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ENHANCING BLUEGILL PRODUCTION THROUGH LEAST -COST DIET
DEVELOPMENT AND NOVEL REARING STRATEGIES

DISSERTATION ABSTRACT

My dissertation focusesn two broadssues 1) developng a leastcost diet for
juvenile bluegillLepomis macrochirysand 2) develapg effectiverearing strategies to
enhanceproduction of fooesizebluegill. The diet developmentork involveda series of
experiments @nductedon juvenile bluegill to determne (i) digestibility of nutrients
(amino acids, protein and energy) from common feedst{iffglietary requirements for
essential amino acids (EAAS)ii) dietary protein and energy requirements for optimal
fish growth performancend finally (iv) a lkest, economically feasible djenhvolving the
formulation and evaluatin of various experimental diets ranging fraghose withmuch

fish meal (most expensive) to those contaimodish meal (least expensive).

The dgestibility of nutrients (amino acgl protein and energy) from protein
(blood meal, corn gluten meal, fish meal, meat and bone (&), poultry byproduct
meal (PBM), soybean me¢gbBM)) and energy (corn and wheat) sourcesdetermined
using singletest ingredierg andthe fecessiphonng method. Available EAA levelsere
high from fish mealand PBM, whereas for other protein sources, ona few amino
acids werawvanting Available EAAs were lowor corn and wheat. Digestible levels of
protein and energy were generally high & feedstuffs except wheat and corthe
available energy level®r which were low. Validation of the methaaksed in the study
(single ingredient test diet, siphoning method of feces collectvas)also providedlhe
nutrient aailaklities for each ingredientvere thenused in subsequent experiments to
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determine digestible nutrient requirement leyelsd a leastcost diet formulation for

juvenile bluegill.

Dietary requirements for EAAs were determined for juvenile bluetilteugh
two 60d experiments, onen which bluegills weregrouphoused and arother with
individually-housed bluegil. Both experiments were rda determine whether the two
rearing approachegavedifferent indications ojuvenile bluegilllysine requiremeist due
to the presence and absenrespectively, of social hieragcformation Optimal dietary
lysine level (digestible basis) was estimaasd5 g Kg* based on broketine regression
analyses of relative growth rate and feed conversion. rio differencesbetween the
two rearing methods wereobserved, despite the higher growth rateown by the
individually-housed versushe grouphousedbluegills Requirements for other EAAS
were determinedrom whole-body compositionanalysesand measuredysine leves,
with values ranging from2.4 g Kg* (tryptophan) to 15.3 g K§ (leucine). After
determiningEAA requirements, a series of tvaolditional60-d experiments werain to
determinethe optimal levels of dietary protein and energy for juvenile bluegill. A dietary
protein level of ~41@ Kg* and a dietary energy level of ~14.6 MJKgerefoundto be
optimal for juvenile bluegill. The study emphasized the importance of deterntiméng
appropriate dietary lipid to carbohydrate ratio for juvenile bluegill in order to reduce the

expensivaietary protein requirement level.

In the final experiment, datoncerninghe digestibility of various feedstufand
dietary nutrient requirements were used to formulate anfishl based diet (550 g Kg
fish meal) Subsequentlya series of diets &s formulated by gradually replacintpe

costly fish meal componeri®-550 g Kg' fish meal) with alternative protein sources to
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reduce feed cos® 60-day feeding trial showed no significant differences in fish feed
consumption and growth performances amtreydifferent dietary groupsyhereashe
ingredient cost of the diatasreduced from $816.23 toe” (550 g Kg' fish meal) to
$559.41 tone’ (0 g Kg* fish meal).The trial included commercial catfish and trout diets
as the industrgtandard controlidts. Results showed théite catfish dietproducedpoor
bluegill growth whereasthe trout diets caused high bodgt deposition.Study results
showeda diet formulation comprexi predominantlyof SBM (~37%) and MBM (~38%)

to be thebest, leastost dietfor juvenile bluegill.

Concerningrearing strategie$or improving food-size bluegill production, two
extensive studies were anducted one involving fitopping off, and the other size
grading The bppingoff strategy was evaluated by rearing bluegill ®0@L indoor
recirculating tanks for 574 days. Eviden(mgnificant positive relationshgp between
bluegill relative weighs (W;) andfish length, fat contentand fish weight, as well as
temporalincreass in fish size variatio suggested that socialgnarchies developed in
bluegill by day 31 anctontinued to persighereafter untilftopping ofb was initiated.
The frst-topping offremovals wergerformed on day 376 Hyarvestingthe upperld"
percentile (by weightpf bluegill and immediately replaty them withan equal number
of juvenile bluegill. Thisapproachwas repeated twice before the final harvesting on day
574 In theno-topping off group, all the bluegill were harvesiada single batclon the
final day of experimenation The bppingoff strategyapparentlydisruptedthe bluegill
social hierarcl, leading toa significant increase in growthnd production of large

bluegill (> 100 g)and improvedyield, relative tothe no toppingoff group. However, this
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strategyultimately failed to prodee foodsize bluegill. Modificationgo the toppingoff

strategy were suggestéat enhanag bluegill growth and production.

The sze-grading strategyi.e., selecively removing thequartile of bluegill by
length(O85 mm) producel a bluegill stockwith predominarly fastgrowing malesSize
graded bluegills were evaluated versus migee (ungraded) bluegill for producing
large bluegill and increasing fish production in pan@saded and ungradeblueqgill
groupswere reared in production ponds atestimatediensity of 16667 fish ha for 584
days(April 2005 to Nov 200h Results showed that size grading produced consistently
larger bluegill over the studyperiod but no differences were observed between the
groups interms of growth rate and fish production. Surprisinglyvidence ofsocial
hierarchyestablishmentas detectedn all production ponddy day 181 and persised
until the final sampling dateThis studyprovides thefirst evidenceof social hierachy
developmentin fish reared improduction pondsApparenteffects of social hierarchies on
key production parametenscludingbluegill growth rate and feed efficienciewere also
provided The study further indicated thtte development of social hiarchiesamong
bluegillsin pondsmay haveminimizedthe anticipatedoenefits of rearing predominantly
male bluegills. Measures that would delay or pretkaformation of social hierarchies

arediscussed.
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PREFACE

When | started my doctoral work in @, Huegill were emergingas an
aquaculture species in the U.8nlike for trout and catfishfew aspects obluegill
culture technologyhad beerstandardizedLack of a nutritionally complete, affordable
diet waslisted as a major constraint juegills producers. Consequently, the major
objective of my doctoral study was to develop a least diet for juvenile bluegill. Also,
| evaluated two new rearing strategigsppingoff harvesting and size grading, to
determine their efficiency in increasingubgill growth and production. Experiments for
these objectives were conducteam 2006 t02009, and are detailed in 5 chapters in this
dissertation.

The chapters of this dissertation are either published or in preparation for
submission to peeeviewedjournals. Below | detail the anticipatedcitation for and

likely destination okachchagper.

Chapter 1:Masagounder, K.Firman, J., Hayward, R.S., Sun, S.Bown, P. (2009
Apparent digestibilities of common feedstuffs for bluedilepomis macrochirsi and
largemouth bassMicropterus salmoidesising individual test ingredientsiquacult
Nutr., 15(1), 29-37.

Chapter 2:Masagounder, K.Hayward, R.S.,& Firman, J.Comparison of dietary
essential amino acid requirements determined from greegsus iulividually-housed
juvenile bluegill,Lepomis macrochirusAquacult Nutr. (acceptedl

Chapter 3Masagounder, KHayward, R.S.& Firman, J Effects of dietary protein and
energy levels on growth and body composition of juvenile bluegplomis macrochus
Aquacult Nutr. (in review.

Chapter 4Masagounder, KHayward, R.S.& Firman, JDevelopment of leastost diet
formulation for pvenile bluegill, Lepomis macrochirus Aquacult Nutr. (to be
submitted)
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Chapter 5Masagounder, KHayward, R.S.Noltie, D. & Wang H.P. Bluegill (Lepomis
macrochiru3 growth in indoor tanks and production ponds: evidence that social
hierarchy development is a factal. WorldAquacult Soc, (to be submitted)

Masagounder, KHayward, R.S.& Noltie, D. Evaluationof novel rearing strategies for
enhancing production of foeslze bluegill, Lepomis macrochirus\quaculture (to be
submitted).
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INTRODUCTION

Bluegill (Lepomis macrochirgswere historically grown in ponds throughout the
U.S. as a forage fish for largentbubass Micropterus salmoidgsand as a sport fish
(Swingle 1946; Dupree & Huner 1984; McLarney 1987). Over the past decade, bluegill
have also received substantial attention in the aquaculture sector as a fo2d5iSd({
0). Currently, abouhalf (4599 of the ~250 fish growers in the North Central Region of

the U.S. are involved irearingbluegill (Morris & Mischke 2003).

In addition tothe highmarket demandbr bluegill, owing in part to a widespread
familiarity with the specigsbluegill also exhit a number of favorable, production
related characteristics. These include, for examples, the ability to readily wean juvenile
bluegill onto prepared fesdEhlinger 1989), high tolerance to handling stress and poor
water quality (Heidinger 1975; Brunséh Robinette 1983)and yeairound availability
of spawn owing to successful owdf-season spawningapacity (Mischke & Morris

19%).

With demand for foossize bluegill continung to increase, rearing technology for
bluegill and theirhybrid crossege.g, I bluegill x | green sunfisiL. cyanellug has
improved over the past two decadgs(1) directingresearcheffortstowards optimizing
rearing densies (Hayward& Wang 2002; Loveshi& Matthews 2003)(2) indentifying
practical feed (Twibell et al. 2003), (3) optimizing feedingegimes(Wanget al. 1998)
and(4) increasing fish growtland feed efficiencythroughcompensatory growth feeding

schedulegHaywardet al. 1997, 2000)



Despite improvement in bluegill culture techniques, running profitable
businesssinvolving theprodudion of food-sizebluegill within two growing seasarhas
remainedchallengng to bluegill growes (Brunson& Morris 2000; Hayward& Wang
2002). A major impediment tdluegill aquaculturénas been théack of nutritionally
balanced, affordable diefsr bluegill (Morris & Mischke 2003). Feed plays a critical role
in the success of any intensjiesh farming operation,because feedosts alone often
account for>50% off i s h p rtodathoncadvariGbde codt. The use ouboptimal
diets not onlyreduce fish productionand feed efficiency, but aldocreases production
cost and nutrient pollution. Catfish detand trout diets are two practic@leadily
available) diets that areoften used by the fish producers raisingidgill. However,
available datandicatethatfeedingcatfish diesto bluegill leads tgoor growth whereas
feeding trout dies causes high fatlepositionin bluegill (37% by dry fish weight)
(Twibell et al. 2003)and may lead to moribund conditidderce, both of these diets are
substantially suboptimal for bluegills yet, they remain commonly used in bluegill
culture Information concerningthe dietary nutrient requirements of bluegi very
limited. Hoaglandet al. (2003) reported that bluegill reme 44% dietary protein but
only 8%dietary lipid forhigh growth rats and feed efficiencies. Although these values
were not on basl on digestibility the findings demonstratdat bluegill require lowr
percentaggof dietary lipid tharthose( O 1tBa#@reavailable in practical trout diets.
Excess fat depositiomot only reduces fillet yield, but ats feed consumption and
ultimatelyfish production (de Pedro & Bjornsson 200oreover the expeng of trout
diets threaten the economic sustainabilifybluegill farming (Curtis Harrison, Harrison

Fisheries, Inc., MO, pers. comm.). The protein component in commercial trosiisdiet



largely represented by fish me#iedietary inclusion leveal of whichrange from 20% to
30% in the U.S.and up to 55%n otherarea of the world (Taco& Metian 2008). Fish
meal has been used as the main protein source in aquafeeds because of its high nutrient
digestibility, high protein leveland balanced essential amino acid profiensequently

the demand for fish mal in fish and other animafeed industries continsdo increase,
even thoughthe commercial harvest of fishesused for fish mealproduction have
continua to declinedue to overharvegKureshyet al. 2000; Gatlinet al. 2007). As a
result, fish meal &s become a highly expensive protein souvaéh coss increasing
from ~$400tonné® (1999) to ~$110@onne’ (2008) in the U.S. (Taco& Metian 2008).
Hence althoughthe development of a nutritionally-completediet for bluegillis much
needed for bluediproduction of equal importances the determination gdrotein source
alternative to fish meal in order to reduce feed cosdaonserve declining wild fish
stocks that are harvesteakfish mealsources Fish meal can be effectively replaced by
otherprotein sources only when informaticoncerninga s p eapacigy soadigesthe
alternativeproteinsource is knownin addition toits dietary requirements for digestible
EAAs and protein, andts acceptanceof alternative protein ingredient$nformaion
concerningoptimal dietary energy requirement for bluegill also plays a key role in
limiting the excess fat accumulation that typically results when dishfed trout dies.
Finally, formulatinga diet on a digestibty basispromotesa more accurde meetingof

the fishe snatrient requirementsand tends t@educethe nutrient pollutionthat results

from excession-digestible dietary nutrients (HertramffPiedadPascual 2000).

