40 5.87+0.21
18:1n-9 17.78;1.09 18.27+0.33 16.30+0.31

18:2n-6 13.30+0.08 11.84;0.98 13.99+0.08
18:3n-6 0.31+0.04 0.22+0.02 -

18:3n -3 3.28+0.48 3.59;0.55 7.61+0.97

20:1n-9 0.88+0.10 0.81+0.03 0.65+0.20
20:2n-6 1.48+0.60 0.88+0.02 1.53+0.55
unknown 1.20;0.06 1.36;0.19 0.97+0.10
20:3n-6 2.31+0.13 2.03+0.03 1.67+0.14
20:4n-6 10.87;0.96 10.38;0.83 10.20+0.09
20:5n-3 2.12+0.17 2.02+0.13 2.08+0.15
22:4n-6 0.77+0.07 0.64+0.11 0.68;0.05
22:5n-6 4.67+0.24 4.42;0.83 4.08;0.07
22:5n-3 1.57+0.10 1.58+0.08 1.61+0.11
22:6n -3 5.83;0.80 5.72+0.05 5.46+0.80

Total n-3 12.80+0.60 12.92+0.50 16.74+2.01
Total n-6 33.39+1.92 30.24+0.92 32.16+0.81

U\S* 2.77 2.67 2.62

U.I** 194.5 186.5 195.2

Results are means + SE of duplicate samples.

Total unsaturates
* U\S= Total saturates,

** U.I.= Unsaturation Index, the summed products of weight
percentage and the number of double bonds.
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Table 2-5. Liver fatty acid composition of triploid grass carp
fed Zlodea at different temperatures (as weight percentage).

Fatty Acid
Temperature

14.4°C 18.8oC 24.4°C

14:0 1.14+0.12 1.32+0.09 0.63+0.01
16:0 22.09+0.51 23.22+0.69 20.53+0.24
16:1 4.81+0.47 4.79+0.12 2.94+0.07
16:2 0.71+0.03 0.81+0.03 1.37+0.10
18:0 6.65+0.14 6.85;0.40 7.56;0.28
18:1n9 14.56+1.00 14.67+0.68 11.09+0.35
18:2n6 9.15+0.27 8.73+1,19 9.83+0.12
18:3n6 0.42+0.06 0.30+0.09 0.29+0.00
18:3n3 4.80+0.09 4.50+0.35 8.50+0.24
20:1n9 0.88+0.03 0.72+0.02 0.59+0.04
unknown 1.45+0.07 0.69+0.01 0.46+0.02
20:2n6 0.83+0.03 0.98+0.12 1.42+0.12
unknown 1.50+0.02 1.06+0.06 0.70+0.05
20:3n6 - 1.07+0.07 1.36;0.01
20:4n6 9.48+0.55 7.30+0.49 7.77+0.25
unknown 2.15+0.03 1.70;0.35 2.24+0.20
20:5n3 3.09+0.34 2.66;0.17 2.85+0.15
22:5n6 3.42+0.42 2.60+0.59 2.19+0.19
22:5n3 4.44+0.71 3.33+0.41 2.27+0.19
22:6n3 6.37+0.27 8.24+0.30 12.81+1.44

Total n3 18.69+1.00 18.72+0.53 26.41+0.86
Total n6 24.99+0.79 20.13+0.29 22.51+0.23

U\S* 2.28 2.04 2.39
U.I.* 193.1 180.4 216.2

Results are the means + SE of duplicate samples.
* U\S and U.I. are the same as in Table 2-4.
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Table 2-6. Muscle fatty acid composition of triploid grass carp
33 days after diet change (Llodea to commercial catfish feed).

Fatty Acid
Temperature

14.4°C 18.8°C 24.4°C

14:0 2.72+0.21 3.03+0.35 2.33+0.01

14:1 0.51+0.14 0.37+0.01 0.13+0.03

16:0 16.85+0.21 16.80+0.09 20.06+0.43

16:1 11.06+1.33 9.59+1.75 8.74+0.52

16:2 0.20+0.01 0.27+0.08 0.27+0.01

18:0 2.98+0.24 3.26+0.32 3.40+0.22

18:1n-9 25.90+2.75 25.76+2.77 27.31+1.51

18:2n-6 14.41+1.24 13.65+0.89 12.64+0.09

18:3n-6 0.26+0.01 0.26+0.07 -

18:3n -3 2.88+0.85 2.64+0.05 2.85+0.35
20:2n-6 0.69+0.01 0.84+0.06 -

unknown 0.74+0.19 0.95+0.02 0.46+0.04

20:3n-6 1.86+0.31 1.75;0.03 1.42+0.10

20:4n-6 7.66+2.32 7.92;1.50 8.09+0.36

20:5n-3 1.40+0.50 1.66+0.40 1.29+0.27

22:4n-6 0.61+0.17 0.62+0.14 0.52+0.00

22:5n-6 3.39+0.88 3.53+0.51 3.47+0.00

22:5n-3 1.1770.34 1.36+0.32 0.88+0.08

22:6n-3 2.9571.03 4.00+0.43 4.04+0.20

Total n-3 8.39+2.72 9.67+1.19 9.05+0.94

Total n-6 28.76+2.33 28.18+2.71 26.14+0.55

U\S* 3.44 3.33 2.88

U.I.* 163.7 169.2 161.7

Results are the means + SE of duplicate samples, expressed as

weight percentage.
* U\S and U.I. are the same as in Table 2-4.
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Table 2-7. Liver fatty acid composition of triploid grass carp
33 days after diet change (Elodea to commercial catfish feed).

Fatty Acid
Temperature

14.4°C 18.8°C 24.4°C

14:0 4.37+0.10 3.10+0.02 3.55+0.47
14:1 0.52+0.12 - 0.17+0.10
16:0 14.50 +1.44 17.68+2.06 19.00+2.14
16:1 14.30+0.26 10.67+1.16 10.161.23
16:2 0.23+0.02 0.23+0.06 0.42+0.13
18:0 3.59+0.70 4.11;0.97 4.60+0.58
18:1n-9 33.96+0.84 35.0073.78 35.14+0.57
18:2n-6 4.57+0.15 5.08+1.23 5.01+0.90
18:3n-3 0.36+0.06 0.39+0.10 0.43+0.10
20:1n-9 1.16+0.07 1.24+0.30 1.32+0.35
20:2n-6 1.05+0.20 0.93+0.19 0.90+0.10
unknown 1.28+0.27 1.40+0.40 1.09+0.09
20:3n-6 1.47;0.10 1.51+0.36 1.26+0.16
20:4n-6 7.95+0.60 7.15+0.72 6.87+0.40
20:5n-3 0.47+0.22 0.58+0.40 0.29+0.07
22:4n-6 1.06+0.36 0.92+0.34 0.60+0.02
22:5n-6 4.81+0.20 4.08+0.03 4.77+0.18
22:5n-3 0.61+0.07 0.68+0.28 0.42+0.01
22:6n-3 2.96+0.06 4.07+0.66 3.85+0.10

Total n-3 4.40+0.41 5.75+1.42 4.98+0.07
Total n-6 20.97+1.70 19.65+2.86 19.48+0.66

U\S* 3.47 3.02 2.68
U.I.* 150.7 149.0 145.0

Results are the means + SE of duplicate samples, expressed as
weight percentage.

*U\S and U.I. are the same as in Table 2-4.
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Figure 2-2. Comparison of individual fatty acid levels
of dorsal muscle among grass carp fed different diets.
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sample + 1 SE. The GT-2 method (Sokal and Rohlf, 1981)
was used to compare individual fatty acid level among
groups. * CF-fed fish significantly higher than EL- or
CT-fed fish; and ** CF-fed fish significantly lower than
EL- or CT-fed fish.
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CHAPTER 3

Influences of Dietary Lipid Level and Lipid Sources

on Energy Utilization by Juvenile Grass Carp

Zhengwei Cai and Lawrence R. Curtis

Oak Creek Laboratory of Biology,

Department of Fisheries and Wildlife,

Oregon State University, Corvallis, OR 97331, USA.
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Abstract

Energy budgets of juvenile grass carp fed Elodea

(EL), or one of the three formulated diets with 3% (SL3),

6% (SL6) or 12% (SL12) dietary lipid (a mixture of 50%

linseed oil and 50% salmon oil) were determined at 21°C.

Effects of dietary lipid sources on energy utilization by

grass carp fed SL6 or formulated diets containing 6% corn

oil (C6), soybean oil (B6), or salmon oil (S6) were also

investigated.

Fecal energy losses increased exponentially with

ration size in EL-fed fish and linearly in formulated

diet-fed fish. Digestion efficiency at the ad libitum

ration was 18%, 37%, 40%, and 28% for grass carp fed EL,

SL3, SL6, or SL12 respectively.

Metabolic energy cost in grass carp was comparatively

low. The prefeeding oxygen consumption rate for grass

carp was 0.1050 mg 02/g/hr. Apparent heat increment

(AHI) increased with meal size. The AHI accounted for

8.7% of the gross or 18% of the digestible energy intake

in fish fed EL ad libitum. In formulated diet-fed fish,

values of AHI relative to the gross energy intake

increased linearly with the ratio of dietary protein-to-

gross energy and ranged from 2.9% to 5.3%. The AHI

accounted for 8.6% to 10.9% of the digestible energy

intake in those fish. Grass carp fed diets with 6% or 12%

lipid expended significantly less digestible energy intake
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as AHI than those fed the 3% lipid diet.

The fraction of feed energy lost as nitrogenous waste

was negatively related to the ration size in EL-fed fish,

but this relationship was not demonstrable in formulated

diet-fed fish. At the ad libitum ration nitrogenous waste

energy losses accounted for only 0.6% to 2.3% of the gross

energy intake.

The highest growth rate (12.4 cal/Kcal/day) was

observed in fish fed SL6, which accounted for 22.2% of

feed energy. While growth rates of other groups decreased

in the order SL3 (7.5), EL (5.9) and SL12 (3.1), the

fractions of feed energy converted to growth decreased in

the order SL3 (16.4%), SL12 (7.7%) and EL (4.5%).

No typical signs of essential fatty acid deficiency

were observed in grass carp on B6, C6, S6, or SL6. Poor

consumption and growth were observed in S6-fed fish. This

was probably induced by high level of polyunsaturated

fatty acids in the diet. S6-fed fish selectively retained

dietary linoleic family acids in fish muscle and liver.

Grass carp readily incorporated, elongated and

desaturated dietary linolenic acid. When dietary linoleic

acid supply was sufficient, addition of appropriate

amounts of n-3 fatty acids to diets resulted in improved

growth and gross efficiency. Regardless of the ratios of

saturates-to-unsaturates (S/U) in diets, the S/U ratios in

fish muscle remained at a constant level, 0.29-0.30.
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Introduction

The grass carp (Ctenopharyngodon idella Val.) is a

enigmatic herbivore. Despite its apparent lack of

adaptation for digesting cellulose (Hickling, 1966) and

its notable low assimilation efficiency (Fischer and

Lyakhnovich, 1973), grass carp can achieve a growth rate

perhaps greater than any other species of similar size

(10-22 g/day, Shireman and Smith, 1983). Wiley and Wike

(1986) attributed the success of this species to their

bioenergetic strategy, minimizing metabolic costs and

maximizing ingestion rates ("low efficiency-high volume"

approach). The energetics of this species is attractive

to both fish biologists and fish farmers.

Energy balances of grass carp fed natural plant or

animal foods have been investigated in a number of studies

(Fischer, 1970, 1972, 1973; Urban and Fischer, 1982;

Stanley, 1974a, 1974b; Wiley and Wike, 1986; Hajra, 1987).

Since the grass carp is now cultured world-widely as

either food fish or an aquatic weed control agent,

commercial formulated diets are commonly used. Knowledge

of energy balance of grass carp fed formulated diets is

useful for both theoretical and practical reasons.

A laboratory bioenergetic experiment usually involves

separate measurements of all major metabolic costs and

accurate determinations of ration and growth under

controlled environmental conditions. Such an experiment
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has potential benefits in making rapid predictions on

growth effects of diet formulations (Knights, 1985).

Protein intake is generally considered to be the most

important limiting factor on growth of herbivorous fish

(Bowen, 1982). Therefore, it is not surprising that most

research on nutritional requirements of grass carp has

concentrated on quality and quantity of dietary protein

(Dabrowski, 1977; Dabrowski and Kozak, 1979; Lin at al.,

1980; Van Dyke and Sutton, 1977). However, protein serves

not only as "bricks" for building new tissues but also as

a major energy source for all fish (Philips, 1972; Brett

and Groves, 1979). Addition of lipids to fish diet was

helpful in effective utilization of dietary protein

(protein sparing effect) in rainbow trout (Lee and Putman,

1973; Cho et al., 1982; Legrow and Beamish, 1986; Takeucki

et al., 1978a, b). Common carp can effectively utilize

both carbohydrates and lipids as dietary energy sources to

spare protein for growth (Ogino et al., 1976; Takeucki et

al., 1979). Lipase and amylase were found in digestive

tract of grass carp (Hickling, 1966). Addition of certain

types of lipids or carbohydrates to diets of grass carp

might have a protein sparing effect.

Meanwhile, Cai and Curtis (Chapters 1 and 2) recently

found grass carp grew much better when fed Elodea, an

aquatic macrophyte common in North America, which is rich

in linolenic acid (18:3n-3), than when fed a commercial
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catfish feed, which is rich in linoleic acid but low in

linolenic acid. We also found that changing the diet from

Elodea to catfish feed resulted in a drop in growth rate

of triploid grass carp at 14.4, 18.8 and 24.4°C,

coincident with an extremely reduced 18:3n-3 level in

liver, but not in muscle. We suggested 18:3n-3 was an

important factor for rapid growth of grass carp. When

insufficient dietary 18:3n-3 was available for growth,

stored 18:3n-3 in liver was apparently mobilized.

However, there were many other differences between Elodea

and catfish feed. We could not conclude whether 18:3n-3

or 18:2n-6 were indispensible essential fatty acids (EFA)

for grass carp. The experiments described here were

designed to examine the effects of dietary lipid level and

lipid sources on the allocation of food energy by juvenile

grass carp fed formulated diets or Elodea.
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Methods and materials

Experimental fish and diets

Experiments were conducted at 21°C in a constant

temperature room at Oak Creek Laboratory of Biology,

Oregon State University. Juvenile grass carp of about 20

gram body weight were donated by Osage Catfisheries (Osage

Beach, MO). After arrival in the laboratory, they were

held in two 1 M diameter circular fiber glass tanks with

aerated well water flow of approximately 1 L/min. and fed

a commercial ration ad libitum (32% protein, Floating

Catfish Food, MFA Incorporated, Columbia, MO) for a three-

week acclimation period. Water temperature was maintained

at 21.0+0.5°C by a thermostatically controlled heater

throughout the experiment. Three weeks later, fish were

transferred to 54-L aquaria with a water flow of 200

ml/min to acclimate for an additional four weeks. Each of

the 27 aquaria contained six fish marked by fin-clipping

(Lindsay and Stott, 1978) and fed as above.

Two weeks before the initiation of the experiment,

fish were fed one of the seven experimental diets

alternately, one diet per day, once daily, ad libitum. A

12 h light/12 h dark photoperiod was maintained throughout

the experiment. Previous work indicated grass carp held

in aquaria preferred to feed in the dark. For

convenience, lights were turned on and off by a timing

switch at 3 am and 3 pm respectively and fish were fed at
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2:30 pm.

Dissolved oxygen and pH of the water in aquaria were

measured every other day during the acclimation period and

once a week during the experimental period. Dissolved

oxygen was never below 5.5 mg 02/L and pH ranged from 7.6

to 8.1.

At the initiation of the experiment, two fish were

sampled from each of 4 aquaria. Four were used to measure

whole fish moisture and energy contents and four were used

to measure proximate composition of dorsal muscle as well

as fatty acid profiles of dorsal muscle and liver. Fish

removed for these samples were replaced from the stock

aquaria.

Six formulated isoprotein diets and a common aquatic

macrophyte, Elodea (EL), were used in the experiment.

Diet formula and the measured composition of the

experimental diets are shown in Table 3-1. A mixture of

50% linseed oil and 50% salmon oil was incorporated into

SL3, SL6 and SL12 at 3%, 6%, or 12% by weight

respectively. Six percent corn oil, salmon oil, or

soybean oil served as the lipid source for C6, S6, or B6

respectively. Formulated diets were made by the Food

Toxicology and Nutrition Laboratory (OSU), monthly and

stored at -10°C. About one week's ration for each diet

was kept in a refrigerator for daily feeding. Elodea were

collected from Devils Lake, Oregon monthly and held in a



67

1000-L outdoor tank with stream water flow.

Experimental design

The experiment consisted of two feeding trials

conducted simultaneously. Grass carp fed SL6, C6, S6, or

B6 were used to test the effects of dietary lipid sources

on growth. Each treatment included 18 fish held in three

aquaria (6 per tank). Fish in each aquarium received a

daily ration of 1% or 1.5% of their live body weight or

were fed ad libitum. Growth data from grass carp fed SL6

ad libitum were also used for establishing energy budgets.

The effects of dietary lipid level on energy utilization

by grass carp were determined in those fed SL3, SL6, SL12

or EL ad libitum. For each treatment, 12 fish held in two

aquaria were used for growth measurements (except for SL6 -

fed fish, in which growth data were from 6 fish as

mentioned above) and 6 fish in another aquarium were used

to measure fecal and nitrogenous waste energy losses.

Twelve additional fish fed the various diets alternately

were held to measure prefeeding metabolism and the

apparent heat increment (AHI) after feeding. A total of

150 fish evenly divided in 25 aquaria were used later in

the experiment.

At the initiation and the end of the experiment, body

weight and total length of individual fish were measured

to nearest 0.1 gram and 1 mm. Fish used for growth
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studies were weighed every two weeks after the feeding

trial started, as were those used for fecal and

nitrogenous waste energy loss measurements. Fish were

anesthetized with 3-aminobenzoic acid ethyl ester (MS 222)

and blotted before weighing. The amount of food supplied

to each aquarium was adjusted every two weeks according to

fish body weight. At the end of the experiment, three

fish from each aquarium in growth studies were sampled for

moisture and energy content measurements. Ad libitum fed

fish were used for muscle proximate composition and FA

analysis.

Bioenergetic equation

The bioenergetic equation describing utilization of

energy of food consumed (As) in several major categories

was in rate terms. Here

As = Ap +AR +Au +AF,

where

Ap, AR, Au, or AF were energy aportioned to growth,

metabolism, nitrogenous waste loss, and fecal energy loss

rates in cal/Kcal of whole body energy content/day

(simplified as cal/Kcal/day below) respectively (see

appendix for detailed derivation).

All terms in this equation were measured separately

to develop an energy budget in rate terms for grass carp

fed aquatic plants or formulated diets.
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Food consumption and growth (Ac and Ap)

Feeding trials were carried out for 12 weeks. Before

feeding, EL was washed to remove adherent sediments and

encrusting organisms, blotted and weighed. Uneaten food

and feces in each aquarium were collected daily before

feeding fresh food. Uneaten EL was washed, blotted and

weighed to calculate food consumption. Uneaten formulated

diets were collected by siphon and dried. Based on a

leaching test (n=12), the dry residual food was divided by

a factor of 0.5 and converted to weight of dry food for

correction of nutrients leached. In order to minimize

errors in measurement of food consumption resulting from

overfeeding and nutrient leaching, the amount of

formulated food fed was adjusted to 15% more than that

consumed in the two previous days for ad libitum fed

groups. If fish ate all this ration for two consequent

days, 15% more food was added to their daily ration. If

they did not, their daily ration was reduced to the level

of the two previous days. The weight (or caloric)

differences between the amount fed and the residue were

considered to be consumed by fish. Food consumption rate

was based on the whole aquarium, assuming the amount each

fish consumed was proportional to their body weights.