While a leastcost, complete diet formulation is much needed profitable

bluegill production available datandicatethat bluegill growthcan be furtherenhanced



by reducing their sociahteractioncoss (Hayward& Wang 2002)as well asdy rearing
groups of predominantlynale bluegills (Hayward& Wang 2006; Doerhoff @07).
Bluegill are highly aggressiveand their welknown, agonistic inéractions have been
extensively reporte@Poulsen& Chiszar 1974; Beitinge& Magnuson 1975Henderson
& Chiszar 1977; Colgaret al. 1979). Dominance hierarghformation substantially
redues bluegill growth rats and feed efficienes, while markedlyincreasng size
variation as hadeen documentefbr bluegill and their hybridseared inindoor tanks
(McComish 1971; Wangt al. 2000; Hayward& Wang 2002; Doerhoff 2007.opping
off harvesting(alsotermed6é sequent i al harvesti negdtheor
removal of larger, marketsize fish from a tank or pondfollowed by stockingof
additional fingerlings This rearing strategyias been @plied in semtintensive and
intensive aquaculture systente enhancdish production by controlling size variation,
dominance hierarchfjormation competition and cannibalismThis rearingmethod has
beenapplied tochannel catfisictalurus punctatugHargreaves 2002), milkfis&@hanos
charos (Avault 1996), sunshine bags Morone saxatilis x| M. chrysops)YD'Abramo
et al. 2002) & well astilapia Oreochromis shiranugBrummett 2002)The toppingoff
methodappears to reduagominance hierarchformation among bluegill, thuallowing
subordnates to grow atates close to theimaximum capacity.This rearing approach

mayallow fish producers toaiseyearround suppksof desiredfood-size bluegill

Bluegill exhibit sexually dimorphic growth Werein males show substantially
higher growthratesthan females (Hayward Wang 2006; Doerhoff 2007). Recent
findings by Hayward& Wang (2006) indicate that male bluegill are capable of reaching

market size within two growing seasqrmmales attained ~68 of market size whereas



femalesreached only 31 % of market size whehoused individuallyn anindoor tank
system for 234 d. In a followp study, Doerhoff (2007) demonstrated that when bluegills

of the same intr@nnualspawningc o hor t at t &80 mm, size gradingecancbé O
usedeffectively to selectmalesfrom mixedsex groupsSize gradingor large fishis
commonlydonein fish farmingto increase fish production (Avault 199&uch rearing
technique may produe greaternumbes of large bluegill, thereby increasing fish

production

Overdl, my dissertation researcdoughtto enhance production of bluedily:

1. developng a leastcost, complete diet for juvenile bluegills by determiningh@
digestibility of commonlyused feedstuffs, (ii)their dietary requirements
(digestible basis) foessential mino acids, proteinand energy, andii) their
capacityto usealternative protein sources to replace fish meal when balanced for

dietary nutrient levelsand

2. evaluaing the effectiveness ofa p p | ytoppiggofféi and fisizegrading
techniques to increag bluegill growth and, in turn,the number of largesize

bluegill producedogether withfish yield

Chapters 1 through documenthe multipleexperimentshat werecarried outo develop
a leastcost, complete diet for juvenile bluegilOkjective 1) whereasChapter 5
describeghe studythat wasconductedo determinghe benefitsof usingthe toppingoff
approach for enhancing bluegill production in an indaok setting and in an outdoor

pond setting.
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CHAPTER 1

APPARENT DIGESTIBILIT IES OF COMMON FEEDSTUFFS FOR BLUEGILL
LEPOMIS MACROCHIRUSUSING INDIVIDUAL TEST INGREDIENTS

ABSTRACT

Apparent digestibility of dry matter and energy, and availability of amino acids
from blood meal (BM), fish meal (FM), meat and bone meal (MBM), poultry byproduct
meal (PBM), soybean meal (SBM), corn amdeat were determined for bluediképomis
macrochirus(mean weight, 5%). To avoid nutrient interaction from a reference diet,
diets containing 98.5% (985 g Kyof test ingredients were used. Feces were collected
by a siphoning method. Apparent dry ttea digestibility values ranged from 50% (corn)
to 87% (BM) whereas apparent energy digestibility values ranged from 53% (corn) to
92% (BM) for bluegill. Apparent digestibility of most amino acids exceeded 90% for
evaluated protein sources, except for MBMhich showed slightly lower values (80
90%). Isoleucine digestibility from BM was relatively low (82%) for bluegill. High
digestibility of SBM, PBM and BM, indicate their good potential for replacing FM in the
diets of bluegill.vValidation of the methods{ngle ingredientest diet siphoning method
of feces collection) used in the study was also provided by comparing the digestibility
values determined for largemouth bddisropterus salmoidefom this study versus the
digestibility values reported forhis species using the more commonly used method

(compound test diet, sedimentation method of feces collection).



INTRODUCTION

A key aspect of developing diets for fishes is to determine their capacity to digest
common feedstuff¢De Silva & Anderson 1995)Knowing availabilities of nutrients to
the species aids selection of appropriate ingredients and formulation afffeasive
diets (Hajenet al 1993. Inclusion of highly digestible feedstuffs will also reduce
nutrient waste entering waterways and thater bodies.Young bluegill Lepomis
macrochirusare planktivoresAs bluegill grow, theyincreasingly consume small benthic
invertebrates as welMischke & Morris 1998. From available reports (e.g., Yamamoto
et al 1998; De Silveet al. 2000; Lee 2002Portz & Cyrino 2004), it is cledhatenergy
and amino aciddigestbility valuesdiffer amongspecies an@crossfeedstuffs due to
differences inf i s lligestide capacites. Dietary experiments conducted to date for
bluegill (e.g., Hoaglanet al 2003; Twibell et al. 2003) have not been based on known
digestibility values. Consequently, the findings are limited to the particular feed
formulations used in these studies. Therefore, apparent digestibility coefficients (ADCS)

of nutrients from various fekingredients need to be determined for bluegills.

Test dies for evaluating digestibility values for fishégpically involve mixing a
test ingredient (180 %) with a reference diet (785 %) that includesan indigestible
indicator Eften, 0.5 % chromic oxide) for indirect measurement of digestibility.
Reference diet is included in the test diet to maintain adequate palatability and to satisfy
the test specieso6 r eqDigestbilityofthetest and referensee nt i a
diets are estintad independently and companed adiffarené@® methodto estimate the
ADCs of nutriens in the test feedstuffCho et al 1982). Although this approach is

considered standard, inclusion of the reference diet can interfere with nutrient availability
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from the test ingredient (Lupatset al 1997) and cause erroneous digestibility values.
For example, antagonistic effects of carbohydrate on digestibility of protein have been
observed\(Vindell et al 1978 Stone 20G; Krogdahlet al. 2005. Moreover, compoend

diets have had additive effects on digestibility of amino acids (Lupaseth 1997).
Therefore, variation in the compositiai reference diets can cause differences in the
apparentdigestibility of a nutrient Consequentlytest ingredientsvould, preferably be

fed exclusivelywhen evaluating theidigestbility (Glencrosset al 2007) Problems
associated with individual ingredient test diet, including poor water stability, nutrient
deficiency, and poor acceptability, could be resollgadnodifying test procedures. For
example, poor water stability can be ameliorated by adding appropriate binders, while
nutrient deficiencies and poor acceptance of test ingredients by fishes could be remedied
by reducing feed trial durations and adding attractarg@spectively. There can be
exceptions for test ingredients such as o0i

be unavoidable due to difficulties with pelletizing.

The objective of this study was to determine digestibility of a range of feedstuffs
for maturing bluegill using individual feedstuffs as test diétspart, to evaluate the
method of the present study that involved using individual feedstuff as test diet and
collection of fish feces by siphoninthe studyalso determined digestibilityalues for
juvenile largemouth baddicropterus salmoidefom few feedstuffs and compared those
values versus the values of Portz & Cyrino (200#p usedmore common procedures
including compound feed aa test diet and feces collection by sedimentation f

largemouth bass.
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MATERIAL AND METHOD S

Bluegill experiment

Test diets

Feedstuffs for evaluation were selected based on their local availabilities and
relative importance in feed formulation. Seven feedstuffs, four being animal products,
were evaluatedor bluegill: fish meal (FM), petood grade poultry byproduct meal
(PBM), meat and bone meal (MBM), and blood meal (BM), as were four plant products:
soybean meal (SBM), corn gluten meal (CGM), corn and wheat. Cereals such as corn and
wheat are carbohyate rich whereas other products are rich in protein. Ingredients were

obtainedfrom commercial sources

Eight test feedsvere preparedusing single feedstuff as theindependendiet
componentepresenting B g Kg* (98.5% test diets)An indigestible rarker (chromic
oxide), a feed attractant (betaine), and a commercial binder {Fegfa Uniscope Inc.),
each at 5 mg§(0.5% of test diets), weradded to the dry mix of each test feed. This
approach, which differedfom the more standard method (usi®@ % test ingredient
combined with70 % reference diet) was used to minimize error from interactions of
nutrients from the reference di@ry ingredients were sequentially mixed in amixer
(PattersorKelly, East Stroudsburg, Pennsylvania, USA), themdferred to a Hobart
mixer (Hobart Corp., Troy, Ohio, USA), where wateasadded. All diets were pelleted,
air dried and stored under dight conditionsat 4e @ntil used. Energy ashand amino

acid (AA) contentf theseventest feeduuffs are given in Table 1.
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Experimental conditions

Eight, 945L, elongated tanks2@6 x 73 x 58 cm)equipped withbiofiltration,
water recirculabn, aeration and temperatucontrolcapacities wer@sed.Four hundred
bluegill, 56.6+ 20 g (mean weight SD), were randomly allotted tthese tanks, 50 fish
per tank. Tanks were hdifled to achieveapproximate water volunseof 500 L per tank
Two feeds were simultaneouslysted, using four tanks per test feed, with feces being
collected from 200 bluegills per test feed. Water temperatures of 2110e C an d
dissolved oxygen levels of 8#00.5 ppm were maintained. Levels of NN and NQ-N
levels were monitored and maintained att® ppm and <0.1 ppm, respectively. A

summeftlike photoperiod (14 L: 10 D) was maintained throughout the experiment.

Fealing andfecescollection

Bluegills were feed deprived for two days for gastric emptying prior to receiving
the test feed. Fish were th&ad the test feed twice daily at 09:00 and 17:00 hours, for
three consecutive days. Finally, bluegills were providecbmmercial feed (Aquamax
Grower400, Purina 486 crude protein, 166 crude fat) for two consecutive days. This
same 7d procedure was repeated for each of the test fegalgation feeding was
followed throughout the experiment. Feeding bluegills thememial diet between test
diets was done to avoid nutrient deficiendieat might arise due to the use ofiagle
ingredient test feed. Two test feeds were evaluated in each week, with SBM and BM

being exceptions for which feeding was continued to seeseks, in order to secure
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adequate amounts tdcesfor analyses (6 g dry weight). Adevenfeeds were ultimately

evaluated within a-Bveek period.

A siphoning method (Windekt al 1978) was used to colle#cesassociated
with each test feed. Unest feed pellets anfieceswere siphoned from the tanks within
15 to 30 minutes after each feediR@ces for each feedstuff were collected from the four
tanks by slow siphoning thré¢ames daily between 5 and 6 h after the first and second
feedings, and agn between 7 and 8 h after thecond feces collection which occurred
just prior to the first feeding of the next dayare was taken to collect only unbroken
fecesto minimize nutrient leaching. During thed3test feeding periodgces collection
was sarted on day 2. Fecemided on day 1 were not considered to avoid pos$aaies
contamination from commercial feed fed previously. Each tpgsassociated with a
given feedstuff were collected from 200 bluegills, combined, and preserv@0 a€
until analyses were carried out. Just prior to analyBEsswere oven dried, finely

ground and sieved (3G0m) .

Largemouth bass experiment

An experiment that largely paralleled that for bluegill was conducted for juvenile
largemouth bass. Four hundred largemouth bass £298g, mearweight+ SD) were
allocated at random to the eight, previously descriBd8;L elongated tanks, with 50
fish per tank.Three feedstuffs including FM, PBM and SBM were considered for
evaluation On week one, FM and PBM were evaluatdgth satiation feeding, from the

feces produced by 200 largemouth bass in four tanks per féedsttgemouth bass

14



would not readily consume SBM.onsequentlyhe test feed prepared for SBM was force

fed to 150 largemouth bass held in three tanks (50 fish per tank). Fish numbers for
evaluating SBM were reduced because of practical difficultiese@difhg >150 fish.

Force feeding was done once daily using a modified syringe connected to soft plastic tube
(1.5 mm diameter, 7 cm length). The feed was macerated with water at a 1:3 ratio

(feed:water) and mixed thoroughly. The wet feed %-3®f body weidpt provided daily)

was injected directly into the esophagus of the largemouth bass via the plastic tube. This
feeding approach was continued for two weeks to obtain a sufficient quantity of feces.

All other procedures including feces collection and pregem were as in the bluegill

experiment.

Chemical and Statisticalnalyses

All laboratory analyses for both feed and feces of bluegill and of largemouth bass
followed procedures recommended Bsociation of Official Analytical Chemists
(AOAC 2000. Gros energy content waanalyzed using an adiabatic bomb calorimeter
(ParrInstrument Cq.Moline, IL, USA). Amino acids wereanalyzedwith an automatic
analyzer Model 83550, Hitachi Ltd., Tokyo, Japarthat includedan ion exchange
column Ash contentwad et er mi ned by incinerating the
in a muffle furnaceChromic oxideconcentration was determined by a\aeid-digestion

method (Furukawa & Tsukahara 1966).

Apparent digestibility coefficients (ADCs) for dry matter, aminodaciand

energy contents of the test diets were determined using the formulat(&h&982):
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ADC of nutrients and energy (%)
% chromium in fee % nutrient infeces
=100-100x X
% chromium in feces % nutrient in feed

ADC of dry matter (%) = 100 100 (% chromium in feed / % chromium in feces)

Differences among mean ADCs for both dry matter and energy for the various
test diets were evaluated with eway ANOVA (P < 0.05) and where appropriate,
means were separated by Tukeyds test for
System, Version 9.1; SAS Institute Inc., Cary, NC, USA). Statistical tests were not
applied to evaluate differences among amino acid digestibility sné&@anthe various

feedstuffs due to lack of replication.

RESULTS AND DISCUSSION

Test diet aceptability

Test diets for FM, MBM and corn were immediately accepted by bluegill. The
remaining four test feeds (PBM, SBM, BM and wheat) were consumed only tiyoates
the first offering, but were readily consumed upon the second offering. Largemouth bass
immediately consumed FM and PBM, but would not accept SBM. SBM was ultimately
force fed. Consistent with the observation concerning SBbhjtzaet al (1997 found
that adding betaine at 0% failed to stimulate largemouth bass to consume a diet in

which 60% of thefish mealhad been replaced by soybean meal
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Nutrient deficiency has been a concern when using singledient test diets to
determine ADCs fordedstuffs (Bureawt al 2002). However, no bluegill mortalities
occurred and only four of the 400 largemouth bass perishétl iflortality) during the
experiments. Moreover, all surviving bluegill and largemouth bass appeared to remain
healthy. The high suival rates and apparent good health of both bluegill and largemouth
bass throughout the study could owe to having periodically provided the commercial diet.
Alternatively, the duration of experiments (~1 month each) may simply not have been
long enough d cause substantial nutrient deficiencies. Vitamins and minerals can be
incorporated into deficient test diets in cases where experiments will run longer, as was

done by Lupatschkt al (1997).