Since food consumption might fluctuate from day to day,

measurements of food consumption were made at two week

intervals. It was calculated as:
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Consumption rate (Ac) =

total food energy consumed in the two weeks
14 * mean energy content * total dry weight of fish,

where changes of energy content of fish during the 12

weeks, if any , were assumed to be linear and dry weights

of fish were the average values during that two weeks.

The results given below were the mean+SE for the six two-

week periods.

Sample fish at the beginning and end of the

experiment were dried at 70°C for 96 hr and ground into a

fine powder. Caloric determinations were made on this

material by a Parr Oxygen Bomb Calorimeter (Model 1300,

Moline, Il., USA). Total energy gain during the 12 weeks

for individual fish was considered as growth. Growth

rates were calculated as:

Growth rate (Ap) =

energy gain of an individual fish during the 12 weeks
84*average energy content*average dry weight of each fish

where average energy content and average dry weight were

the means of the initial value and the final value.

Gross growth efficiency (GE), net growth efficiency

(NE) and protein efficiency ration (PER) for each group of

fish were calculated for growth comparison.

GE =

NE =

energy gain = growth rate
food energy consumed consumption rate ,

growth rate
consumption rate - maintenance ration ,

where the maintenance ration was defined as the
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consumption rate at which zero growth rate was achieved

and was extrapolated from the regression line of growth

rate on ration (average daily consumption in cal/Kcal/day)

described in results section.

PER = body weight gain (a)
protein consumed (g)

Fecal and nitrogenous waste energy loss (AF and Au)

The undigested portion of food consumed by fish was

estimated by the method of Elliot (1976). Ammonia was

assumed to be the major nitrogenous excretory product of

fish and its determination was based on the method of

Bower and Holm-Hansen (1980). The two measurements were

conducted simultaneously in five 15-L aquaria during the

mid-period of the 12-week experiment (from the fifth to

the eighth week).

Each test aquarium was partially submerged in a 54-L

aquarium through which 21°C water circulated. Water in

each test aquarium was aerated with an airstone and its

volume was accurately measured to nearest 0.1 L. After 48

hr of fasting, individual fish were transferred to test

aquaria at 9:00 am. Before fish were fed at 2:30 pm,

water samples from each aquarium were taken for ammonia

and chemical oxygen demand (COD) measurements by the

methods described below. Ration fed was adjusted

according to the latest weighing record. Twenty-four hr

after feeding, 50 ml of water was sampled from each
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aquarium to measure ammonia concentration. The difference

in the amount of ammonia in the aquarium between the two

measurements was considered to be excreted by fish. Since

water in the aquarium was aerated, a portion of ammonia

produced by fish in this period might be driven out and

thus this part of energy loss might be underestimated.

Feces were removed by siphon as soon as possible after

excretion and were stored in a freezer to avoid

decomposition by microbes. Forty-eight hr after feeding,

fish were removed from the test aquaria and weighed. The

collected feces were homogenized and uniformly mixed with

water from the test aquaria. The water with suspended

particles of feces was subsampled, acidified with 1 ml of

concentrated sulfuric acid and stored in a refrigerator

until COD measurements were conducted. The increased COD

of water in the aquaria were attributed to feces produced

by fish.

Total ammonia-nitrogen (NH4-N) in water was determined

spectrophotometrically. Indophenol was produced by the

reaction of ammonia with salicylate and hypochlorite, in

the presence of sodium nitroprusside (Bower and Holm-

Hansen, 1980). A factor of 5.94 cal/mg of ammonia was

used to convert milligrams of ammonia to the caloric value

(Elliot, 1976).

In determination of fecal energy loss, the standard

procedure for COD measurement was followed (APHA, 1975).



73

This method measured milligrams of oxygen required to

oxidize the organic matter and an oxycalorific coefficient

of 3.42 cal/mg of 02 was used to convert mg of oxygen to

caloric value (Warren, 1971).

Digestion efficiency of each group was calculated as:

1 - energy lost in feces or 1 - (AF /AC).
energy intake from food

Metabolic cost (AR)

Metabolic cost (R) can be partitioned into three

catagories (Warren, 1971): energy released in the course

of metabolism of unfed and resting fish (e.g. standard

metabolism) (Rs); energy released in the course of

swimming activity (RA) and the energy spent in the course

of digestion, absorption and storage of consumed materials

(RD or SDA). Standard metabolism is usually measured by

forcing a fish to swim in a tunnel respirometer at

different speeds and extrapolating oxygen consumption to

zero activity (Brett and Groves, 1979). When kept in

aquaria without disturbance, however, grass carp spent

most of their time quietly on the bottom. It seems

inappropriate to force grass carp to swim at various

speeds for measurements of standard metabolism.

Furthermore, although SDA was thought to result mainly

from the deamination of ingested amino acids (Krebs,

1964), the energy expended in the biochemical digestive
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process is difficult to experimentally separate from the

mechanical aspects of feeding, such as grasping, chewing

and swallowing. While the distinction was not made, the

term apparent heat increment (AHI) includes both the

mechanical and biochemical components of increased energy

loss after feeding (Medland and Beamish, 1985). Thus,

only the prefeeding level metabolism and AHI were measured

in the present experiment and their sum was considered to

be the total metabolic cost:

A(R) = A(RPRE) A(RAHI) .

The prefeeding level of metabolism could be viewed as a

combination of energy spent in standard metabolism and

random activities.

Metabolic cost was determined as oxygen consumption

of individual fish in a respirometer which was modified

from those described by Solomon and Brafield (1972) using

six 15-liter polypropylene buckets with air-tight covers

(Fig. 3-1). Each respirometer was continuously supplied

with aerated well water (21+0.5°C) at a rate of 4.2 L/hr

and covered with a black plastic sheet to minimize

disturbance of fish. Oxygen concentrations of inflow and

outflow water from each chamber were measured every three

hours by an azide modification of the Winkler titration

method (APHA, 1975). Oxygen concentration of inflow water

remained constant at about 8 mg of 02/L while that of out

flow fluctuated between 6.0-7.5 mg/L. The difference in
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oxygen concentration between inflow and outflow was never

below 0.3 mg/L. To correct for the time lag between a

change in metabolic rate and alterations in oxygen

concentration, the hourly uptake of oxygen for each fish

was calculated using the formula suggested by Niimi

(1972).

Since body size has significant effects on standard

metabolic rate of fish, similar sized fish with a mean

weight+SE of 30.3+1.6g (range, 27 to 39) were used.

Before measurements started, all test fish were introduced

into the chamber several times to acclimate to testing

and feeding conditions.

Fish were fasted one day prior to their introduction

to the respirometer. Twenty-four hours after the

introduction, oxygen concentration measurement started.

The difference in oxygen concentration between the inflow

and outflow water was attributed to the consumption by the

fish and the organic material in the chamber. To correct

for oxygen demand of the respirometer, a empty chamber

which housed an unfed fish for 48 hours prior to oxygen

concentration measurement was used as a blank. Oxygen

demand of the respirometer was subtracted from the total

measured oxygen uptake. The oxygen consumption measured

in 24 hours was considered the prefeeding metabolic energy

cost (RARE). At 1:00 pm on the third day after

introduction into a respirometer fish were fed a meal
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equal to 2t of their wet body weight (1.5 or 1.0% BW

ration also was used later) through the food inlet. The

same amount of food was put in the blank chamber. Since

4-6 hours were usually needed for fish to consume the

entire ration, food was removed from the "blank" chamber

through the movable plate at 7:00 pm the same day. Oxygen

uptake was monitored until it returned to the prefeeding

level, at which time the fish were removed from the

chamber and weighed. The increase in oxygen uptake above

the prefeeding level was attributed to AHI of feeding

(RAH:). Oxygen uptake was converted to energy units using

an oxycalorific coefficient of 3.42 cal/mg of On ( Warren,

1971). Diet SL3, SL6 and SL12 and EL were employed in the

measurement. When EL was employed, excessive or limited

amount of plants were fed to fish, unfed plants were

reeved by a forceps through the food inlet at 8:00 am the

next day. The weight difference between the amount of

plants fed and left was attributed to feeding by fish.

Digestible energy values of diets were based on the

results of fecal energy loss measurements in the current

study.

Chemical analysis

Moisture, lipid, ash, and protein contents in each

diet and fish muscle (except for protein in EL) and crude

fibre in EL as well as FA compositions of respective diet
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or fish tissues (dorsal muscle and liver) were analysed by

the same methods as described in Chapter 1. Protein

content of triplicate dry EL samples was determined by

Plant Analysis Laboratory, Department of Horticulture,

OSU., using the Kjedal method.

Statistics

Two-way analysis of variance was performed to examine

the effects of both ration size and diet on the energy

budget components. When ration size had no significant

effect on the energy budget component determined, the

measured values were pooled for calculation of the mean.

Least significant difference (LSD) multiple comparison

procedures were used to compare the means of equal sized

samples and the GT-2 method was carried out for comparison

of the means of unequal sized samples (Sokal and Rohlf,

1981). Analysis of covariance procedures were used to

compare the regression lines of fecal energy loss and AHI

on ration size and adjustments on fecal energy loss and

AHI values were made by including ration size as a

covariate. The level of significance was p< 0.05 for all

analysis.
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Results

During the entire experimental period, average wet

weight change of grass carp fed different diets varied

greatly (Fig. 3-2). SL6-fed fish increased their body

weight 3-fold in 84 days whereas SL12-fed fish grew only

51%. However, since there were significant changes in

whole fish moisture and energy content (Table 3-2), wet

weight changes did not adequately reflect the outcomes of

food energy utilization in respective groups. Moisture

content of grass carp fed EL and SL12 ad libitum and those

fed C6, B6 and S6 of 1% body weight per day significantly

increased. While the energy content of EL-fed fish

dropped significantly from 5.72 to 4.71 Kcal/g of dry

matter, no significant changes occurred in the energy

contents of fish fed formulated diets. The moisture and

energy contents of the initial fish samples (e.g. 74%

moisture, and 5.72 Kcal per gram of dry matter) were used

in calculations and comparisons for fish without

significant changes in these values, while measured values

were used for those with significant changes in moisture

and energy contents.

Effects of dietary lipid sources

No signs of essential fatty acid deficiency were

found in grass carp fed any of our diets. There was

neither accumulation of 20:3n-9 in fish tissues nor
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increased ratios of 20:3n-9 to 22:6n-3 (Tables 3-3 and 3-

4). Muscle water content was normal, caudal fin erosion

was absent and no shock or fainting syndromes (Castell et

al., 1972 a,b,c) were observed. The proximate analysis of

fish muscle samples from grass carp fed SL6, C6, B6 or S6

indicated that body composition of these fish was very

similar. Muscle moisture in the four groups ranged from

79.2% to 79.5%, protein from 14.3% to 14.7%, and ash 1.01%

to 1.18%. Muscle fat level for grass carp on S6, C6, SL6

or B6 was 1.91%, 1.34%, 1.24% and 0.92% respectively and

liver fat level for those fish also fell in this order:

S6> C6> SL6> B6 (5.14%, 4.39%, 4.29%, and 3.23%). The

differences in fat level were not statistically

significant in either muscle or liver. Thus, comparisons

of effects of dietary lipid sources were based upon growth

and tissue FA profiles.

Growth rates of fish fed diets with varied lipid

sources increased curvilinearly with ration size (Fig. 3-

3) and they were significantly correlated to the natural

logarithm of consumption rate in respective groups (Table

3-6). Maintenance rations for each group could be

calculated by extrapolation of the regression equations to

zero growth (Table 3-6). After classifying food

consumption into three ration levels (low, medium,and ad

libitum), two-way ANOVA on growth rates for the four

groups indicated that both diet and ration size had
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significant effects on growth. The interaction between

the two factors had marginally significant effects on

growth (p= 0.037). Mean growth rates for each group at

corresponding ration levels were compared by the LSD

procedure. There were no significant differences in

growth rate between each group at low ration level. At a

medium ration level, grass carp fed SL6 grew significantly

better than other groups. Both C6- and SL6-fed fish had

significantly higher growth rates than the other two

groups when fed ad libitum and SL6-fed fish at that ration

still grew better than C6-fed fish, though not

significantly (Fig. 3-4).

Within the ration range used, ration size had no

significant effects on GE or PER (Fig. 3-5). The mean

values of GE and PER for grass carp fed SL6 were

significantly higher than other groups. No significant

differences in GE were found among the other three groups.

Both ration size and diet had significant effects on the

net efficiency for each group. Decreased net efficiency

with increased ration size could occur when the

relationship between food consumption and growth was

curvilinear (Warren, 1971). This was the case for all the

four groups (Fig. 3-5). Net efficiency for SL6- or C6-fed

fish was significantly reduced at the medium and ad

libitum ration as compared to low ration. This trend was

apparent in the two other groups, though the differences
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were not statistically significant. Net efficiency for

grass carp on SL6 was significantly higher than for those

on S6 at each ration level and that for those fed B6 at

the medium and ad libitum ration. At ad libitum ration,

NE for C6-fed fish was not different from that for SL6-fed

fish, but it was significantly lower at the medium ration.

The numerical values of GE, PER and NE were summarized in

Table 3-7.

The above results indicated grass carp fed SL6

generally grew better and were more efficient in energy

utilization than other groups and S6-fed fish grew poorly

even at the ad libitum ration.

The major differences in FA compositions of the four

formulated diets were in the levels of linoleic acid,

linolenic acid, 20-carbon monoene and long chain PUFAs

(Table 3-5). Both B6 and C6 were rich in linoleic acid

(above 50%) and contained little 20- and 22-carbon PUFA.

B6 contained 7.42% linolenic acid while C6 contained

0.96%. S6 and SL6 contained high level of n-3 family FAs,

but total n-3 FAs in S6 were mostly 20:5n-3 and 22:6n-3.

Linolenic acid only accounted for 1% of total FA in S6

while it was the major n-3 FA in SL6. Meanwhile, both SL6

and S6 contained 20-carbon monoene. A prominent feature

of S6 was a very low level of linoleic acid (18:2n-6).

As expected, altered dietary lipid resulted in

pronounced differences in muscle and liver FA profiles of
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grass carp (Tables 3-3 and 3-4). High linoleic acid

levels in B6 and C6 resulted in high levels of total n-6

FAs. In both muscle and liver of grass carp on B6 and C6,

total n-6 FA levels were lower than in their respective

dietary sources. This indicated that dietary linoleic

acid in B6 or C6 was in excess and the excessive linoleic

acid was used as metabolic fuel. Although the generally

low levels of n-6 family FAs in muscle and liver of S6- or

SL6-fed fish obviously resulted from the low dietary

availability, linoleic and total n-6 FAs in both muscle

and liver of S6-fed fish were much higher than its dietary

levels (Fig. 3-6). This suggested S6-fed fish selectively

retained n-6 FAs and poor growth of this group might

partially resulted from the insufficient dietary supply of

n-6 FAs. Total n-6 FAs in muscle of SL6-fed fish was

higher than the dietary level, but 18:2n-6 levels in

muscle and liver as well as the total n-6 level in liver

of SL6-fed fish were lower than the dietary source. This

indicated dietary linoleic acid level could adequately

meet minimum requirements of grass carp. This was

confirmed by good growth and energy utilization in SL6-fed

fish (Fig. 3-4 and Table 3-7).

Although S6 oleic acid was lower than or similar to

other diets, muscle oleic acid level in S6-fed fish was

significantly higher than other groups (Tables 3-3 and 3-

4) .
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Both muscle and liver n-3 FAs concentration reflected

the availability of n-3 FAs in diets (SL6> S6> B6> C6).

Tissue n-3 FA levels in grass carp fed SL6 or S6, however,

were lower than their respective dietary levels. In

contrast, both muscle and liver n-3 FA levels of C6-fed

fish and muscle n-3 FA levels of B6-fed fish were higher

than their respective dietary levels (Fig. 3-6). This

indicated n-3 FAs were also retained when dietary supply

was limited.

Elongation and desaturation of dietary 18:3n-3 in

SL6-, C6- and B6-fed fish were apparent in the increased

levels of 20:5n-3, 22:5n-3 and 22:6n-3 in tissues of all

the three groups. If EL-fed fish were also included,

elongation and desaturation of linolenic acid by grass

carp appeared even more extensive because 18:3n-3 was the

primary available precursor for tissue 20- and 22-carbon

n-3 FAs, which were fairly high. Since dietary linolenic

acid levels in C6 and S6 were similar (0.96% and 0.97%),

elongation and desaturation of this precursor seemed lower

in S6-fed fish. The 18:4n-3, 20:4n-3, 20:5n-3, and 22:5n-

3 concentrations in both muscle and liver of this group

were lower than the corresponding dietary level while

tissue 22:6n-3 levels increased little as compared to

dietary level.

Regardless of the ratios of saturated FAs to

unsaturated FAs (S/U) in diets (0.16, 0.20, 0.36, 0.24 and
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0.58 for B6, C6, S6, SL6 and EL), muscle ratios remained

within a very narrow range, 0.29-0.30. The S/U value in

liver of all groups except EL-fed fish also fell within a

rather narrow range, 0.37-0.39 while that for EL-fed fish

was a little lower (0.30).

Effects of dietary lipid levels

Food consumption and growth

One-way ANOVA indicated that there were significant

differences in consumption, growth, GE and PER between

fish fed diets containing various lipid levels at the ad

libitum ration (Table 3-8). Energy intake of grass carp

fed SL6 was 1.5-fold higher than that for SL12-fed fish,

but not significantly different from that of SL3-fed fish.

Grass carp on diets with low or medium lipid (SL3 or SL6)

had significantly higher growth rate, GE and PER than

those on SL12. Significantly higher growth rate and PER

value for SL6-fed fish than those for SL3-fed fish

indicated grass carp fed SL6 had better protein

utilization for growth. Although EL-fed fish consumed

much more than any other groups, values of GE and PER of

these fish were very low and their growth rate was similar

to that of SL3-fed fish.

Energy loss through feces and nitrogenous waste

The relationship between fecal energy loss and daily
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ration (both as cal/Kcal/day), for grass carp fed EL or

formulated diets with various lipid levels followed

different patterns (Fig. 3-7).

Fecal energy loss for grass carp fed EL increased

exponentially with ration size and could be expressed by a

regression equation:

Y = EXP (2.02 +0.02X), (r=0.85, p<0.05)

where, Y was the fecal energy loss and X was the daily

ration.

According to this equation, fecal energy loss for

grass carp fed EL ad libitum (134.6 cal/Kcal/day) would be

110 cal/Kcal/day with a digestion efficiency of 18%.

On the contrary, fecal energy losses for fish fed

formulated diets increased linearly with the ration size

regardless of dietary lipid levels. Such a relationship

could be expressed in a regression equation:

Y =a + bX,

where Y and X represented the terms defined above, and a

and b were constants. Using ration size as a covariate,

mean values for fecal energy loss for each group were

compared at an adjusted common ration size, 46.7

cal/Kcal/day (Table 3-9). Grass carp on SL12 had

significantly higher fecal energy loss than the other two

groups. At ad libitum rations, the regression equation

indicated fish fed SL3, SL6, and SL12 lost 52.2%, 51.2%

and 65.6% respectively of their food energy through feces.
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.Thus, digestion efficiencies were about 48%, 49% and 34%

for SL3-, SL6- and SL12-fed fish respectively.

Digestion efficiencies for EL-fed and formulated

diet-fed fish were based on very different ration sizes.

Fecal energy loss of EL-fed fish at low ration was close

to that of those on SL3 and SL6 (Fig. 3-7).

Nitrogenous waste energy loss was closely related to

ration size in grass carp on formulated diets (Fig. 3-8).

Correlation coefficients for grass carp on SL3, SL6, or

SL12 were 0.89, 0.93, and 0.75, respectively. Using

ration size as a covariate, the mean values of nitrogenous

waste energy loss at an adjusted common ration (46.7

cal/Kcal/day) were 0.61, 0.91 and 0.84 cal//kcal/day for

grass carp on SL3, SL6 and SL12 respectively. The

fraction of food energy lost as nitrogenous waste for SL3,

SL6 or SL12-fed fish was 1.35%, 1.91% or 1.87%

respectively.