Dry matter digestibility

For bluegill, mean ADC values forgimatter differed @ < 0.05) among all seven
feedstuffs except for BM and for SBM and FM (Table 2). Results indicated the greatest
and least utilization of nutrients from BM (8%) and corn (506), respectively. Higher
digestibility coefficients (>77 %) for BM, FM, PBM andSBM than for wheat or cogn
further indicatethat bluegill are morefficient at utilizing protein and lipid sources than
carbohydrate sources. Higher dry matter digestibility values for animal versus plant
feedstuffs have been observedrticularly among carnivorous fishes (Cabal 1982;
Sullivan & Reigh 1995; Lee 2002). However, the high content of protein and the
preheating process may increase the availability of nutrients from plant products. For

example, high dry matter digegtity values (80%) from proteifirich, extruded SBM
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were reported for carnivorous Murray cddaccullochella peelii peeliiand Australian
shortfin eel Anguilla australig (De Silvaet al 2000). Among the protein sources, the
relatively low digestibility (~60 %) of MBM that was observetbr bluegill may be
attributable to the high ash content (198.7 g'Kgf this feedstuff. Low digestibility
(60-70 %) of MBM owing to high ash content (2@D0 g Kg') was also reported by
Bureauet al (1999) for rainbw trout Oncorhynchus mykisSimilar to bluegills, high
dry matter digestibility values (¥0 %) were also observed for largemouth bass from
FM, PBM and SBM (Table 3). In accordance with the results of the present Bartly,

& Cyrino (2004) obtained gh dry matter digestibility values from FM (?@), PBM

(83%), and SBM (7®0) for largemouth bass when studied with compound diet

Energy Digestibility

Analyses of energy digestibility results indicated significant differences
(P < 0.06) among the feedstuffs provided to bluegill (Table 2) and largemouth bass
(Table 3).Higher apparent digestible energy values were observed for protein sources
than for carbohydrate sources for bluediligher energy digestibility values for protein
rich animal feedstuffs versus for carbohydratd-plant productsare commonly
observed in fishes (Chet al 1982; Sullivan & Reigh 1995)ypical level ofnitrogen
free extract (NFEor carbohydratejrom animal protein sources (BM, FM, MBM and
PBM) is <4 % whereas, such value for SBM is ~80and for wheat and corn is ~80
(Hertrampf & PiedadPascual 2000)-ish in general are poor in digesting carbohydrate,

although omnivorous and herbivorous fishes are relatively better in utilizing carbohydrate
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than pigivorous fishes (Stan 2003). Nitrogen free extraceéMels from the evaluated
feedstuffs appear to have determined the degree of energy digestibility for bluegill and
largemouth bass as have been commonly observed in other fishes (StoneViBMI3).

was pooly digested by bluegill, perhaps becauseét diigh content of low digestible ash,

as was also observed for rainbow trdBtieauet al 1999 andgilthead seabrea®@parus

aurata(Robainaet al. 1999)

Digestibility of amino acids

Apparent digestibilitycoefficients of amino acid¢AAs) for bluegill and for
largemouth bass are given in Tables 2 and 3, respectively. Soybean meal showed the
highest digestibility (~95%) among the protein sources tested for bluegill and
largemouth bass. High apparent digasty of essential amino acid&AAs) from SBM
has been reported for many fishes including rainbow @ndorhynchus mykig95%)
(Yamamotoet al 1998), rock fish (385 %) (Lee 2002), Murray cod, and shortfin eel
(> 85 %) (De Silvaet al 2000), whie low digestibilities were found for yellowtalil,
Seriola quinqueradiat#53-85 %) (Masumotcet al. 1996) and channel catfish (88 %)
(Wilson et al 1981). Although largemouth bass were force fed SBM, no adverse effects
were evident. Digestibility value®r SBM for largemouth bass were similar to those of
bluegill, suggesting that minimal stress on the digestive capacity of largemouth bass
resulted from the force feeding. Wilsat al (1981) also found no effect from force

feeding on digestibility of EAs from SBM for channel catfish.
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As for SBM, FM and PBM showed high values96 %) of AA digestibility for
bluegill and largemouth bass. Apparent digestibilities of EAAs from FM have been found
to be high (>90 %) in fishes, e.g.Atlantic salmonSalmo s&r, (Andersonet al. 1995),
rainbow trout, red sea breanPagrus majay, common carp Qyprinus carpi9
(Yamamotoet al. 1998), and striped bass (Smetllal 1999). In contrast tour findings
of high EAA digestibilities from PBM for bluegill and largentbubass, Gayloret al
(2004) found poor utilization of EAAs from this feedstuff by hybrid striped bass (mean
digestibility of amino acids of 6%6). Poor utilization ofamino acids from PBM by
hybrid striped bass coulgartly be attributed to the compasih of thereference diet that
the study used presence of8 % fiber (celufil) perhaps havdiminished the absorption
of other nutrients. Similar to the findings of the present studgatschet al (1997)also
observedhigh digestibility (8691 %) of EAAs from PBM for seabrearwhen using a
single feed ingredient as the test diairther Tidwell et al (2005) completely replaced
fish meal with PBM, in a diet fed to juvenile largemouth bass, and found no negative
effects on growth rate or body compasiti indicating the similarities in the available

EAAs between fish meal and PBM for largemouth bass.

Blood mealshowed the highest ADOsr majority of the amino acidélable 4)
among the protein sources that were evaluated for bludgiieucine wagound to be
least available to bluegills among all EAAs in BM. Similarly, least availability of
isoleucine from BM were recorded also for hybrid striped bdssone chrysops x
M. saxatilis (38 %) (Gaylordet al 2004), and rockfisisebastes schlegdk5 %) (Lee
2002). The indicated low digestibility of isoleucine may owe to its low concentration in

BM relative to other branchechain amino acids such as leucine and vaiiva likely
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compete with isoleucine for access to the blood stream (Gaglodl 2006) This
suggests an imbalance in the amino ggrdfile from BM which, despite its high
percentage of total amino acid and eneayyilability, may ultimately suppress fish
growth if the requirement exceeds the availabililyich asfor dry matter ad energy,tie
low digestibilities ofamino aciddrom MBM that were determined for bluegill may owe
to its high ash content (198.87 Kg') (Masumotoet al 1996). Low digestibility of
cystine from MBM to bluegill (54%) is in agreement with findings fgellowtail (43%)

(Masumotoeet al 1996) and rock fish (6%) (Lee 2002).

Despite the high percentage digestibilities of EAAs that were observed from the
various feedstuffs for bluegills, quantitative availability of amino acids for bluegills
(Table 4) vaied substantially among the feedstuffor bluegill, al EAAs with the
exceptions of isoleucine, and methionine, were available in large amounts from BM
(Table 4). Relatively high amounts of arginine and isoleucine were determined from
PBM, and likewisefor methionine from FMMeat and bone meal contained relatively
low levels of lysine, methionine, and tryptophan, whereas SBM contained low amounts
of methionine. Although cereals such as wheat and corn showed high percentage
digestibilities for EAAs (800 %, Table 2), their quantitative availability values were
very low (<1 %) in bluegill (Table 4). A similar pattern of availability was observed for
largemouth bass (Table 5) for which PBM showed the highest levels of quantitative
availability for most EAs, with exceptions being isoluecine, lysine, methionine, and
tryptophan. Tryptophan was found to be highly available in SBM whereas the other three

amino acids were high in FM.
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Comparison of methods

Findingsof the present studgoncerning ADCs of dry ntter, energy, and EAAs
for largemouth bassising the singlengredient approachcompared well to those of
Portz & Cyrino (2004) for FM, PBM, and SBMbased on the use of compound diets.
For the most part, EAA digestibilities determined from the presadysnd that of Portz
& Cyrino (2004) differed by no more than ¥ (Table 6). However, greater differesce
occurred between the studies for tryptophan from PBM%43and FM (12%) and for
methionine from PBM (186) and SBM (14%). The substantial diffeence for tryptophan
may have resulted from error of atopl ysi s,
Apparent digestibility coefficients for tryptophan have rogen estimated in many
studies (e.g., Yamamotet al 1998) largely because of problems po$ean its low
content andhigh-cost ofanalysisfor accurate estimatioPortz& Cyrino (2004)likewise
found alower digestibility value for methionineelative to values reported iather
studies,andalso, that of other EAAs (except tryptophan) wittheir study.Methionine
digestibility from fish meal or soybean meal has been reported t®bBé&sin other fish
species including rainbow trout, common carp, red seabream (Yamaiatol998),
and striped bass (Smadit al. 1999). Variablesincluding differences in quality of
feedstuffsingredientprocessing methodgeces collection method, afidh agemayalso
accountfor the differences observad the presenstudy andthat of Portz& Cy r i no 0 s
(2004).Thus, comparisons of methodaderidentical exerimental conditions will give
a more meaningfuinformationas to the interaction of nutrients and their digestibility.
Overall, comparisons of results this studyto those of Portz & Cyrino (2004) and the

previously mentioned related studies indicdiat similar outcomes occur from the two
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methods for the majority of nutrientdn advantage associated with the use of single feed
ingredientsmay be the elimination of iner-nutrient interactions (nutrient interaction

across ingredients).

Conclusiors

This experiment documents apparent dry matter, energy, and amino acid
digestibility values for bluegill based on the use of a single feed ingredients as the test
diets, and a slowgiphoning method for feces collection. High digestibility values
determined d¢r PBM, SBM, and BM, indicate opportunities for using these protein
sources to replace expensive fish meal in the diets of bluegills. Potential levels for
replacing FM can be predicted from nutrient requirements of bluegill. Results of the
present study tel to support reasonable accuracy from the use of a-sfgwning
method for feces collection, coupled with using single feedstuff®stl exclusively in
test diets.Such an approach should avoid problems that can arise from nutrient
interactions when copound diets are used. Values provided from the present study can

be used to more accurately formulate much needed feeds for bluegill.
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Table 1. Chemical composition (dry matter basis) of the test feedstuffs

(n=2 samples for gross energy and ash)

Components BM® FM® MBM® PBM! SBM® Cord Wheaf
Gross EnergyMJ Kg™) 23.6 17.7 16.9 20.8 184 16.7 16.4
Ash (g Kg?) 46.8 1465 198.7 849 573 144 209
AA (g Kg™)

EAA

Arginine 363 349 34.1 450 354 4.3 6.3
Histidine 612 131 9.1 14.9 121 2.2 2.6
Isoleucine 76 249 12.8 25.9 21.5 3.0 4.0
Leucine 114.7 438 299 471 36.9 9.7 8.1
Lysine 732 457 25.2 44.3 29.4 2.7 34
Methionine 70 159 6.7 13.7 6.7 19 24
Phenylalanine 564 241 16.5 25.7 23.9 4.0 54
Threonine 270 244 15.3 254 184 3.0 3.6
Tryptophan 9.2 4.8 1.9 4.6 54 11
Valine 791 298 20.8 322 22.8 4.0 5.0
xEAA 471.7 2614 1723 2788 2125 352 41.9
NEAA

Aspartic Acid 98.5 536 35.7 54.1 54.3 5.6 6.7
Glutamic Acid 712 791 59.6 89.4 893 150 35.8
Alanine 68.9 381 34.7 41.6 209 6.1 4.7
Cysteine 6.9 4.8 51 6.8 6.7 1.7 2.8
Glycine 427  39.8 612 55.2 20.6 3.5 5.3
Serine 360 216 19.0 25.5 22.9 3.8 5.9
Proline 30.0 25.6 38.8 381 233 6.6 11.1
Tyrosine 115 154 8.5 18.7 14.5 2.1 24
x NEAA 365.7 2780 2626 3294 2525 444 74.7
x A AProtein) 8393 5541 4665 633.8 4668 804 118.0

@Blood meal (BM), International feed number (IFN)06-381
® Fish meal (FM), IFN: 5)2-009

“ Meat and bone meal (MBM)EN: 5-00-388

4 Poultry byproduct meal (PBM), IFN:-83-798

® Soybean meal (SBM), IFN=-64-597

"Wheat, IFN: 405-205

9Corn, IFN: 402-935

Abbreviations AA, amino acid EAA, essential amino acidtNEAA, nonessential amino

acid
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Table2. Apparent dry matter, energy, aachino acid digestibility coefficients (%6f test
ingredients for bluegills

ADC (%) BM FM  MBM PBM SBM  Corn Wheat
Dry matter 86.7 776 5829 834" 7906 500 555°
Energy 91.8¢ 874* 723 87.0® 798 53¢ 553
EAA

Arg 915 939 836 947 970 918 927
His 940 919 860 935 964 905 919
lle 819 926 834 906 942 819 854
Leu 924 931 843 910 941 919 908
Lys 951 948 858 954 957 801 827
Met 944 918 853 927 943 851 904
Phe 943 917 835 90.1 945 890 915
Thr 927 935 826 926 936 784 852
Trp 975 925  89.0 928  96.9 83.8
val 924 917 821 890 937 906 893
x EAA 932 931 830 924 950 948 892
NEAA

Asp 935 91.0 823 919 90 8.0 878
Glu 944 932 833 929 968 942  97.6
Ala 944 917 833 907 926 879 836
Cys 85.8 829 536 823 947 801 904
Gly 93.0 882  80.6 910 930 812 857
Se 938 921 811 917 955 885 929
Pro 926 908 803 916 953 902 956
Tyr 944 917 795 925 957 806 863
x NEAA 936 913 800 917 947 954 896
x AA 841 920 818 919 951 875 916

*f Meandry matter = 2 samples) within a row shagrdifferent superscripts indicate
significant differencesR < 0.05) between feedstuffs

%4 Mean energyr(= 2 samples) within a row sharing different superscripts indicate
significant differencesR < 0.05) between feedstuffs

Abbreviations AA, aminoacid; EAA, essential amino aciNNEAA, nonessential amino
acid.
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Table3. Apparent dry matter, energy and amino acid digestibility coefficientef{ %t
ingredients fotargemouth bass