Grass carp fed SL3 had a significantly lower portion

of food energy lost as nitrogenous waste than those fed

SL6 or SL12 and there were no significant differences

between SL6- and SL12-fed fish.

The amount of energy lost as ammonia in EL-fed fish

was not significantly related to ration size, but the

fraction of food energy lost as nitrogenous waste was

(Fig. 3-9, r= -0.75). The equation for this regression

was
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Y= 2.09 -0.011X,

where X was ration size (as cal/Kcal/day) and Y was the

fraction of food energy lost as ammonia. Based on this

equation, less than 1% of food energy was lost as

nitrogenous waste in grass carp fed EL at the ad libitum

ration.

Metabolic energy cost

Metabolic energy cost was measured as the sum of

prefeeding oxygen consumption and AHI.

The typical oxygen consumption rate curves before and

after feeding were shown in Figure 3-10. The prefeeding

oxygen consumption was fairly stable. Based on

measurements on 24 fish, the mean+SE of the prefeeding

oxygen consumption rate was determined as 0.1050+0.0047 mg

o2/g/hr. or 0.2415+0.0108 cal/Kcal/hr. (5.8 cal/Kcal/day).

After feeding, oxygen consumption rate increased

immediately and reached peak values in 6 to 9 hr (Fig. 3-

10). It then declined gradually to the prefeeding level.

The oxygen consumption rate above the prefeeding level was

measured as AHI. No significant differences in duration

of AHI were found due to ration or diet. In all cases,

oxygen consumption rate turned to the prefeeding level in

18-21 hr. Within the ration range studied, the AHI was no

more than 1.3 times the prefeeding metabolic cost. The

mean ratio of AHI to prefeeding oxygen consumption was
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63%, 52%, 31%, or 130% for grass carp on SL3, SL6, SL12 or

EL respectively.

In terms of mg of 02/meal, AHI increased linearly

with gross energy intake (Kcal/meal) in all the four

groups (Fig. 3-11). Using ration as a covariate, analysis

of covariance indicated there were significant differences

in AHI among groups. At a common ration of 3.055

Kcal/meal, the adjusted mean AHI value for grass carp on

EL was 1.7-3 times higher than other groups and AHI for

SL12-fed fish was significantly lower than that for those

fed SL3 or SL6 (Table 3-10).

When AHI was expressed as the fraction of gross or

digestible energy intake (Table 3-10), no significant

correlation between this fraction and ration size

(Kcal/meal or cal/Kcal/day) was found. In formulated

diet-fed fish, the proportion of gross energy intake

expended on AHI directly increased with the ratio of

protein to energy in the diet (Fig. 3-12, F= 22.97, p<

0.05). This relationship suggested AHI was closely

related to protein metabolism.

Comparison of mean values for AHI relative to gross

energy intake indicated that SL12-fed fish spent

significantly less energy on AHI than those fed SL3 or

SL6. No significant difference between SL3- and SL6-fed

fish was found. However, when the comparison was based on

digestible energy intake, the result was different. Grass
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carp fed SL3 expended a significantly greater portion of

digestible energy intake on AHI than those fed SL6 or

SL12. No differences were found between SL6- and SL12-fed

fish. This result indicated that when dietary lipid level

increased from 3% to 6% the fraction of food energy

expended on AHI was reduced. No further reduction in AHI

occured when dietary lipid increased to 12%. A large

portion of gross food energy in SL12-fed fish was lost in

feces and was not available for metabolism (Table 3-9).

Energy budget

Data for food consumption, growth, waste production,

prefeeding metabolism and AHI for grass carp on SL3, SL6,

SL12, or EL at the ad libitum ration were listed in Table

3-11. In SL3-, SL6-, and SL12-fed fish, total energy

expenditure did not equal measured energy intake

(discussed below). Only after taking the sum of the

measured values for each cost component in the energy

budget as the energy intake, could balanced energy budgets

be expressed by piecharts (Fig. 3-13).

Plant-fed and formulated diet-fed grass carp had

different energy budget patterns. Though the absolute

value for metabolic cost for EL-fed fish was higher than

other groups, less food energy (13%) was expended on

metabolism as compared to other groups. These fish lost

most food energy in their feces (82%), leaving about 5% of
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food energy for growth. However, their high consumption

compensated for fecal energy loss and maintained growth

rate near that for SL3-fed fish (Table 3-8). Formulated

diets apparently improved digestion of grass carp while

relative metabolic cost of formulated diet-fed fish

increased. Increase of dietary lipid content from 3% to

6% resulted in reduction of metabolic cost and increased

fraction of gross energy intake available for growth.
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Discussion

Energy budget

While the energy budget for grass carp fed EL was

well balanced, those for formulated diet-fed fish were 10

to 17% different than expected based on calculated energy

intake (the sum of all measured expenditures). The

imbalance probably stems from errors in consumption

measurements. Jobling (1983) points out that food wastage

makes accurate measurement of consumption impossible. The

nutrient leaching test indicated formulated diets lost

about 50% of their dry weight after soaking in water for

24 hr. We observed that 4-6 hr were needed for grass carp

to consume the fed daily ration. Nutrient leaching

happened during that period probably lead to

overestimation of food consumption rate. In EL-fed fish,

nutrient leaching was negligible and thus, the energy

budget could be well-balanced. Since nutrient leaching is

common to all formulated diets, relative energy budgets

for grass carp on DA, DB, or DC probably reflected the

trends for energy utilization among groups.

The energy budgets for formulated diet-fed grass carp

reported here are close to most documented results for

fish fed natural foods.

Fischer (1972) reported instantaneous energy budgets

for grass carp (20-70g) fed animal and plant food at 22°C.

They were:
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100C =17P + 58F + 2U + 23R, for those fed tubificid

worms;

100C = 3P + 79F + 2U + 16R, for those fed lettuce,

where C, P, F, U and R were consumption, growth fecal

energy loss, nitrogenous waste and metabolic cost,

respectively. In the current study, SL3- or SL6-fed fish

had energy budgets similar to Fischer's animal food-fed

fish while EL-fed fish resembled lettuce-fed fish. But

our growth energy for SL6-fed grass carp is a little

higher and metabolic cost, a little lower, than Fischer's

corresponding results.

Wiley and Wike (1986) reported energy balances for

diploid, triploid and hybrid grass carp fed a variety of

plant foods. Their energy budget for diploid grass carp

was:

100C = 14P + 74FU + 12R.

The metabolic cost for the fish fed EL in this

experiment was very similar to the value in their budget

(12.9% vs 12%). Differences in fish body weight and

temperature (100-500g and 14-30°C respectively, in their

study) partially explain differences in growth and waste

product energy between our EL-fed fish and those of Wiley

and Wike.

The growth component in the energy budget reported by

Stanley (1974b), (of 96 Kcal ingested, 58% was digested,

8% was used in respiration, and 50% was devoted to growth)
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for grasst carp fed elodea probably is the highest value

in literature. The reasons for this difference in

allocation of food energy As compared to the present

experiment are no clear. Wiley and Wike (1986) questioned

the figure on the basis of Stanley's energy balance.

The energy budgets for grass carp reported here and

in the literature generally have two common characters.

First, a large portion of ingested food energy was

undigested and lost through feces regardless of diet type.

Though our formulated diet improved energy utilization,

grass carp still lost as much as 60% of feed energy in

feces and their digestion efficiency was much lower than

the carnivorous fish (70% to 80%) (Brett and Groves,

1979). Low digestion efficiency was said to be a common

character of most herbivorous fish and was attributed to

the refractile compounds including cellulose and lignin

that are not vulnerable to vertebrate digestive enzymes

(Bowen, 1982). Grass carp have neither cellulase

(Hickling, 1966) nor a bacterial flora in their

gastrointestinal tracts, which are capable of digesting

cellulose (Trust et al., 1979). Thus, low digestion

efficiency can be partially attributed to their inability

to digest cellulose (Shireman and Smith, 1983; Fischer,

1979). However, our energy budgets indicated even if

grass carp are fed formulated diets with readily absorbed

nutrients, digestion efficiency remains less than 50%.
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Hickling (1966) reported the gut of grass carp is only

2.25 times the length of the fish, and food is masticated

and passed through the gut in less than 8 hr at 28°C to

30°C. Thus, low digestion efficiency in grass carp fed

formulated diets probably also resulted from short

digestion time.

This common feature of energy budgets for grass carp

provides insight into feed formulation for this species.

To match the "low efficiency-high volume" strategy of

grass carp (Wiley and Wike, 1986), feed with "reduced

quality", but improved acceptance (i.g., incorporation

certain amount of roughage in the feed) is probably more

desirable.

The second common character of the energy budgets for

grass carp is the lower metabolic costs (13-19% of gross

energy intake) as compared to carnivorous fish, in which

generally 44% of food energy is expended in aerobic

metabolism (Brett and Groves, 1979).

Winberg (1961) and Stanley (1974b) separately

estimated a power function for routine metabolism of the

grass carp. Application of their equations to our data

gives an oxygen consumption rate of 0.1095 mg 02/g/hr or

0.1390 mg 02/g/hr, respectively for a fish of 30 g. The

prefeeding oxygen consumption measured in our experiment

(0.1050 mg 02/g/hr), which could be viewed as an

equivalent of routine metabolism, was similar or lower
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than the above values. The extrapolated maintenance

ration for formulated diet-fed fish was around 15

cal/Kcal/day, with an digestion efficiency of 40%. Energy

available for metabolism and nitrogenous waste excretion

was about 6 cal/Kcal/day, which was very close to the

measured prefeeding metabolic rate: 5.8 cal/Kcal/day. The

correspondence of maintenance ration and prefeeding

metabolic rate (measured separately) suggests our

estimation of oxygen consumption was quite reasonable.

Our values for AHI relative to the gross or

digestible energy in grass carp are lower than those

reported for other species fed natural and artificial

diets. The AHI accounted for 15.8% of the gross energy

intake in large mouth bass (Tandler and Beamish, 1980),

16% in plaice, Pleuronectes platessa, (Jobling and Davies,

1980), and 10.1% to 16% in rainbow trout fed on high lipid

or high carbohydrate diets respectively (Beamish et al.,

1986). With a combination of various dietary protein

levels (34, 40, and 48%) and lipid levels (7, 15, and

23%), LeGrow and Beamish (1986) found AHI in trout ranged

from 11.1-19.2% of gross energy intake. The AHI for grass

carp fed different diets in our study was 2.9-8.7% of

gross energy intake. Grass carp fed formulated diets

expended 8.6-10.9% of the digestible energy on AHI while

this value for other species ranges between 12.4-24.1%.

Our value for AHI relative to digestible energy intake in
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grass carp fed EL (18%) fell within the range of 12.4-

24.1% for other species. Higher AHI in EL-fed fish could

be explained by the high moisture and low energy contents

of EL. Increased feeding activity and food processing as

compared to feeding on formulated diets probably resulted

in higher AHI cost. The reasons for generally low AHI

found in grass carp are not clear, but this feature does

attribute much to the low metabolic costs and may

partially offset low digestion efficiency.

The nature of AHI is not well understood. It is

customarily regarded as a protein-related phenomenon. The

magnitude of AHI has been positively related to dietary

energy intake in plaice (Jobling and Davis, 1980) and

rainbow trout (LeGrow and Beamish, 1986), and to dietary

protein level in rainbow trout (Cho, et al., 1976; Medland

and Beamish, 1985). The results from the current study on

the relationship between AHI and energy intake, and

between AHI expressed as the fraction of gross energy

intake and the ratio of dietary protein-to-energy content

tend to support the above mentioned viewpoints. Decreased

AHI and increased PER in grass carp fed 6% dietary lipid

as compared to 3% dietary lipid (Tables 3-10 and 3-8)

suggest a protein sparing effect of dietary lipids also

exists in grass carp. It seems the ability of grass carp

to utilize dietary carbohydrate for energy is limited and

dietary protein is used as an energy source when lipid
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supply is insufficient. As a result, the AHI is elevated

due to the metabolism of amino acids. Higher AHI of fish

reared on a high carbohydrate diet as compared to an

isocaloric diet with high lipids was also found in trout

(Beamish et al., 1986).

There is, however, a disagreement between this

explanation and the nitrogenous waste energy loss data

(Fig. 3-8). If increased AHI found in SL3-fed fish was

due to the metabolism of amino acids, then the main

nitrogenous waste product, ammonia was expected to

increase. But the adjusted value of nitrogenous waste

energy loss for fish fed SL3 was lower than that for those

on SL6 (0.61 vs 0.91). This phenomenon is not well

understood and there are several factors may contribute to

this discrepancy.

Ammonia was assumed as the only nitrogenous waste

product. There might be other pathway for amino acid

metabolism. Urea is another potential excretory product

and occasionally forms a high proportion of the total

nitrogenous excreta in brown trout (Elliot, 1976).

Beamish and Thomas (1984) found urea-nitrogen accounted

for 32-42% of total nitrogenous waste excretion in rainbow

trout. We did not measure urea-nitrogen and changes in

its excretion may have contributed to the discrepancy.

Beamish and Thomas (1984) also reported nitrogenous

waste products were trapped in trout feces (an equivalent
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to 7-14% of the nitrogenous wastes excreted through gill

and urine). Loss of feces during collection or random

activity of fish might change the amount of nitrogenous

wastes trapped in feces and contribute to the discrepancy.

In addition, differences in aeration during

measurements may have altered ammonia's diffusion out of

water and been a source of errors.

Althought AHI of fish fed 6% lipid diet was lower

than that for those fed 3% lipid diet, a decreased

digestibility rather than a protein sparing effect occured

when dietary lipid was increased to 12%. Reduced

digestibility at increased dietary lipid (15% vs 5 and

10%) was also found in catfish (Andrews et al., 1978).

Protein is usually the single most costly factor in fish

feed. Providing energy with dietary lipids could reduce

the energy expenditure associated with AHI and thus

minimize the use of more costly protein. However,

digestibility of particular lipids by fish should also be

carefully considered.

The ultimate aim of aquaculture is maximum production

of fish flesh in the shortest time at the lowest cost. To

achieve this aim, information on optimal food quality and

feeding regime is essential as is a knowledge of water

quality, stocking density and effects of handling.

Because of practical and economic constraints, however,

study of these questions usually depends on comparative
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feeding trials rather than energetic approaches. Although

feeding trials have the benefits of simplicity and fit

with routine work in a fish farm, they require a

comparatively long time (a cultural cycle or a growing

season). When growth is considered as energy remaining

from ingested food after subtracting all non-growth uses

and losses, predictions based on instantaneous

measurements of consumption, fecal and nitrogenous waste

energy loss and metabolic cost can be carried out in a

period of days. Bioenergetic approaches are of

potentially great benefit in aquaculture for rapid

prediction of growth effects for diet formulations.

Effects of Dietary Fatty Acid Composition

Growth promotion effects of linolenic acid as an EFA

was documented in rainbow trout (Castell et al., 1972c;

Watanabe et al., 1974), coho salmon (Yu and Sinnhuber,

1979) and common carp (Farkas et al., 1977, 1978).

Meanwhile 20:5n-3 or 22:6n-3 was found to have similar or

even better EFA value for rainbow trout (Yu and Sinnhuber,

1972; Takeucki and Watanabe,1977). Growth promotion

effects of n-3 FAs were confirmed in SL6-fed grass carp

(18:3n-3 as the major part and 20:5n-3 and 22:6n-3 as the

minor parts in SL6, see Table 3-5). However, growth of

grass carp fed C6 (very low in linolenic acid) at the ad

libitum ration was as good as that of SL6-fed fish and the
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PER ratios in the two groups were very close. It

therefore seems inappropriate to consider linolenic acid

as an indispensable EFA for grass carp. It is also

impossible to differentiate the effect of linolenic acid

from that of the n-3 PUFA on growth promotion found in

SL6-fed fish. The tissue FA composition of grass carp on

EL indicates this species is capable of elongating and

desaturating dietary linolenic acid and the effects of n-3

PUFA could have been replaced by dietary linolenic acid

alone. However, B6 (soybean oil) which contains about 6%

more linolenic acid than C6 (corn oil) did not result in

better growth performance as compared to C6. This result

suggests the n-3 PUFAs in SL6 could not be completely

replaced by linolenic acid or at least small amount of

linolenic acid. Hence, it is possible that both linolenic

acid and long chain n-3 PUFAs have growth promotion

effects in grass carp.

The noticeably lower growth rate of S6-fed fish at

the ad libitum ration as compared to other groups might

also result from their low consumption, in addition to the

insufficient dietary supply of n-6 FAs. The ad libitum

ration in this group was slightly above the medium ration

and appetite in this group was apparently inhibited by

salmon oil. Low consumption was also found in fish fed

SL12, in which half of its dietary lipid (12%) was salmon

oil. Consumption of grass carp fed other salmon oil-
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containing diets (SL3 or SL6) was unaffected. It appears

that only when salmon oil in the diet exceeds a certain

percentage it affects fish appetite.

Salmon oil is rich in n-3 PUFAs, especially 20:5n-3

and 22:6n-3, which are vulnerable to autoxidation.

Oxidized lipids are well known to be toxic to various

kinds of fish (Watanabe, 1982). The thiobarbituric acid

(TBA) reaction is a sensitive indicator for autoxidation

of lipids (Sinnhuber and Yu, 1977). Lipid extracts from

S6 that had been stored in the freezer for more than one

month remained within the acceptable TBA value range (18

mg melanaldehyde per kilo of lipids). Thus, autoxidation

of dietary lipid could be excluded from the list of

suspected factors resulting in the inhibited appetite

found in S6-fed fish.

Long chain n-3 PUFAs in salmon oil are the most

probable component responsible for the inhibited appetite

in S6-fed fish. A similar effect of long chain PUFAs was

reported in Tilapia nilotica (Takeucki et al., 1983).

Diets with lipid containing 4% methyl oleate + 1% ethyl

arachidonate or 1% n-3 PUFAs (mix of 20:5n-3 and 22:6n-3)

led to inhibited appetite, decreased growth and feed

conversion efficiency. When dietary lipid consisted of

4.5% methyl oleate + 0.5% ethyl arachidonate or n-3 PUFAs,

no effects on appetite occured. This finding as well as

ours suggests that beyond certain limits, excessive long
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chain n-3 PUFAs in the diets have obvious negative effects

in the two species, though appropriate amount n-3 PUFAs

have growth promotion effects in grass carp. Whether fish

appetite was inhibited by the smell or other factors is

unknown.

The selective deposition of n-6 series FAs in tissues

of S6-fed fish indicates that linoleic family FAs may have

important functions in lipid metabolism of grass carp.

Increased lipogenesis has been recognized as the earliest

sign of EFA deficiency in rats and mice (Allmann et al.,

1965a,b) and could be repressed by inclusion of a few

percent of linoleic acid into the diet (Muto and Gobson,

1970). Farkas et al., (1977, 1978) found increased oleic

acid in common carp liver was due to the increased fatty

acid biosynthesis and addition of linolenic acid to the

diet reduced lipogenesis. They suggested linolenic acid

functions in regulating lipogenesis in carp as linoleic

acid does in mammals. Oleic acid in muscle and 20:1n-9 in

both muscle and liver of S6-fed fish were significantly

higher than other groups (Tables 3-3 and 3-4). Whether

this indicated increased lipogenesis due to insufficient

dietary linoleic acid supply needs detailed investigation.