ADC (%) FM PBM  SBM
Dry matter 727 759  75.0
Energy 87.7% 842 799
EAA

Arg 93.2 911 973
His 90.6 894 95.5
lle 91.1 864 932
Leu 925 878 93.8
Lys 945 925  96.0
Met 916 89.7 944
Phe 90.7 87.6 93.7
Thr 923 89.1 91.9
Trp 938 943 96.3
Val 91.0 85.2 91.7
x EAA 92.3 89.0 94.4
NEAA

Asp 895 86.3 96.0
Glu 928 89.7 96.5
Ala 911 88.0 91.3
Cys 80.7 72.2 94.0
Gly 87.4 871 92.7
Ser 91.4 88.3 959
Pro 90.0 881 949
Tyr 920 903  96.0
x NEAA 91.4 879 94.9
x AA 91.3 88.4 94.7

4 Meandry matter ( = 2 samples) within a row sharingrea superscript indicate no
significant differencesR < 0.05) between feedstuffs

¥ Meanenergy ( = 2samples) within a row sharing different superscripts indicate
significant differencesR < 0.05 between feedstuffs

Abbreviations AA, amino acid; EA\, essential amino acitNEAA, nonessential amino
acid.
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Table4. Availability of apparentligestibleenergy, and amino acids (dry matter basis)

from various feedstuffs for bluegills

BM FM MBM  PBM SBM  Corn  Wheat
Energy
(MJ Kg}) 21.7 155 12 187 14.7 9.5° 9.1°
AA (g Kg™)
EAA
Arg 33.2 32.8 285 426 34.3 3.9 5.8
His 57.5 12.0 7.8 139 11.7 2.0 2.4
lle 6.2 23.1 107 235 20.2 2.5 34
Leu 106.0 40.8 252 429 34.7 89 7.4
Lys 69.6 43.3 216 423 28.1 2.2 2.8
Met 6.6 14.6 57 127 6.3 1.6 2.2
Phe 53.2 22.1 13.8 232 22.6 3.6 4.9
Thr 25.0 22.8 126 235 17.2 2.4 31
Trp 9.0 4.4 1.7 4.3 5.2 09
val 73.1 27.3 171 286 214 3.6 45
x EAA 4395 2433 1430 2575 201.8  33.0 374
NEAA
Asp 92.1 48.8 204 497 52.1 4.8 5.9
Glu 67.2 73.7 49.6 831 864 141 35.0
Ala 65.1 34.9 289  37.7 19.4 5.4 3.9
Cys 5.9 4.0 2.7 5.6 6.3 1.4 2.5
Gly 39.7 35.1 493  50.2 191 2.8 45
Ser 33.8 19.9 154 234 21.9 3.4 5.5
Pro 27.8 23.2 312 349 22.2 6.0 10.6
Tyr 10.9 14.1 6.8 173 13.9 1.7 2.1
x NEAA 3423 2537 2100 3019 2391 423 66.9
X AA 781.8 4970 3530 5594 4409  75.3 104.3

& Meanenergy ( = 2 samples) within a row shag different superscripts indicate
significant differencesR < 0.05 between feedstuffs

Abbreviations AA, amino acid; EAA, essential amino acMEAA, nonessential amino

acid.
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Table5. Availability of apparentligestibleenergy, and amino acids (dmyatter basis)
from various feedstuffs fdargemouth bass

FM PBM SBM

Energy

(MJ Kg?) 15.8 17.5 14.7°
AA (g Kg™h) EAA

Arg 325 410 34.4
His 11.9 13.3 115
lle 22.7 224  20.0
Leu 405 413 346
Lys 432 41.0 282
Met 14.6 12.3 6.3
Phe 21.9 225 224
Thr 25 226 169
Trp 4.5 4.3 5.2
val 27.1 274 20.9
x EAA 2414 2482  200.6
NEAA

Asp 480 46.7 52.1
Glu 73.4 80.2 86.1
Ala 34.7 36.6 19.1
Cys 3.9 4.9 6.3
Gly 34.8 481 19.1
Ser 19.7 225 22.0
Pro 23.0 33.6 22.1
Tyr 14.2 16.9 13.9
x NEAA 2541 2895  239.6
x AA 5060 560.3 4421

&b Meanenergy 6 = 2 samples) within a row sharing different superscripts indicate
significant differencesR < 0.05

Abbreviations AA, amino acid; EAA, essential amino acMEAA, nonesseidl amino
acid.
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Table6. Difference between our results based on siimgjeedient test diet versus those
Cyrinods

of Portz

and

and SBM for largemouth bass

ADC (%) FM PBM SBM
Dry matte 2.7 -6.7 4.6
Energy 8.9 -1.0 4.5
EAA (essential amino acid)

Arg 0.7 -0.1 -0.6
His 4.8 -3.7 4.5
lle 2.2 0.6 -3.4
Leu 6.8 -0.9 -3.8
Lys -1.3 1.7 -0.1
Met 8.9 18.4 14.1
Phe -0.4 0.1 -1.0
Thr 4.3 3.0 -4.4
Trp 11.6 42.8 9.7
Val -1.0 2.2 -6.9
xEAA 2.5 2.1 -15
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CHAPTER 2
DIETARY REQUIREMENTS FOR DIGESTIBLE ESSENTIAL AMINO

ACIDS FOR GROUP- VERSUS INDIVIDUALLY - HOUSED JUVENILE
BLUEGILL, LEPOMIS MACROCHIRUS

ABSTRACT

Two 60d experiments ere conducted sequentially to determing Ifisine
requirement of juvenile bluegilLepomis macrochirudbased on the dosesponse
method, (ii) requirements for other essential amino acids (EAAs) using vbdie
amino acid profile, and (iii) whether differences in growth rates of gragpsus
individually-housed bluegills lead to different lysine requirement levels due to the
presence and absence, respectively, of social hierarchies. Sevenpuséed,
experimental diets (isonitrogenous, isocaloric) were prepared to contain graded levels of
digestible lysine (181 g Kg"). Experimentl involved groughoused bluegills (~27 g,

n = 10 fish/chamber, 4 chambers/diet) whereas experithentolved individually
housed bluegills (~30 g, n= 1 fish/chamber, 14 chambers/diet). Fish were fed twice daily
to apparent satiation. Bluegill growth responses in both experiments generally improved
(P < 0.05, ANOVA) with increasing dietary lysine levels from 10 to 16 g Kand then
leveled off with further increase in lysine levél ¥ 0.05). Optimal dietaryysine level
(digestible basis) was estimated to be 15 @ Kgsed on brokeline regression analyses

of relative growth rate and feed conversion ratio with no differences being observed
between the two rearing methods. Determined dietary requiremeid fev other EAAs

ranged from 2.4 g K§(tryptophan) to 15.3 g K(leucine).
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INTRODUCTION

Bluegill Lepomis macrochirysonce considered an emerging aquaculture species
in the U.S. (Morris & Mischke 2003), now appears to be moving towards 1acgés
production due to increased interest in this species as a food fish, coupled with evidence
that it, and related hybrids, can be efficiently grown to food size through selective
breeding (Hayward & Wang 2006; Hiclkd al. 2009). However, no diets specifilya
devel oped for bl uegi || exi st, due to a pa
nutritional requirements. Bluegill require high percentages of dietary protein. Hoagland
et al. (2003), for example, determined the protein requirement of juvbhibgills to be
044 %. Twibell et al. (2003) demonstrated that juvenile bluegill performed better with
highp r ot e4%) trout@iets than with lowep r o t &6 %) caffi<h diets. However,
proteintrich trout diets are expensive, adding substint{a 60 %) to annual variable
costs of commercial bluegill production (Curtis Harrison, Harrison Fisheries, Inc., MO,
pers. comm.). One way to reduce feed costs for bluegill would be to minimize excessive
dietary nutrients that are expensive, and to magient requirements to a greater extent

through lowercost dietary ingredients.

Fish do not require proteiper se rather, they require amino dsi (AAs) that
comprise proteinTen essential AAs (EAAs) must be provided via dietary sources as they
canrot be synthesized by fish (Wilson & Halver 1986). Dietary deficiency in any of the
EAAs will impair protein synthesis and suppress fish gromtheneral(Wilson 2002).

Diets based on fish meal protein are more likely to meet amino acid requirements of
fishes (Gatlinet al. 2007). However, given the high and increasing costs of fish meal

protein over recent years, much interest has emerged in identifying less costly alternative
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protein sources for fish diets (Tacon & Metian 2008). When the fish meal contporee

fish diet is replaced by alternative proteins, meeting adequate levels of dietary protein
alone does not guamtee adequate levels of EAAEhis is because the amino acid
profiles of alternative proteins tend not to match those of balanced dtbts ¢atent that

fish meal does (Hardy 2008). Hence, while diets based on alternative protein sources may
provide sufficient protein, unless EAAs are adequately supplemented, such diets will
suppress fish growth. T he fini tthe suppliepeaxactt ei n o
requirements of amino acids with no deficiency and no excess, and supports optimal
growth performance (Firman & Boling 1998). Determining the dietary requirement of
EAAs is an essential aspect of developing a complete diet for a fiphespecies and life

stage. To date, however, no data concerning amino acid requirements are available for

bluegill or their hybrids (e.gLepomis cyanellus L. macrochiru3.

Requirements for EAAs have been determined conventionally byrdepense
experiments for each amino acid. However, this approach is both time consuming and
expensive. The pattern of EAA requirements for growth as determined by growth
response trials, is correlated with that of EAAs deposited in the vidoalg tissue in
fishes eg., coho salmo®ncorhynchus kisutcfArai 1981) and channel catfisbtalurus
punctatus(Wilson & Poe 1985). Such correlation tends to explain why fish meal has
been considered an ideal protein source when the amino acid requirement of a fish
species isnot known. Accordingly, if the requirement of a single limiting amino acid is
known, requirements for the remaining EAAs can be accurately estimated from the ratio
of the wholebody amino acid pattern (A/E ratio) of a species, in much less time for far

less cost (Akiyameet al. 1997). Lysine has been used as a reference amino acid in fish
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(Small & Soares 1998; Montdsirao & Fracalossi 2006), and higher anim&mmert &

Baker 1997)mainly because of its key role in protein deposition. Requirements of EAAS
based on this approach have been determined in many fishes including striped bass
Morone saxatilis(Brown 1995), jundiaRhamdia queler{MontesGirao & Fracalossi

2006), and largemouth balsscropterus salmoidegDairiki 2007). Moreover, amino acid
requirenents determined through this approach have been found not to differ
significantly from those determined via the more arduous-oes@nsenethod in fishes
including channel catfisi{Wilson 2002). Consequently, the present study sought to
devel opalt hgr ditieliendo for juvenile bluegills
requirement, and (ii) their requirement for other EAAs, based on the Wwhdieamino

acid profile and determined dietary lysine level.

Social hierarchy effects in bluegill studies

Bluegills are aggressive fish (Henderson & Chaisi977) and are known to form
social hierarchies when reared in groups, which typically lead to a relatively few
dominant individuals acquiring high percentages of the feed provided, while the
remaining fsh, to varying degrees receive less feédnsequences of social hierarchy
formation among groupeared bluegills may include reduced mean consumppioor
growth,decreasedeed efficiency and increased size variation (Hayward & Wang 2002).
Rearing bluetys individually in test chambers offers an alternative approach for
eliminating social hierarchies and their undesirable effects on diet performance studies.
However, individual rearing has been viewed as exceeding the bounds of standard rearing

methodsfor diet studies by some fish nutritionists, who maintain that such evaluations
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must involve fish that are reared in confined groups. On the other hand, the reduced
overall growth rates of bluegills that typically occur under group rearing from dominance
hierarchy formation have also been criticized, for possible inadequate growth separation
among dietary groups.

Despite the criticisms that have been leveled by fish nutritionists at both rearing
approaches, it has not been shown whether differencesiabli | | 6 s gr owt h pe
under the two rearing methods, in fact lead to different outcomes concerning lysine
requirement. Consequently, the study compared the lysine requirement determined from
groupreared bluegills to that determined from multiplediudually-housed bluegills, in
order to elucidate whether the two rearing approaches in fact lead to different indications

of lysine requirement for juvenile bluegills.

MATERIAL AND METHODS
Determination of dietary lysine requirement level
Digestibility of Feedstuffs and Experimental Diets

Corn gluten meal, fish meal, soybean meal and wheat were used as intact protein
sources. Digestibility values of amino acids and energy from fish meal, soybean meal,
and wheat for juvenile bluegill were taken from Masagderet al. (2009, whereas such
values for corn gluten meal were determined from procedures similar to those described
by Masagoundeet al. (2009. The test diet for corn glutaneal was prepared by mixing

985 g Kg' corn gluten meal, 5 g Kgchromicoxide, 5 g Kg" betaine, and 5 g Kfof a
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commercial binder (Uit o n d E , Uni scope, I ncorporated,
Ingredients were mixed in a Hobart mixer (Hobart Corporation, Troy, OH, USA), and
extruded with a twirscrew extruder. Duplicate bluelggroups (35.5 + 15 g, mean weight

+ SD) of 50 fish each were fed the test diets until sufficient feces were collected.
Procedures for fish feeding, feces collection (siphoning method), and analyses, again,
followed those used in an earlier study (Masagleuet al. 2009). Digestibility values
obtained for corn gluten meal (Table 1) and for other ingredients were used to determine
digestible lysine values in the test diets. Basal diets were formulated to provide T0 g Kg
of digestible lysineGlutamic acidin the basal diet was gradually replaced (on a weight
basis) by lysinéHCI, giving seven experimental diets in total with digestible lysine levels
(dry weight basis) of 10 g K§ 13 g Kg*, 16 g Kg*, 19 g Kg", 22 g Kg', 25 g Kg" and

31 g Kg' (desigrated as Lys10, Lys13, Lys16, Lys19, Lys22, Lys25 and Lys31,
respectively). A commercial binder (Ultr& o n d E , Uni scope, l nc. ,
USA) was added in the experimental diets to minimize leaching of nutrients.
Formulations of experimental diets argrsnarized in Table 2. Gross protein levels from
fish meal, soybean meal and wheat were estimated to be 589.1, ¢48 g Kg and

111.4 g Kd', respectively. Digestible protein levels for these feedstuffs were determined
from their digestibility valueof total amino acids (Masagoundet al. 2009) and
estimated gross protein levels. Digestible protein levels from the synthetic amino acids
were assumed to be 100 Digestibility of energy from fish oil and lecithin was assumed

to be 90%, and that of sythetic amino acids was assumed to be ¥®WONRC 1994).

Diets were formulated to be isonitrogenous and isocaloric with digestible protein and

energy levels being ~390 g Kgnd ~16.6 MJ Kg, respectively.
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Coarse ingredients were ground and sieved wif®@um screen in a Fitzmill
(W. J. Fitzpatrick CompanyChicago, lllinois, USA). Dry ingredients were then
sequentially mixed in a Hobart mixer (Hobart Corporation, Troy, OH, U3\ diets
were extruded with a twiscrew extruder at the Food Protein BR&enter, Texas A&M
University, College Station, TX, USA. Diets were then air dried, packaged-tiglatir
bags, transported to the University of Missouri, Columbia, MO, USA, and stored under
air-tight conditions at 4 °C until used. Nutrient compositiafighe diets are given in
Table 3. Gross protein and energy levels of the experimental diets were ~500agKg
~21 MJ Kg', respectively. Total lysine levels in the semoiified experimental diets
ranged from 12 g Kgto 33 g Kg". Levels of all otheamino acids were kept above

those recommended by NRC (1993) for common freshwater fishes.

Feeding Trial and Data Collection
Group rearing

Juvenile bluegill were purchased from a commercial fish producer (Harrison
Fisheries, Inc., Hurdland, MO, USA) amcnsported to the Fish Growth and Nutrition
Laboratory at the University of Missouri, Columbia, MO, USA. Upon arrival, the fish
were acclimated to laboratory conditions for 2 weeks. Four rectangular tanks (236 x 73 x
58 cm; water holding capacity = 945 lgach equipped with biofiltration, water
recirculatiorre-aeration and temperatucentrol capacities were used in the study. Seven
perforated, plastic test chambers (43 x 30 x 43 cm) whose sareered tops protruded

above tank water levels, were pladgadeach of the four tanks giving 28 test chambers.
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Tanks were filled to 786 of their heights such that water volumes of 40 L resulted in
each chamber. Water from a head tank and biofilter was trickled into each chamber via a
perforated PVC pipe that rambove each fish tank. Acclimated mixsex, juvenile
bluegills (~27g) were randomly allotted to the test chambers at 10 fish per chamber, and
further acclimated for seven days. In each of the four tanks, the seven test diets were
randomly allotted to theeven test chambers, giving one replicate per tank for each test
diet (total N=4 replicates per test diet). The experiment followed a randomized complete

block design.

Fish were handed twice daily to apparent satiation at 0800 and 1600 h. Feces
were sifhoned out prior to each feeding. Feeding was continued for ~1 h at each feeding
time. Any feed pellets that remained in a chamber as of 30 min post feeding were
removed by siphoning under 4flow conditions and stored a20 °C until the end of the
study. After completion of the 6@ feeding trial, preserved, uneaten pellets from each
chamber were dried at 70 °C for 48 h and weighed. Leaching of test diets was accounted
when determining weights of unconsumed pellets. Upon completion of the study, and
afterremoving fish from test chambers, test diets of known dry weights were immersed
for 1 h in wateffilled chambers and then siphoned out and dried. The percentage weight
loss from leaching was then added to the weights of uneaten pellets. The dry weight of
the unconsumed feed was then subtracted from the total feed weight provided to
determine total feed consumption by bluegills in each chamber. MeaB® of daily
recorded tank water temperatures and dissolved oxygen levels were122.3C and 7.2

+ 0.3 mg L*, respectively. Weekly determined WM and NQ-N levels remained
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< 0.1 mg L%, while a summelike photoperiod (14 L: 10 D) was continued throughout

the 60d experiment.

Live weights of fish from each chamber were determined on days (Daid the
end of the experiment, bluegill were euthanatized with an overdose of MS222 (Aquatic
Ecosystems, Apopka, FL, USA). Six randomly selected fish from each chamber were
used to determine wholeody proximate composition. Values of the following oes
were determined from all fish in each of the replicate test chambers over -the 60
experiment period, and averaged across the four replicates for each of the seven
experimental diets:

Total feed consumption (g/fish) = (total feed provided i(gptal utnconsumed
feed (g)) / N,where N is the average number of fish fed per day in a chamber.

N¢ = (m+m+ng+ € +gp) / 60 where i ny, Nz Ngoare the total number of fish fed in
a chamber on days 1, 2, 3, 60, respectively,

Relative growth rate, RGR (g 106g™) = (wet weight gain (g) x 100 / average
fish weight (g) / t)where average fish weight = (final weight + initial weight) / 2, and t is
the duration of the experiment (60 d). Because bluegills of 30 g had surpassed the early
logarithmic growth phasdRGR was used rather than specific growth rate (SGR) to report
fish growth (Hopkins 1992).

Feed conversion ratio (FCR) = total dry feed fed (g) / wet weight gain (g),

Protein efficiency ratio (PER) = wet weight gain (g)/ total protein fed (g),

Apparent potein utilization (APU) (%) = protein gain (g) x100/ total protein fed

(9)-
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Individual rearing

Juvenile bluegills were purchased from a local fish producer (Harrison Fisheries,
Inc., Hurdland, MO, USA) and acclimated to laboratory conditions for 2 w&sken
rectangular tanks (236 x 73 x 58 cm; water holding capacity = 945 L), each equipped
with water recirculation, biofiltration, aeration and temperataetrol capacities, were
used for the feeding trial. Fourteen perforated, plastic test chambexs28& 40 cm)
were placed in each of the seven tanks, giving 98 test chambers. Tanks were filled to one
half of their heights such that water volumes of 15 L resulted in each chamber.
Acclimated bluegills weighing 30.48 7.43 g (mean weight + SD) wereeth randomly
allotted to the test chambers, one fish per chamber. In each of the seven tanks, the seven
test diets were randomly allotted to the 14 chambers, giving two replicates for each test
diet per tank (totalN = 14 per test diet). The experiment tnlled a randomized complete
block design. The feeding protocol followed the previous trial with the exception that
uneaten pellets were not collected. Collecting uneaten pellets from the 98 chambers on
twice daily basis was not feasible. However, strongreffwere made not to provide
excess amounts of feed by observing feeding activity and feeding multiple times during
each feeding. Meati SD daily recorded tank water temperatures and dissolved oxygen
levels were 22.& 1.3 °C and 7.& 0.6 mg/L, respectely. Weekly determined N4=-N
and NQ-N levels remained 9.1 mg L, while a summelike photoperiod (14 L: 10 D)
was continued throughout the -80experiment. Live weights of individual fish were
measured on days 0 and 60. Growth performance of bluegibsassessed via RGR,
FCR, PER and APU. At the end of the experiment, fish were euthanized and thei whole

body proximate composition was determined for all fish in each dietary group.
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Change in the coefficient of size variation (CV) was determined amoag t
individually- as well as groumoused bluegills, to evaluate potential social hierarchy
establishment among the grehpused fish. Change in CV = (final CVinitial CV)

%100/ initial CV, where CV = standard deviation of weight x 100 / mean weight.

Determination of dietary requirements for other EAAs

Ten wild-caught juvenile bluegills (31.2 16.4 g, mean weight SD) were
euthanized, placed in crushed ice and transported to the laboratory. After removing
intestinal contents, the fish were dried at°@for 3 d, ground, mixed, and sieved with
1-mm mesh. Four randomly selected fish samples were used to determine amino acid
compositions of wholdody tissue. Ratios of essential amino acids (A/E ratios) were

calculated as:

A/E ratio = individual esserdl amino acid content in whole body x 1000 / (total

essential amino acid content including cystine and tyrosine).

The ratio of EAAs (Table 6) was then used to calculate the dietary requirements

of amino acids based on the determined lysine requiremeig.leve

Chemical and Statistical Analyses

All laboratory analyses (moisture, crude protein, amino acids, crude lipid, ash,

and chromium) followed procedures recommended by the Association of Official

43



Analytical Chemists (AOAC 2000). Gross energy content waalyaed using an

adiabatic bomb calorimeter (Pdnstrument Company, Moline, IL, USA). Crude protein

contents of feed and fish samples were determiethe combustion methodising a

LECO FP-528 (Leco Corporation, St. Joseph, MI, USAMino acids were malyzed

using an automatic analyzeMe@del 83550, Hitachi Ltd., Tokyo, Japarwith an ion

exchange column at Experiment Station Chemical Laboratories, University of Missouri,
Columbia, MO. Whole bodiipid content was estimated using the ether extraction
method. Ash content was determined by incinerating the feed sampleseat@®@00f or 12 |
in a muffle furnaceChromium content in the corn gluten test feed as well as in fecal
samples were determined spectrophotometrically after digestion with nitric agid an

perchloric acid (Furukawa & Tsukahara 1966).

Oneway analysis of variance (ANOVA) was used to determine whether mean
responses for each metric relating to feed consumption, feed efficiency, growth, body
composition and survival, differed across the sadiets containing increasing levels of
lysine P < 0.05). All data were tested for homogeneity of variances and normality.
Survival data were arcsine squao®t transformed prior to ANOVA. Tanks were used as
a blocking factor for dietary treatments in Ibaxperiments. Where appropriate, means

across diet types were separated by Tukeyd

Lysine requirement was determined by fitting the response variables, RGR and
FCR, with brokerine regression models (Robbies al. 2006) & well as secondrder
polynomial regression models (Zhaeg al. 2008). Goodness of fitRf) and corrected
Akaike information criterionAICc) (Robbinset al. 2006; Anderson 2008) were used for

selecting the best model.
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Differences between groupand indvidually- housed bluegills in feed
consumption, RGR, FCR and change i #estCV ( %)
Mean values from each of the seven dietary treatments were used while determining

differences between the two types of rearing for edithe response variable.

All statistical analyses were performed via the Statistical Analysis System (SAS,
Version 9.1; SAS Institute Inc., Cary, NC, USA). The GLM procedure of SAS was used
to analyze growth responses for the individuaibused bluegill, in that one fish
perished among the fish fed diets Lys16 and Lys25, giving a slightly unbalanced design.

The ANOVA procedure was used for the growth analyses of the gnouged bluegills.

RESULTS

Determination of dietary lysine requirement level

Group rearing

Bluegill survival ranged from 85% (Lys21) to 92.5% (Lys12) with no
significant differencesbservecamong dietary treatmentB ¢ 0.05). No overt symptoms
of lysine deficiency were observed among fish fed diets containing low lysine levels.
However, dietary lysine concentration significantly affected € 0.01) growth

performance of bluegills (Table 4a).

Final mean weights of bluegills differed significantly € 0.05) among dietary

groups, with fish fed the lowest (Lys10) and highest (Lyd@dine levels showing the
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lowest (349g) and highest (41g) final mean weights, respectively, while fish fed
intermediate levels of lysine showed no significant differences in their final mean
weights. Relative growth rate (RGR) ranged from 0.35 (Lys10)0t67 g 100g d™*

(Lys31) with fishfedhi gher | evel s 18 f Kgi shewing significanglys i ne
higher RGRvalues (P < 0.01)than those fed 1§ Kg' dietary lysine Feed consumption

(g fishh) did not differ among dietary group® & 0.05). Nevertheless, FCR differed
significantly P < 0.01), with fish fed Lys10 showing significantly higher (poorer) values
(2.05) than t hos el6dkgllysidd Fish fed loysid didanbtrdiffen g O

significantly @ ©0.05) from any other groups iarms of FCR.

Protein efficiency ratio (PER) differed significantli? & 0.01) among dietary
groups. Fish fed lowest level of lysine (Lys10) showed significantly lower PER than
those fed higher 116 g lgh).sSimibafly, figh fedtLy®8 showedy s i n e
poorer PER than those fed Lys16, but did not differ significantly from those fed the other
diets. Results indicated that PER reached a maximum at the dietary lysine level of
16 g Kg', and then declined slightly with further increasesdietary lysine level
( @9 g Kg"). Apparent protein utilization (APU) significantly increased when the dietary
lysine level was increased from 10 g Ktp 16 g Kg', and then leveled off despite

further increase in dietary lysine level.

Proximate composition (moisture, crugeotein, crude lipid, and ash) of whele
body estimates of bluegills fed graded levels of dietary lysine did not differ significantly
among groupsk > 0.05) (Table 4b). Moisture content of bluegills ranged from 71.78 %

(Lys13) to 73.01 % (Lys16), while wde lipid content ranged from 7.34 % (Lys16,
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Lys19) to 9.23 % (Lys13). Crude protein level ranged from 13.52 % (Lys13) to 14.62 %

(Lys25), and, ash content ranged from 4.09 % (Lys13) to 4.72 % (Lys25).

Better values oR? andAlCc were obtained for the bkenrline model than for the
secondorder polynomial model for both RGR and FCR data (Table 5). Consequently, the
brokerline model was selected for reporting lysine requirement values. Break points
based on brokeline regression analyses were estimated¢ol14.0 g Kg digestible

lysine level for RGR (Fig 1a.) and 15.0 g Kdigestible lysine level for FCR (Fig 1b.).

Individual rearing

No deficiency symptoms were observed in the fish fed the experimental diets
during the 66d studyperiod. One fish eachperished in the fish groups fed the diets
Lys16 and Lys25, with no significant differences observed among the dietary groups in
percentage survivaP(> 0.05). Similar to the groupeared bluegills, dietary lysine level
significantly affected growth penfmance of individuallyreared bluegills ¥ < 0.05)
(Table 4a.). Values of RGR ranged from 0.50 g 1064 (Lys10) to 0.94 g 1004d™
(Lys16, Lys25), FCR ranged from 1.28 (Lys25) to 2.08 (Lys10), PER ranged from 1.12
(Lys10) to 1.66 (Lys25) and APU rged from 8.10 % (Lys10) to 22.31 % (Lys31). Fish
fed the lowest dietary lysine levels exhibited the lowest growth rate, FCR, PER and APU
while increasing dietary lysine levels from 10 to 16 g'Kignificantly increased RGR,
FCR, PER and APUR< 0.05);further increases in dietary lysine levels did not improve

growth performanceR> 0.05).
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Whole-body moisture, crude protein and crude lipid levels were significantly
affected by dietary lysine level$? (< 0.05). Crude protein level generally increased
whereas crude lipid level generally declined as the dietary lysine level increaset@ip to
g Kg' and then leveled off when the dietary lysine level was further increased (Table 4b).