The concept of tissue normalization of dietary fatty

acid proposed by Greene and Selivonchick (manuscript) for

rainbow trout infers fish maintain tissue fatty acid

levels or the ratios between two specific fatty acid
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levels within a narrow range irrespective of dietary

levels or ratios. These authors found trout tissue

saturated FA level fell into a range of 22.2-30.1% total

lipid regardless of the dietary levels (18.7-24%) and the

ratios between each major FA were approximately maintained

at a constant value. This proposal was supported by the

findings of Yu and Sinnhuber (1981) and Reinitz and Yu

(1981), who found a fairly uniform level of saturates (23-

24%) was maintained by rainbow trout and coho salmon fed

diets containing varied levels of saturated fats. Grass

carp showed an ability to maintain tissue ratios of.

saturated FAs-to-unsaturated FAs (S/U) at 0.29-0.30

regardless of the dietary S/U ratios (0.16-0.58). Grass

carp also maintain a S/U ratio of 0.31-0.36 at 26°C when

this ratio in their diets is 0.27-0.66 (Cai and Curtis,

Chapter 1). Since the level of unsaturation (or

saturation) of membrane fatty acids is an important

adaptive response of animal to environmental temperatures

(Hadley, 1985), an investigation of the combined effects

of environmental temperatures and dietary fatty acids on

fish tissue fatty acid composition may provide more

information about FA requirements of fish.
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Table 3-1. Diet formula and the measured proximate composition of
the experimental diets (as weight percentage).

Diet SL3 SL6 SL12 C6 S6 B6 EL

FORMULA
Dry matter (DM) 40 40 40 40 40 40 NA
Components in DM
Casein 33 33 33 33 33 33 NA
Gelatin 7 7 7 7 7 7 NA
Lipida 3%SL 6%SL 12%SL 6%C 6%S 6%SY NA
Dextrin 30 27 21 27 27 27 NA
Alpha-cellulose 15 15 15 15 15 15 NA
CMC* 1 1 1 1 1 1 NA
Mineral supplementb 8 8 8 8 8 8 NA
Vitamin supplementb 2 2 2 2 2 2 NA
Choline chloride 1 1 1 1 1 1 NA

Calculated energy contents
(Kcal per gram of DM) 4.43 4.59 4.91 4.59 4.59 4.59 NA
Protein:Energy
(mg/Kcal) 90.3 87.1 81.4 87.1 87.1 87.1 NA

MEASURED VALUEd
DM 37.7 38.3 38.1 37.7 37.8 37.8 10.65
Components in DM
Protein 37.0 38.4 39.6 37.9 41.3 39.8 22.8
Lipid 3.42 6.49 12.03 6.41 6.02 6.36 7.66
Ash 6.41 6.73 6.69 6.44 5.41 6.63 18.34
Othere 53.17 48.38 41.68 49.25 47.27 47.21 51.20
Energy content
(Kcal per gram of DM) 4.49 4.60 4.97 4.67 4.61 4.56 3.61

CMC= carboxy methyl cellulose.
a. SL= equal amounts of linseed oil and salmon oil; C= corn oil; S=

salmon oil; SY= soybean oil, and NA= not applicable.
b. Mineral and vitamin supplements were following the formula of

1985 Modified Oregon Test Diet, Department of Food Science and
Technology, OSU.

c. Following calorific coefficients were used in calculation:
protein, 5.65 Kcal/g; lipid, 9.40 Kcal/g; carbohydrate,
4.10Kcal/g.

d. Each value is the mean of three sample.
e. Calculated by subtraction, the value for EL including 23.92%

cellulose.
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Table 3-2. Moisture and energy contents in whole
fish. (mean+SE)

Diet Daily Sample Moisture Energy
ration size (% of BW) content
(% of BW) (Kcal/g of dry matter)

Ini.* ad.
**

4 74.0+0.2 5.72+0.04
EL ad. 3 80.1+0.5a 4.71+0.03a
SL3 ad. 3 74.8 +0.1 5.65+0.05
SL6 1% 3 73.9;1.0 5.76+0.06
SL6 1.5% 3 74.5+0.8 5.74+0.03
SL6 ad. 3 73.9+0.9 5.75+0.07
SL12 ad. 3 77.7T0.8a 5.66+0.12
C6 1% 3 77.5;1.1a 5.31+0.20
C6 1.5% 3 74.1_1.4 5.70+0.20
C6 ad. 3 73.5+0.3 5.77+0.06
B6 1% 3 75.7+0.5a 5.40+0.18
B6 1.5% 3 74.6 +0.3 5.54+0.26
B6 ad. 3 74.4+0.7 5.78+0.08
S6 1% 3 75.2+0.3a 5.59+0.06
S6 1.5% 3 75.4+1.5 5.59+0.06
S6 ad. 3 74.6+0.5 5.67+0.08

* initial sample.
** ad libitum.
a. significantly different from the value for initial

sample in the same column.
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Table 3-3. Fatty acid °opposition in muscle of grass carp
fed different diets (expressed as weight percentage of
total lipids).

Diet SL6 C6 S6 B6 EL

Sample size 4

Fatty Acid

4 3 3 4

14:0 2.19+0.08 1.62+0.08 4.25+0.21 1.56+0.20 1.23+0.18

16:0 18.36+0.97 17.67+0.19 17.09+0.45 17.29+0.45 17.21+0.23

16:1
*

6.64;0.46a 5.6610.35a ,b11.23;0.71 4.5910.06b 5.74;0.28afb

16:2 trace 0.51;0.02 1.13+0.05

18:0 2.61+0.07 2.91±0.27 1.74+0.12 3.33+0.13 3.92;0.37

18:1n-9
*

21.58;0.75a 22.07+1.47a 28.07;0.88 20.9610.91a 12.71T-0.84

18:2n-6* 9.2811.33b 23.65;1.55a 9.77;0.65b 21.71+0.36a 10.87;0.46b

18:3n-3* 9.50±0.60a 0.4110.00 0.91;0.05b 1.7410.10 12.4410.69a

18:4n-3 trace

20:1n-9 0.30+0.02a 2.89+0.16 0.43+0.04a

20:2n-6 0.51+0.04 1.08+0.07 trace 1.16;0.05 0.67+0.07

20:3n-6 0.52;0.04 2.19;0.12 0.47+0.22 2.06;0.07 1.39;0.21

20:4n-6
*

4.75;0.17a 10.8811.22b 3.56;0.22a 10.9510. 93b 9.49 -T0.33a,b

22:1n-9 0.92;0.14 0.80;0.04 1.52+0.13

20:5n-3
* 4.80;0.50a 0.60±0.00 4.30;0.22a 0.98±0.05b 5.81T-0.49a

22:4n-6 0.40+0.08 0.72±0.08 0.60;0.04 0.83+0.07 0.39;0.02

22:5n-6 1.07+0.17 5.63+0.74 1.0910.34 4.84+0.46 1.61+0.10

22:5n-3 1.58+0.03 0.6310.07 1.49+0.23 0.95+0.03 2.12+0.11

22:6n-3* 14.64 +1.37a 4.04±0.48b 11.4710.47a 5.9610.26b 13.12±0.17a

Total
n-6* 15.95±1.68a 44.52±0.61b 15.35±0.36a 41.07±1.40b 22.87+0.40

Total
n-3* 30.55+1.73a 5.50+0.71b 18.16+0.29 9.47+0.24b 33.50+0.65a

S/U** 0.30 0.29 0.29 0.30 0.29

* Significance test for differences between groups has been carried out.

** S/U= ratio of saturated fatty acids to unsaturated fatty acids.
a,b Within each tested row, values bearing the same letter are not

significantly different.
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Table 3-4. Fatty acid composition of liver of grass carp fed
different diets (expressed as weight percentage of total lipids).

Diet SL6 C6 S6 B6 EL

Sample size 4

Fatty Acid

4 3 3 4

14:0
16:0

16:1*

2.78+0.76 2.40+0.34 3.91+0.31
20.77±1.44 20.99+0.43 19.30+0.65
9.81+2.12a, b 8.32+0.300°13.56±2.13b

1.65±0.21 0.43+0.10
21.50+0.60 16.91+0.39
5.67+0.53alb 5.60+0.45a

16:2 0.26+0.09 0.16+0.01 - trace 2.50;0.06
18:0 3.39+0.27 3.99+0.09 4.01+0.54 5.11+0.99 5.68+0.41
18:1n-9

*
28.37 +3.89a 25.93±0.36a 29.31±0.84a 25.25±2.39a 7.99+0.86

18:2n-6* 5.48 +1.33a 14.66+0.75b 6.32±1.39a 12.43±1.46b 6.71±0.48a
18:3n-3

*
4.53 +1.46 0.1610.03a 0.65±0.22a 0.68±0.13a 10.08+0.85

unknown 2.88+0.27
18:4n-3 - trace
20:1n-9 1.23+0 .22a 0.47+0.02a 2.51+0.26 0.55±0.05a 0.42+0.02a
20:2n-6 0.3810 .13 1.23;8.08 trace 1.32±0.11 0.80+0.07
20:3n-6 0.29+0 .04 1.84+0.10 trace 2.00±0.14 0.69±0.17
20:4n-6* 3.25±0 .84a 10.9910.39bIc 2.04+0.18a 11.73±1.16b 7.74+0.39c
22:1n-9 0.43±0 .10 - 0.44+0.09 1.67-10.17
20:5n-3* 2.82±0 .55a trace 2.66±0.26a 0.27±0.04 6.29±0.66
22:4n-6 0.53+0.04 - 0.63+0.06
22:5n-6 0.44±0 .13 6.62+0.36 0.53+0.21 5.89+1.04 1.29±0.32
22:5n-3 1.16±0 .30 trace 0.79+0.10 0.61+0.15 2.25±0.36
22:6n-3* 14.47+3 .38a,'" 1.71+0.18 12.92-72.09alb 5.00+0.91b 20.75+0.61a

Total
n-6* 9.74 +2.45a 35.85+1.13b 8.98+1.67a 33.55+1.77b 16.83+0.95a
Tbtal
n-3* 22.98+5.64a lb 1.90+0.20c 7.01+2.61a 6.26+1.11afc39.39+0.81b

S/U** 0.37 0.38 0.37 0.39 0.30

* Significance test for differences between groups has been carried out.
** Same as in Table 3-3.

a,b,c Within each tested raw, values bearing the same letter are not
significantly different.
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Table 3-5. Dietary fatty acid compositions
(expressed as weight percentage of total lipids)

Diet* SL6 C6 S6 B6 EL

Fatty acid
14:0 3.22 6.32 0.84
16:0 12.55 14.07 16.59 10.35 32.75
16:1 2.87 6.22 3.53
16:2 0.34 0.81 0.26
18:0 3.48 2.64 3.42 3.41 3.29
18:1 20.68 25.75 21.18 25.41 4.01
18:2n-6 12.66 57.06 2.86 53.26 12.30
18:3n-3 26.75 0.96 0.97 7.42 40.30
18:4n-3 2.50
20:1n-9 5.10 7.65
20:4n-6 trace 0.69
20:4n-3** 5.44 5.36
20:5n-3 1.59 9.48 0.40
22:4n-6 0.26
22:5n-6 trace
22:5n-3 0.22 1.86
22:6n-3 1.43 10.19

Total n-6 12.66 57.06 3.81 53.26 12.30
Total n-3 35.43 0.96 30.36 7.42 40.70
S/U*** 0.24 0.20 0.36 0.16 0.58

Each number is the mean of three samples, each of which was
run in duplicate. Lipid sources for respective diet are:
SL6, a mixture of equal amount of linseed oil and salmon
oil; C6, corn oil; S6, salmon oil; B6, soybean oil; and EL,
lipids extracted from Elodea.