Whole-body ash content did not differ across dietary groeps@.05).

Again, better values d® andAlCc were obtained for the brokdime model than
for the seconarder polynomial model for both RGR and FCR data (Table 5). Broken
line analyses for RGR (Fi@a) and FCR (Fig2b) showed break points at 15.3 g'Kg

and 15.4 g™ digestible, dietary lysine levels, respectively.

Determination of dietary requirements for other EAAsS

Amino acid profiles for wholdody tissue of juvenile bluegill are given in Table
6. A dietary lysine level of 15 g Ky (digestible basiswas onsidered to be the
requirement level for bluegills as this lysine level produced maximum RGR and
minimum FCR values in both of the experiments. Dietary requirements for other EAAS,
determined from the wholeody amino acid profile, as well as lysine le¢®b g Kgh),

are given in Table 6.
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Growth performances of groupersus individuallyhoused bluegills

Feed consumption and RGR were significantly lovek (0.05) whereas change
in CV (%) was significantly higherP(< 0.05) for grouphoused bluegifi relative to
individually-housed bluegills. Mean values (mea.D.) of feed consumption (g figh
FCR, RGR (g 100gday") and change in CV (%) were determined to be 14.4944,
1.36+ 0.33, 0.57+ 0.11 and 7Gt 25.33, respectively, for grodmousel bluegills, and
24,77+ 3.72, 1.48+ 0.29, 0.77+ 0.14 and 4.3& 12.12, respectively, for individualy

housed bluegills.

DISCUSSION

The study, based on brokdime regression analyses of RGR and FCR, indicates
that bluegill require 15 g of digestiblesipe per kilogram of diet for adequate growth.
Determined dietary lysingalue (15 g Kg) corresponds to a digestible lysine level of
38.1 g per kilogram of digestible protein which is within the range of values
(32-62 g Kg' of dietary praein) reported for other fishes (Wilson 2002). The present
study reinforces earlier findings (Hayward & Wang 2002) tjauphousedbluegills
develop social hierarchies, as indicated by increased size variation, and that individually
housed bluegills comsne more feed and grow larger than their grbopsed
counterparts. However, despite the differences we observed in mean growth rates of
bluegills reared in groups versus individually, their dietary requirement for lysine did not
differ substantially (0.2 % differencefor RGR and 0.04% differencefor FCR). Hence,

the studyresultsindicate that nutrient requirements of fish, such as that for lysine, can be
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accurately determined for aggressive fishes, whether they are reared individually or in
confined grops. This finding is of particular importance in studies of nutrient
requirements in fishes that tend to form strong social hierarchies, and typically exhibit

reduced consumption, growth afeed efficiencywhen reared in groups.

Growth responses to dat lysine level

Depending on the level of dietary lysine deficiency, responses observed in fishes
have ranged from reduced growth rate to poor survival rates. Fin erosion, mortality, and
poor growth were observed in rainbow trout fed lysine deficiens di€etola 1983).

High mortality rates were observed also in Japanese floundég (@6rtality) when the
dietary lysine level was inadequate (Forster & Ogata 1998). Howevéng ipresent
study neither deficiency symptoms nor significant mortality wasrgbdein response to

low dietary lysine levels. The observed mortalities in the giwaysed bluegills are
believed to have been caused by social hierarchy effects, much more so than from any
dietary or water quality effects. Growth rates (RGRs) remainesitiye for fish fed at

the lowest lysine level (10 g K&, indicating that as little as 10 g of dietary lysine was
adequate, not only for meeting maintenance requirements, but to elicit some growth.
Other studies have likewise observed no deficiency symg or mortality due to
insufficient dietarylysine level, e.g., Nile tilapia(Santiago & Lovell, 1988); mrigal,
Cirrhinus mrigala (Ahmed & Khan 2004); largemouth bass (Dairiki 2007); turbot,

Scophthalmus maximBeres & OlivaTeles 2008).
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Insufficient dietary lysine leading to reduced feed intake has been observed in
many fishes, e.g.catfish Mystus nemurugTantikitti & Chimsung 2001); Japanese
flounderParalichthys olivaceuand red sea breaRagrus major(Forster & Ogata 1998);
striped bass (Small &oares 1998). Similarly, feed consumption of bluegills generally
differed among dietary groups with the fish group fed the lowest dietary lysine level

showing the least feed consumption

Growth rates of bluegill observed in the present study comparewitblithose
observed in other studiesbsolute growth rates (g%l in the present study ranged from
0.10 (Lys10) to 0.2ZLys16) for grouphousedbluegills and from 0.17 (Lys10) to 0.40
(Lys22) for individuallyhoused bluegills. Similar values were olveer by Hayward &
Wang (2002) for grouoused bluegills (~0.2 g™l as well as for individualbhoused
bluegills (0.3 g @). Determinations of AGR for groueared bluegills from other
nutrition studies have shown similar values: 0.1'@@R for 6 g blegill reared for 75
days (Hoaglanct al. 2003), and 0.149.23 g d'of AGR for 814 g bluegill reared for

56 d (Twibellet al.2003).

According to a review of lysine requirements of fish (Hauler & Carter 2001), live
weight gain of ~54 mg is generalighieved in fish for every 1 mg of lysine consuméd.
similar calculation fronthis study for fish that were fed the diet Lys16 showed a live
weight gain of ~58 mg for grodpoused bluegilland 50 mg for individualbhoused
bluegills for 1 mg of lysine assumption. Furthermore, fish generally exhibit a lysine
utilization efficiency of 18.5 g lysine per kg of live weight gain at marginal lysine intake
(Hauler & Carter 2001). In the present study, diets considered to provide marginal to

sufficient dietary Ig i ne | B6vgeKig'digegtible lysine), produced similar lysine
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utilization efficiencies ranging from 17.2 g (Lys16) to 19.8 g (Lys13) of lysine per kg
live weight gain for groufhoused bluegills. The individualyoused bluegills showed
lysine utilization efficiencies ranging from 20.4 g (Lys10) to 21.5 g (Lys13) of lysine per
kg live weight gain. The similarity oéstimates of bluegill growth and lysine efficiency to
those of Hauler & Carter (2001) immdte that the growth responsasserved for blugill

from the present studyre similar tahose observed for other fishes fed various levels of

dietary lysine.

Despite having used fixed levels of dietary protein and energy, the low PER and
APU values determined for bluegills fed low dietary lysine &| 43 g(K@") suggest
that the lower lysine levels may have contributed to imbalances in the disteny acid
ratio, which may havémpaired protein deposition and weight gain. Yet, increasing the
dietary lysine level to above 16 g Kglid not prodice further increases in weight gain,
suggesting that the excess lysine may have been used for eagrgythan forfurther

protein deposition.

When the lysine level is deficient, a portion of the dietary protein is diverted to
energy use, wherein tlexcess available energy may be deposited as fat. Also, lysine and
methionine serve as precursors for the synthesis of carnitine which is involved in fatty
acid metabolism (Waltoet al. 1984). Consequently, deficiency of lysine likely impedes
normal fat mé&abolism and increases body fat deposition. Lysine deficiency leading to
high fat deposition has been observed in fishes including rainbow trout (€heaig
2003) and yellow croaker (Zhareg al. 2008). Similarly in the portion ofhe present
study involing individually-housed bluegills, high body fat deposition was observed for

the fish fed a low dietary lysine level (13 g KgHowever, fish fed the lowest level of
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lysine (10 g K@) did not exhibit significantly higher fat deposition. It should béedp
however, that the fish group fed the lowest dietary level consumed the least amount of
feed. Therefore, the absolute amounts of available energy for bluegills fed the lowest
lysine level and those fed higher levels of dietary lysind§>g Kg') may not have
differed sufficiently to cause differences in body fat deposition. In contrast to the
individually-housed bluegills, no significant differences in body fat content were
observed in the groupoused bluegills due to lysine deficiency. Conceivalthys
occurred because the grebpused bluegills had used substantial amounts of energy to
cope with the social stress associated with dominance hierarchies. Also, dietary lysine
effects were likely less pronounced among subordinate individuals fronstipgressed

feeding. This may have obscured the dietary treatment effect on body fat deposition.

Model estimation of lysine requirements

Although both the quadratic (secondrder polynomial) and brokeime
regression models assume that deficiency oést hutrient impedes fish growth, the
guadratic model assumes a decline in fisbwth performance whereas the brotiee
model assumes no change in growth performance, under excessive levels of the test
nutrient (Faoster 2000). Over the range of dietdgsine used inthe presentstudy
(1031 g Kg?), increase in dietary lysine from 16 g Kep 31 g Kg' did not reduce
growth performance of bluegill. This was shown by a better fit to the response variables
(RGR and FCR) by the brokdime model tlan by the quadratic model. Similarbetter

fit to growth responses by a brokkme model than by a quadratic model were also
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observed by Dairiki (2007) and Zhang et al. (2008)e brokenline, regression model
approach has frequently been used to egeémutrient requirements of fishes (Hauler &
Carter 2001), despite its reputation for underestimating nutrient requirements in some

cases (Shearer 2000).

Excessive levels of dietary lysine have been observed to reduce utilization
efficiency of arginineand growth performance in poultry (Balnave & Barke 2002) and in
canine (Czarnecket al. 1985), but not in swine (Edmonds & Baker 1987) or feline
(Fascettiet al. 2004). In fishes, lysinarginine antagonism was not observed in channel
catfish (Robinsoret al. 1981) or hybrid striped bass (Griffat al. 1994). Similarly, that
excess lysine did not affect growth performance of bluegills, suggests thatdyginme

antagonism is absent in this fish species as well.

EAA requirements for bluegills and otHeshes

I n recent year s, fishesd dietary requi

determined from wholk®ody amino acid profiles. Examples include studies of striped

bass (Brown 1995; Small & Soares 1998), European sedhiaestrarchus labrax

gilthead seabreamSparus aurataand turbotPsetta maximaKaushik 1998), jundia
(MontesGirao & Fracalossi 2006), and largemouth bass (Dairiki 2007). Determining

EAA requirements via this method is considered an expedient and effective approach for
building an idal dietary protein for an emerging aquaculture spediesertheless, the

accuracy of this approach has been questioned in that, arguably, it ignores individual

differences in maintenance requirement among EAAs (the method assumes that
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maintenance requireents of lysine and those of others EAAs are similar) (Green &
Hardy 2002). The deletion method, originally developed for pigs (Wang & Fuller, 1989),
likely considers maintenance requirements for EAAs. In this approach, change in
nitrogen retention when meoving a fixed proportion of each EAA, is used to determine
the ideal dietary essential amino acid pattern in which all amino acids are equally
limiting. The deletion method assumes nitrogen retention to be linearly correlated to
dietary EAA content, whem particular amino acid is limiting. This approach could
produce erroneous results if there is substantial deviation in the linear relationship
between any EAA levels and nitrogen gain (Green & Hardy 2002). Relatively few studies
have determined dietaryqeirements of EAAs for fishes via the deletion method (e.g.,
Green & Hardy 2002; Rolliet al. 2003; Peres & Oliv&eles 2009). However, Peres &
Oliva-Teles (2009) found strong positive correlation (0.99) between EAA requirement
values determined by wheledy amino acid composition, and those determined by the
deletion method for gilthead seabream. Similarly, Green & Hardy (2002) observed no
differences in growth responses of rainbow trout groups fed diets containing dietary EAA
patterns based on (i) whel®dy amino acid ratio, (ii) requirements determined by the
doseresponse method, or (iii) requirements determined by deletion method. These
studies indicate that maintenance requirements of EAAs may be minimal for fishes or

proportionately equivalent tdhat of lysine. Additional research may be warranted to

determine whether advantages exist n us

body amino acipdrticulaat forslow gewiry @daolylt fish thamay

requireahigher proportion omno acids formaintenane than ddastier growing ones.
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Bluegills are often fed higprotein trout diets, and were reported to perform
better on such diets than on catfish diets (Twibel&l. 2003). Dietary requirements of
EAAs for bluegills versus thoder rainbow trout and channel catfish are provided in Fig
3. Dietary requirements for most EAAs appear to be lower for channel catfish than for
bluegill, suggesting that channel catfish diets may be deficiemeitain EAAs for
bluegills. Moreover, reqtements for the most common limiting amino acids such as
lysine and methionine are likely lower for bluegill than for rainbow trout. This suggests
that higher levels of dietary fish meal canreplacedby alternative protein sources for

bluegill than fo rainbow trout while no amino acid supplementation is needed.

Group- versus individuallyhoused fishes in nutrition studies

Dominance hierarchies have frequently developed among fishes reared indoors,
such as in tanksS{oman & Armstrong 2002)As socal hierarchies form, a relatively
few, dominant individuals monopolize the feed provided, and grow at their inherent
capacity. Fish occupying lower hierarchical positions eat and grow at progressively lesser
rates, avoid agonistic interactions with morenglmant individuals $loman & Armstrong
2002) Consequently, fish growth responses that are due exclusively to test nutrients are
likely distorted by the intense and persistent social interaction. For fishes that tend to
establish social hierarchies, teffect of a given dietary nutrient on growth physiology
may be bestevaluated under individual rearing conditions versus group rearing.
However, determination of fishesd nutrient

advantages including the fact thésh are typically groupeared in commercial
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production systems. Hence, nutrient requirements of fish determined under such growing
conditions may better reflect their true requirements. For example, dietary requirements
for energy, and for some nutrientst are involved in the production of stress hormones,
can be higher under groupersus individual rearing, particularfgr fishes that tend to
develop dominance hierarchies. Also, if a given study seeks to observe changes in the
concentration of certai nutrients in serum samples (e.@riffin et al. 1994), blood
samples may be required from multiple individuals to secure adequate amounts for which
group housing can hold advantages over individual houbliegeover,some fishes (e.g.,
African catfishClarias gariepinus Martinset al. 2006) are intolerant of social isolation

and may grow far below their inherent capacity when reared under such conditions.
Therefore, whilethe presenstudy indicated no differences between the two rearing
conditions in érms of dietary lysine requirement for juvenile bluegill, careful
consideration may be warrantaden selecting a rearing method for other -deated

studies.