** mixed with 22:1n-9.
*** S/U= ratio of saturated fatty acids to unsaturated fatty

acids.
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Table 3-6. Regression equations of growth rate on food
consumption for grass carp fed diets with different lipid
sources.

Diet Number of
observation

Regression**
equation

Correlation Calculated
coefficient maintenance ration

(cal/Kcal/day)

SL6
C6
B6
S6

18 Y=-21.18+8.03LnX
18 Y=-27.11+9.00LnX
18 Y=-15.73+5.79LnX
18 Y=-14.77+5.27LnX

0.79*
0.84*
0.59*
0.54*

14.0
20.3
15.1
16.5

p< 0.05.
** See text for details.

Table 3-7. Gross growth efficiency, protein efficiency
ratio, and net efficiency of grass carp fed
diets with different lipid sources (mean+SE)

Diet GE*
(%)

PER (g BW gain
per g of protein LR**

consumed)

NE ( %)

MR HR

B6 13.0+1.4a
(18)

C6 15.1+1.1a
(18)

S6 11.3+1.0a
(18)

SL6 19.7+1.5
(18)

1.05+0.10a,b
(18)

1.20+0.08b
(18)

0.88+0.08a
(18)

1.53+0.12
(18)

32.54.8.1a,b

(6)

43.0+7.7arc
(6)

23.7 +4.4 -
(6)

40.7+8.5a,0
(6)

23.8 +3.9a 18.1+2.1a
(Z.) (6)

23.5+2.6a 24.7+1.9-
(6) (6)

18.8+3.1a 18.7+2.5a
(6) (6)

29.2+2.0 24.2+2.3-
(Z) (6)

GE= gross efficiency; PER= protein efficiency ratio; and
NE= net efficiency. Figures in the parenthesis are the
sample size.

** LR= low ration; MR= medium ration; and HR= high ration.
a,b,c Within each column, values bearing the same letter are

not significantly different.
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Table 3-8. Food consumption, growth, gross efficiency and
protein efficiency ratio of grass carp fed diets with
different lipid levels or Tlodea at the ad libitum ration.*

Diet Sample Consumption Growth GE**
size (cal/Kcal/day) (cal/Kcal/day) (%)

PER**
(g BW gain/g
of protein
consumed)

SL3 12 55.3+3.0a 7.54+0.96a 13.58±1.75a 1.04±0.13
SL6 6 65.3+3.9a 12.39;1.15 18.97±1.76a 1.47±0.14
SL12 12 44.1+4.8 3.08+0.36 7.03±0.70 0.58±0.06a
EL 12 134.6+9.4 5.91+0.46a 4.39+0.34b 0.66+0.05a

Results are means + SE.
GE= Gross growth efficiency, and PER= Protein efficiency
ratio.

a,b Within each column, values bearing the same letter are not
significantly different.

Table 3-9. Fecal energy loss of grass carp fed diets
with different lipid levels. (mean+SE)

Diet Sample Regression* Adjusted mean
size equation of fecal

energy loss
(cal/Kcal/day)

Mean ratio of
fecal energy loss
to food intake

(%)

SL3 8 Y=0.916+0.505X 24.47+1.13a 52.8+1.39a
SL6 11 Y=1.259+0.493X 24.28T-0.96a 51.8;4.29a
SL12 10 Y=8.601+0.461X 30.11;1.01 66.5;2.77

* Y= fecal energy loss in terms of cal/Kcal/day;
X= ration size in terms of cal/Kcal/day.

a Values bearing the same letter in each column are not
significantly different.
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Table 3-10. Regression equations of AHI on ration size and
adjusted mean AHI values for a common gross energy intake
(3.055 Kcal/meal) by analysis of covariance, as well as AHI
expressed relative to gross and digestible energy intake.

Diet Sample Regression
size equation*

AHI
Adjusted Relative to Relative to
mean value gross energy digestible
mg 02/meal intake (%) energy

intake (%)

SL3 12 Y=-11.55+20.10X 49.34+7.78a 5.22+0.42a 10.88+0.87
SL6 15 Y=-14.17+18.48X 42.67-16.99a 4.26T-0.30a 8.70+ 6 .60 a

SL12 12 Y=-10.91+12.53X 28.53+6.54 2.93;0.26 8.60T-0.78a
EL 10 Y= 22.02+20.11X 85.00+10.26 8.66;0.46 18.01+0.95

* Y= AHI in terms of mg 02/meal;
X= ration size in terms of Kcal/meal.

a, Within each column, values bearing the same letter are not
significantly different.

Table 3-11. Measured values for each component in the energy
budget for grass carp fed different diet (cal/Kcal/day).

Diet Energy Energy expenditure
intake

Ac* Ap AF Au AR(PRE) AR(AHI)

Sum of energy
expenditure
relative to
energy intake

SL3 55.3 7.5 28.8 0.7 5.8 2.9 83%
SL6 65.3 12.4 33.5 1.3 5.8 2.8 86%
SL12 44.1 3.1 28.9 0.8 5.8 1.3 90%
EL 134.6 5.9 111.3 0.8 5.8 11.7 100%

* Ac= consumption rate; Ap= growth rate; AF= fecal energy loss
rate; AV= nitrogenous waste energy loss rate; AR (PRE)=
prefeeding metabolic rate; and AR (AHI)= apparent heat
increment energy cost rate.
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Figure 3-1. The respirometer. Switches A and B
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When inflow water sample is collected, by-pass
is in operation with switches A and B closed.
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Figure 3-3. Relationship between ration and growth
rate of grass carp fed diets with varied lipid
sources. Each point represents the mean of six fish
+ 1 SE. The repression line for each group was
significant (see Table 3-6). The maintenance ration
for each group was obtained by extropolating each
regression line to the horizontal axis.
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Figure 3-4. Mean growth rates of grass carp fed diets
with varied lipid sources at three ration levels. Each
point is the mean of six fish + 1 SE. The least
significant difference procedure (Sokal and Rohif, 1981)
was carried out to compare mean growth rates for each
group at corresponding ration levels. * The mean value
for SL6-fed fish at medium ration levle was significantly
higher than other groups. ** The mean values for SL6- and
C6-fed fish at the ad libitum ration were significantly
higher than other groups and the difference between SL6 -
and C6-fed fish was not significant.
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Figure 3-5. Gross and net efficiencies and protein
efficiency ratio of grass carp fed formulated diets
with varied lipid sources at three ration levels.
Each point represents the mean of six fish + 1 SE.
Gross growth efficiency and protein efficiency ratio
at each ration level were not significantly different
for respective groups and thus values at each ration
level were pooled. The pooled means of GE and PER for
SL6-fed fish were significantly higher than other groups
(Table 3-7). Net efficiencies at each ration level for
each group were compared by the least significant
difference procedure. * The mean value of NE for SL6-
fed fish at medium ration level was significantly higher
than other groups. ** The mean values of NE for SL6-
and C6-fed fish at the ad libitum ration were
significantly higher than other groups and the difference
between SL6- and C6-fed fish was not significant.
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Figure 3-6. Total n-3 and n-6 fatty acid in
diets and fish tissues (expressed as weight
percentage in total lipid). Each vertical bar
represents the mean + 1 SE. Sample size for
each diet or fish tissue of B6- and S6-fed fish
was three, and for tissue of C6- and SL6-fed
fish was four.
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Figure 3-7. Relationship between ration and fecal
energy losses of grass carp fed Elodea or diets
with varied lipid levels. Each point represents onemeasurement. The regression line for each group was
significant (EL-fed fish, N=15, F=30.8; SL3-fed fish,
N=8, F=127.3; SL6-fed fish, N=11, F=30.0; and SL12-fed
fish, N=10, F=96.2). Analysis of covariance (Sokal
and Rohif, 1981) indicated fecal energy loss for SL12-
fed fish at an adjusted common ration size (46.7
cal/Kcal/day) was significantly higher than SL3- and
SL6-fed fish.
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APPENDIX

Derivation of the bioenergetic equation

The uses and losses of the energy in the food an

animal consumed over a period time under a given set of

environmental conditions can be expressed in the following

equation (Bradfield, 1985):

C = P +R +U +F,

where

C = total energy content of the food consumed;

P = energy in growth materials (production);

R = net loss of energy in total metabolism

(respiration);

U = energy lost in nitrogenous waste; and

F = energy lost in feces.

All terms in this equation can be measured in units

of calories or can be easily converted to calories.

However, one cannot measure each term in the equation

simultaneously on the same fish while almost all terms in

that equation are functions of body mass. As Warren

(1971) stated, we must have not only an energy budget for

the entire animal but also an energy budget in terms of

rate per unit of body mass per unit of time. Following

Warren's idea, each term in the equation is divided by WXt

and substituted by Ai, let

Ai = i

WXt

where i = C, P, R, U, or F;
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Wx = the energy value in Kcal of fish body mass to

some mean power; and

t = time in days.

For simplicity, all the terms in the above equation

are assumed, though it is not strictly correct, to be the

same function of body size and x is 1. The equation then

becomes,

AC = Ap +AR +Au +AF.