In recent years, efforts have been directed to enhance bluegill production through
genetic sadction (Hicks et al. 2009), as well as through rearing mesex male
populations (Hayward & Wang 2006; Waagal. 2009). Requirements of dietarysine
have been shown to vary according to strain, sex, and age of agricultural animals, e.g.,
swine (NRC 198) and poultry (NRC 1994). Consequently, the EAA requirements
reported in the pr es edxjusenieldueggilld, may wédrant an d ar

redetermination for malenly, or genetically altered bluegills.

The present study has, for the firshdéi, determined dietary EAA requirements

that can be used to select appropriate practical protein sources for juvenile bluegills.
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When formulating diets for juvenile bluegills, a margin of safety (10% higher than the
reported level) should be added for e&#A to compensate for variations in ingredient

composition and environmental effects.
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Table 1.Gross nutrient levels, percentage digestibility, and availability of digestible
nutrients from corn gluten meal.

Gross 1nutrients Availatile nutrients
Components W K%nfc?r i Digestibility (K9 afr?(; M
g Kg™ for protein and (%) g Kg™ for protein and
amino acig (AASs)) amino acig)
Energy 22.34 81.74 18.26
Protein 625.0 83.68 523.0
EAA (essential AA)
Arginine 20.3 91.03 18.5
Histidine 14.4 88.47 12.7
Isoleucine 28.7 88.29 25.3
Leucine 109.6 82.06 89.9
Lysine 13.7 90.66 12.4
Methionine 14.9 94.36 14.1
Phenylalanine 41.6 88.37 36.8
Threonine 21.1 90.14 19.0
Tryptophan 3.8 95.26 3.6
Valine 30.9 82.72 25.6
xEAA 299.0 86.27 257.9
NEAA (nonessentiaamino acidl
Aspartic Acid 39.1 83.38 32.6
g'c‘i*éam'c 125.9 83.34 104.9
Alanine 56.1 84.74 47.5
Cysteine 10.4 93.46 9.7
Glycine 17.9 91.40 16.4
Serine 28.3 84.52 23.9
Proline 60.3 89.02 53.7
Tyrosine 33.9 87.43 29.6
x NEAA 371.9 85.61 318.4
x AA 670.9 85.90 576.3
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Table 2. Formulations of seven experiment diets used in the study

Diets
Ingredients
(9 Kg™) Lys10 Lys13 Lysl6 Lysl9 Lys22 Lys25 Lys31

Menhaden fish mea 40.0 40.0 40.0 40.0 40.0 40.0 40.0
Corn gluten meal 611.6 6116 6116 6116 611.6 611.6 ©611.6

Soybean meal 15.0 15.0 15.0 15.0 15.0 15.0 15.0
Wheat 171.0 171.0 1712.0 171.0 1710 171.0 171.0
Fish oil 77.2 17.2 77.2 77.2 77.2 77.2 77.2
Lecithin 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Vitamin premix 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Vitamin G-PP 0.7 0.7 0.7 0.7 0.7 0.7 0.7
CholineCl 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Mineral premix 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Eﬁﬁg;‘g‘e 225 225 225 225 225 225 225
Lime stone 8.7 8.7 8.7 8.7 8.7 8.7 8.7
Sodium chloride 3.8 3.8 3.8 3.8 3.8 3.8 3.8
Lysine.HCI 0.0 3.9 7.7 11.5 15.3 19.1 26.7
Glutamic acid 26.7 22.8 19.0 15.2 11.4 7.6 0.0
L-Tryptophan 0.4 0.4 0.4 0.4 0.4 0.4 0.4
L-Arginine 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Betaine 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Binder’ 9.0 9.0 9.0 9.0 9.0 9.0 9.0
Total 1000 1000 1000 1000 1000 1000 1000

vitamin premix contains (amount per kg of dry feed): vitamin A, 44092 |U; vitamin D3,
19290 IU; vitamin EB9 IU; niacin, 276 mg; Epantothenic acid, 83 mg; riboflavin, 33
mg; menadione, 11 mg; folic acid, 8 mg; thiamin, 7 mg; biotin, 6 mg; vitamin B12, 1 mg.

“Mineral premix contains (amount per kg of dry feed): Ca (as calcium carbonate), 25 mg;
Mn (as mangasse sulfate), 110 mg; Zn (as zinc sulfate), 110 mg; Fe (as ferrous sulfate),
60 mg; Mg (as magnesium oxide) 27 mg.

Ultra-Bo n d E , Uni scope, Il nc., Johnstown, CO,
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Table 3 Proximate compositionn(= 2 for gross estimation) of the experimental diets
used in the study (valu@s the parentheses indicate nutrient levels on a digestible basis).

Composition Lysl0 Lys13 Lysl6 Lysl9 Lys22 Lys25 Lys3l

2128 21.25 20.72 20.80 2160 21.84 21.20
(16.54) (16.56) (16.59) (16.62) (16.64) (16.67) (16.72)

488.2 491.4 493.8 494.1 496.9 498.2 4958
(393.4) (393.4) (393.4) (393.4) (393.4) (393.4) (393.4)

Crude Lipid (g K& 112.2 1085 1053 110.6 112.2 115.1 104.7
Crude Ash (g Kd) 51.8 50.7 46.7 490 453 524 524
EAA (g Kg})?

Gross Energy (MJ K9

Crude Protein (g K9

. 16.0
Arginine (15.1)
o 9.5
Histidine (8.8)
_ 19.8
Isoleucine (17.3)
_ 72.4
Leucine (58.4)
. 119 149 179 209 239 269 329
Lysine (10.2) (13.2) (16.2) (19.2) (22.2) (25.2) (31.2)
. 10.5
Methionine (9.7)
. 28.4
Phenylalanine (24.6)
_ 14.7
Threonine (13.3)
3.7
Tryptophan (3.0)
_ 21.9
Valine (17.8)
x AA 496.8 496.8 496.8 496.8 496.8 496.8 496.8

®Essential amino aci(EAA) levels were estimated only for the diet Lys10, and for the
other diets, dietary lysine level was calculated from Table 2 based on synthetic lysine
levels added.
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Table 4a. Growthesponses of juvenile bluegills fed the experimental diets for 60 days. Values are presented ASreans

Variable Lys10 Lys13 Lys16 Lys19 Lys22 Lys25 Lys3l A':;;l‘g\'fAe)
Group rearedn =4)

Initial weight (g) 27.46+1.04 26.47+1.09 26.25+1.55 27.23+1.98 26.62+1.30  26.93+1.23  27.42+1.87 0.86
Final weight (g) 33.97+3.56  37.40+2.32 39.43+4.08 38.54+1.2%8  37.78+1.27°  38.60+2.78°  41.05+1.28 0.04
zﬁioogl o 0.35+0.17 0.57+0.07 0.66+0.09 0.58+0.07 0.58+0.08 0.59+0.08 0.67+008 <0.01
(Fgeﬁghﬁ)onsumption 12.39+1.76  16.31¢1.79  13.91+2.26 13.79+0.97  13.96+1.05  14.73t1.50 16.37+2.85  0.09
FCR 2.050.76 1.51+0.23" 1.07+0.13 1.21+0.18 1.25+0.08 1.230.14 1.20+0.18 <0.01
Changein CV (%) 33.79+41.96  80.48+22.66  63.78+21.88 111.12+48.88  62.77+22.53 97.77+35.31 80.22+16.45

PER 1.09+0.34 1.37+0.21° 1.92+0.24 1.6520.16° 1.61+0.1%° 1.59+0.17°  1.70+0.18° <0.01
APU (%) 3.3445.4% 6.98+1.96" 17.2045.86 15.28+4.2% 14.29+2.7%  16.06+7.48  17.30%2.46 <0.01
Survival (%) 92.50+9.57 90.00+0.00 87.50+5.00 85.00£5.77  90.00+14.14  87.50+9.57  90.00%8.16 0.74
Individually reared (n = 13 or 14)

Initial weight (g) 27.79#5.66  31.90+8.81 30.35+9.20 27.99+9.10 31.3748.57  29.87+#7.07  32.40+6.35 0.69
Final weight (9 37.77+8.10  49.18+15.78  50.57+13.4%  44.88+1558  51.96+14.8% 54.14+15.28 52.92+9.38° 0.03
RGR (g* 100g* d) 0.50+0.16  0.69+0.192° 0.87+0.22 0.80+0.18 0.81+0.18 0.94+0.29 0.80+0.28 <0.01
(Fgeﬁghﬁ‘)’”sumpﬂon 18.59¢5.6  26.61tD.3°  25.45+6.26" 20.60+6.28"  26.68:6.68° 28.81+0.45 26.67+8.98 001
FCR 2.08+0.67 1.65+0.39 1.30+0.25° 1.33+0.37° 1.39+0.41° 1.28+0.34° 1.35+0.31° <0.01
Change in CV (%) 4.48 17.88 -12.28 6.98 4.55 18.94 -9.88

PER 1.12+0.38 1.29+0.28" 1.6240.32 1.62+0.38 1.54+0.33 1.6620.40 1.57+0.38 <0.01
APU (%) 8.10+4.94 11.46+4.26 21.1545.57 21.09+5.38 21.11+6.2%  21.83+7.78  22.31+7.18 <0.01
Survival (%) 100 100 93 100 100 93 100 0.55

*Values within a row sharing different superscript alpéts are significantly differentP < 0.05).
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Table 4b Whole-body composition ofuvenile bluegills fed the experimental diets for 60 d&aues are presented as meargD*.

. P-value
Variable Lys10 Lys13 Lys16 Lys19 Lys22 Lys25 Lys31 (ANOVA)
Group reared
Moisture (%) 72.43+0.94 71.78+0.82 73.01+0.53 72.81+0.86 72.40+0.47 71.84+1.12 71.83+2.08 0.58

Crude Protein (%) 14.27+0.40 13.52+0.13 14.14+#0.71 14.13+0.60 14.44+0.41 14.62+0.49 14.56+0.2 0.10
Crude lipid (%)  7.54+0.8  9.23+096 7.34+1.16 7.34+0.87 7.99+0.37 8.55+2.06 8.64+2.08 0.33
Ash (%) 4.44+0.62 4.09+0.81 4.4620.23 4.54+0.11 4.33%0.16 4.72+0.45 4.27+0.26 0.57
Individually reared

Moisture (%) 71.71+1.47 70.51+0.49 70.87+0.98 70.61+0.7§ 70.10+0.42 71.08+1.8® 70.09+0.38 <0.01
Crude Protein (%) 14.40+0.29 14.12+0.17 15.24+0.49 15.50+0.28 15.62+0.583 15.22+0.58 15.57+0.2§ <0.01
Crude lipid (%)  8.84+0.848° 0.49+0.58 8.27+1.25 8.34+0.8% 7.99+0.26 7.91+0.78 8.33+0.3% <0.01

Ash (%) 3.97+0.11 3.87#0.18 3.94+0.17 3.82+0.14 3.75+0.16 3.85+0.57 3.75+0.38 0.38

*Values within a row sharing different superscript alphabets are significantly diffelRent).05).



Table 5. Model selection statistics* for the RGR and FCR ddtéueqill.

Response Variable Model R AlCc Requirement

Group housing

RGR Broken line 0.89 -48.8 14.0
Polynomial 0.61 -31.0 26.7

FCR Broken line 0.97 -3.8 15.0
Polynomial 0.76 2.5 24.2

Individual housing

RGR Broken line 0.85 -46.1 15.3
Polynomial 0.80 -31.2 24.1

FCR Broken line 0.98 -5.4 15.4
Polynomial 0.84 0.4 24.5

* Higher R?, lowerAlICc values indicate better fit.

Table 6. Essential amino ac{@AA) profile of wholebody tissue of juvenile bluegill,
and dietary requirements foARS.

EAA g Kg* dry weight A/E ratio Digestible requirement

(g Kg* diet)
Arginine 25.3 114.82 11.9
Cysteine 4.1 18.67 1.9
Histidine 8.8 39.87 4.1
Isoleucine 20.8 94.43 9.8
Leucine 32.5 147.35 15.3
Lysine 31.9 144.72 15.0
Methionine  13.0 58.81 6.1
Phenylalanine 21.0 95.33 9.9
Threonine 18.5 84.01 8.7
Tryptophan 5.2 23.56 2.4
Tyrosine 14.2 64.43 6.7
Valine 25.1 113.91 11.8
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Figure la. Brokeiline regression model fitted to RGRs of greupused bluegills (mean
+ 1SD) fed the ¥perimental diets containing graded levels of dietary lysine: RGR = 0.62
1 0.07 (14.0' Lysine), where (14.0 Lysine) = 0 when Lysine 14.0.
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Figure 1b. Broketline regression model fitted to FCR of grenpused bluegills (meat
1SD) fed the egerimental diets containing graded levels of dietary lysine: FCR = 1.19 +
0.18 (15.06 Lysine), where (15.0 Lysine) = 0 when Lysine 15.0.
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Figure 2a. Broketline regression model fitted to RGRs of individuatigused bluegills
(meant 1SD) fedthe experimental diets containing graded levels of dietary lysine: RGR
= 0.841 0.06 (15.3 Lysine), where (15.8 Lysine) = 0 when Lysine 15.3.
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Figure 2b. Broketline regression model fitted to FCR of individualipused bluegills
(meant 1SD)fed the experimental diets containing graded levels of dietary lysine: FCR

= 1.34 +0.14 (15.39ysine), where (15.39 Lysine) = 0 when Lysine 15.39.
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Figure 3.Comparison oessential amino acicequirements (digestible basis) of bluegills
veras those of rainbow trout and channel catfish. Values (digestible basis) for channel
catfish and rainbow trout were taken from NRC (1993).
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CHAPTER 3

DIETARY REQUIREMENTS OF DIGESTIBLE PROTEIN AND ENERGY
LEVELS FOR JUVENILE B LUEGILL, LEPOMIS MACROCHIRUS
ABSTRACT

Information on optimal dietary levels of digestible protein and endogy
developing a costfficient diet is not available for juvenile DbluegillLepomis
macrochirus A series of two, 6@ experiments @as conductedto determine optimal
levels of dietary protein and energyfor juvenile bluegill. In experiment, eight
experimental diets were formulated to contain digestible protein levels rangm@55
g Kg'to 495 g Kg" at 20 g Kg' increments, at a fixed digésie energy levebf 15.91
MJ Kg™. In experimen®, seven experimental diets wéoemulatedto containdigestible
energy levels ranging from2.55 MJKgto 17.57 MJ K@ at ~0.84 MJ K¢ increments,
with digestible protein levels fixed a12 g Kg' adoss diets.In both experiments,
guadruplicate bluegill groups (~20 g,= 10 fisligroup) were fed the experimental diets
twice daily to apparent satiatidior 60 d Fish fed the lowest protein level generally
showed poorer feed consumption amdhtive growth rate RGR) but a betterprotein
efficiency ratiot h an t h 476 g Kgfpeotbin. Gish fed at a 17.57 MKy™ dietary
energy level generally produced higliepate, visceresomatic inicesandwhole body
fat conters thandidt h 0o s e 15 MJKg'@lietary energy level Optimal dietary
digestibleprotein levelwas estimated to be ~41)Kg™ based ora brokenline fit to
RGR Optimal dietarydigestible energjevel was estimated to be ~14.6 My™ based

on a quadratic fit to RGR and protein gaiResultsindicate that bluegill require a
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relatively high protein/energy ratio of ~28 g MJThe study results emphasized the
importance of determining lipitb-carbohydrate ration ordert o maxi mi ze bl ueg
efficiency in utilzing nonprotein energysource orminimize the inclusion levelof

expensive dietary protein level.

INTRODUCTION

Fish producers in the U.$ften use commercial catfish or trodietsto grow
bluegill Lepomis macrochirudHowever, a ecent study by Twibekt al (2003)showed
that juvenile bluegill (~4 g) fed catfish diet (326860 g Kg' crude protein and 460 g
Kg™ crude fat) exhibied poor growth whereasthose fed aroteinrich trout diet (440
470 g Kg' crude protein and 11050 g Kg' crude fat)grew substantiallybeter butwith
higher body fat depositiollthough superior in some respedi®ut dies are expensive,
often accounting for 60% of total annual variable cosis bluegill farmingoperations
(Curtis Harrison, Harrison Fisheries, Indyrdland,MO, pers.comm.).The absence of a
diet formulated specifically for bluegill is arguably impeding the economic sustainability
of bluegill aquaculture Consequently, development of a nutritionally balanded for
bluegill has been considered to be highly importémt effective and profitable
commercial bluegill culture(Hoagland et al. 2003; Masagounderet al. 2009;

Masagoundeet al.acceptell

Although fish can derive energy from protein,, fat carbohydrate, only protein
containing balanced levels of amino dscican directly support fish growth by protein

deposition (Wilson & Halver 1986). As a result of its key role in diets, protein has
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become the most costly nutrient in fish and other animal dtets.desirable thafish
energy requirements be mesing non-protein sourcg in order that expensive dietary
protein isreservedprimarily for somatic growth (Wilson 2002). On the other hand,
excess dietary energy levels cancbstlyin thatfish may deposit more body fat, linmg

feed consumption, and thereliyniting fish production. Consequently, balancittge
protein and energlevelsin fish dietshas long beenemphasized, not only to maintain
rapid growth rates with minimal body fat deposition, but to also minimize undesirable
nitrogenous output and nutnieeffluents(Wilson & Halver 1986) Formulating diets in

this fashion has been a primary goal in fish nutritidowever given thatfish differ in

their capacities for using protein and nprotein energy sources (Wilson & Halver
1986), determining prote and energy requirements for individual fish species has been

emphasized.

Hoaglandet al. (2003) showed that bluegill (1.76 g) require 440 g'Kgotein
but only 80 g Kg fat using experimental diets containing 320 g Kg* protein and
60-120 g Kg' lipid. However, the study left open the possibilitat yet higher levels of
dietary proteimrmay be beneficialgiven that the fish performed significantly better at the
upper end (440 g Kb of thes t u dorot@is range. Furthermore, the study did not
provide information concerningutrient digestibility of the feedstuffs usedior the
availability of dietary amino acid levels, lirng the results to the formulation that the
study adoptedThe dgestibilities of common feedstuffs (Masagoundsral. 2009) and
the dietary requirements of digestible essential amino acids (EAAsS) (Masagairaler
acceptedhave beeretermined for juvenile bluegill. Usirtgisinformation to determine

their dietary requirements for protein and energy lecelsstituteshe next step in these
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studies Furthermore, knowingheir nutrientrequirement values on a digestible baséesy
allow feed formulators to assusslequatdevels ofdietary nutrients for a formulation
other than the one thatasusedduring thedetermiration of dietary nutrientrequirement
levels Moreover, fish producers typically stock larger bluegills-200g) into ponds than
those used in the previous studies (Hoaglatdal. 2003; Twibell et al. 2003).
Consequently, the present study was conductedetermine dietary requirements of

digestible levels of protein and energy for stacke juvenile bluegill.

MATERIAL AND METHODS

A series of two, 6@ experiments was conducted to determine dietary
requirements for digestible proteiBxperiment 1) andidestible energyExperiment 2)

for juvenile bluegill.

Experiment 1Proteindiets

Experimental diets

Fish meal, blood meal, soybean meal, corn gluten,raedl wheat were used as
intact protein sourcesThe goss levels of energy, proteiand amino acis measuredor
these feedstuffs are given in Table 1. Digestible nutrient levels (Table 1) were calculated
from the digestibility values determined for the respective feedstuffs (Masagairaler

2009; Masagoundezt al. accepted). Digestibility of engy from dextrin, fish oil and

76



lecithin were assumed to be 90%ith their digestible energy levels being 15.1, 34 and
28.6 MJ Kg', respectively (Table 1). Eight semirified diets were formulated to
contain digestible protein levels ranging from 355 g'Ko 495 g Kg at 20 g K¢
increments by increasing the dietary fish meal from 500 §(Kigt 1) to 804 g Kg (diet

8). Digestible energy level was maintained at 15.9 MJ &grossthesediets. Desired
levels of protein and energy were obtainedsasrdiets by varying the levels of soybean
meal, wheat, fish ajland dextrin. A minimum of 40 g Kbof fish oil was provided irall

the diets to ensure the availability of adequate levels of essential fatty acids, as
recommended for rainbow tro@ncorhynchus mykisdy Hardy (2002) Formulations

and proximate compositions of tli&xperimentl diets are given in Table 2. All tke

diets were formulated to provide EAAs at levels that were determined to be adequate for

optimal growth performance of juveniléuegill (Masagondeet al.2009)

All coarse dietary ingredients were ground and sieved with gi608creernn a
Fitzmill (W. J. Fitzpatrick Company Chicagq IL, USA). Dry ingredientsfor each
experimental dietvere then mixed in a Hobart mixer (Hobarta@poration, Troy, OH,
USA). All diets wereextruded with a twirscrew extruder at the Food Protein R&D
Center, Texas A&M University, College Station, TX, USBiets were thenair dried,
packagedn air-tight bags, transported to the University of Missp@olumbia, MO,
USA, and stored under aifight conditions at 4C until used Gross protein levels varied
from 418 g Kg' to 570g Kg*, gross energy levels varied from 1940 Kg* to 21.0MJ

Kg™, and ash content varied from 112 gg 168 g Kg" acmoss diets (Table 2).
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Experimental design

Juvenile bluegill were purchased from a local fsbducer (Osage Catfisheries,
Inc., OsageBeach, MO, USAjlndtransported to the University of Missouri, Columbia,
MO, USA. Fish were theacclimated to laboratgrconditions forlO d Five rectangular
tanks (236 x 73 x 58 cm; water holding capacity = 945 dgch equipped with
biofiltration, watefrecirculatiorire-aeration and temperatycentrol capacities were
used in the studySevenperforated plastic test ambers 43 x 30 x 43 cm) whose
screenrcovered tops protruded above tank water surfagee placed in each of tliwe
tanks, yielding 35 test chambersThirty-two chambers were chosen to alldour
replicates for each of the eight diets. Three additiohambers in tank 5 were used such
that the fish density was equivalent to that of the other tarssks were filled ta5% of
their heights such that water volumes~df L resulted in each chambei/ater from a
head tank and biofilter were trickled inéach chamber via a spray bar mourdedve
each fish tankAcclimatedjuvenile bluegills (~20 g) werethenrandomly allotted to the
test chambers at 10 fish per chamber and acclimatezhfither 5days.Eight test diets
were randomhassignedo the testhambers, givindour replicates for each test diet. The

experiment followed aompletely randomizedesign.
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Experiment 2Energy diets
Experimental diets

Seven experimental diets were formulated to contain energy levels ranging from
12.55 MJ Kg" (3000 Kcal Kg") to 17.57 MJ Kg (4200 Kcal Kg') at ~0.84 MJ Kg
(200 Kcal Kg") increments. Fish meal and corn gluten meal were used as the main
protein sourcesvhereas fish oil was used as the primary energy source. Digestible levels
of nutrients forthe ingredients used in this experiment for bluegill were determined as in
Experiment 1. Energy levels were increased across the experimental diets by gradually
repl aci ng -deluldse with fish oil Alllother idgredients were added at a fixed
amount across all the diets (Table Al diets were kept isonitrogenous by fixing the
digestible protein level at 418 Kg*, which wasfound to be optimal for juvenile
bluegills in Experiment 1. In allthe Experiment2 diets, digestible EAAs were
maintaned abovehe levels determined to be ideal for juvenile bluegill (Masagounder
et al. accepted). Formulations and proximate compositions oExiperiment2 diets are

given in Table 4.

Dietary ingredients were finely ground, mixexhd extruded as iBxperiment 1.
Gross protein levels varied from 452 g K 5609 Kg®, gross energy levels varied
from 18.6MJ Kg' to 22.8MJ Kg*, anddietary ash content varied from 112 g K@

168 g Kg' acrosshesediets (Table 2).
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Experimental design

Juvenik blwegill were transported to the University of Missouri, Columbia, MO,
USA from the Cooperative Research & Extension Unit, Lincoln University, Jefferson
City, MO, USA. Fish were theacclimated to laboratory conditions feevendays The
experimental dggn was identical to that used HExperiment 1, except that only four
tanks(water holding capacity = 945 per tank were used to accommodate 28 chambers
(seven chambers per tank). A water voluaie40 L was maintained in all chambers
throughout the studas inExperiment 1 Acclimatedjuvenile bluegills (~21 g) werethen
randomly alleatedto the test chambers at 10 fish per chamber, afwved five
additional days to complegeclimaton. Seventest diets were randomly atlatedto the

test chambers,igng four replicates pertest diet.

Feeding procedure and measurements

In both experiments, bluegillwere haneed twice daily to apparent satiation at
0800 and 160(h. Feces were siphoned out before each feeding. Each feeding was
handled by two persenand continued for ~1 MAny feed pellets that remained in a
chamber 30 mimpostfeeding were removed by siphoniogder neflow conditions and
stored at-20 °C untilthe end of the studyAfter completion of the 6@ feeding trial,
preserved, uneaten patk from each chamber were dried at 70 °C for 48 h and weighed.

Leaching of test diets was accounted dar followswhen determininghe weights of
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unconsumed pellets. Upon completion of the study, after removing fish from the test
chambers, test diets &dnown dry weights were immersed for 1 h in wdtked
chambers, siphoned out and dried. The percentage weight loss from leaching was then
added to the weights of uneaten pellets for each test Thet. dry weight of the
unconsumed feed was then subtdctrom the total feed weight provided to determine
total feed consumption ke bluegill in each chambeWater temperature and dissolved
oxygen were recorded daily from a randomly chosen chamber in each tank in both
experiments. A constant water tempera and dissolved oxygen levels were maintained

at 220 °C and~7 mg L™, respectivelyWeekly determined\Hs-N and NQ-N levels
remained< 0.1 mgL™, while asummerlike photoperiod (14 L: 10 D) wasontinued

throughout thé&0-d period of both the expriments.

Live weights of ish from each chambevere determined on days 0 and 60. At the
end of the experimenbluegill were euthanizedy an overdosef MS222 (Aquatic Eco
systems, Apopka,LlE USA). Six randomlyselected fish from each chamber were used
determine wholdody proximate composition. IBxperiment 2 (energy study), before
beginning the feeding trial, 10 additional fish were acclimated and euthatozed

determireinitial fish protein content.

Values of the following indices were determirfeaim fish in each of the replicate
test chambers over the -80experiment period, and averaged across the four replicates

for each of the experimental diets in both feeding trials

Total feed consumption (g/fish) = (total feed provided i(gptal unconsmed

feed (g)) N¢, whereN; is theaverage number of fish fed per day in a chamber
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N¢ = (m+m+ng+ € +gp) / 60 where i Ny, Nz ngpare the total number of fish fed in
a chamber on days 1, 2, 3, 60, respectively

Relative growth rate, RGR (g 1@0" d*) = (wet weight gain x100 / average fish
weight)/ t, where wet weight gain in a chamber = final weighti (g)itial weight (g),
average fish weight (g) = (initial weight + final weight) / 2, ani$ duration of the
experiment (60 d)

Feed conversion rat (FCR) = total dry feedled (g) / wetweight gain (g)

Protein efficiency ratio (PER) wet weight gain (g)/ total protein fed (g).

Because fish fed high energy diets deposited more body fat, protein gain was
determined in the experiment to indicateetasomatic weight gain

Protein gain (g fish) = mean final fish protein (g)mean initial fish protein (g)

Hepatosomatic index (HSI) and viscerosomatic index (VSI) were measuared
day 60 for individual bluegills within each dietary group both the experiments to
determine the influences of dietary nutrients on fat deposition.

HSI = liver weight x 100/ whole body weight

VSI = visceral weight x 100/ whole body weight

Chemical and Statistical Analyses

All laboratory analysegmoisture, crude protejramino acids, crude lipjdand
ash) followed procedures recommended by the Association of Offidiaalytical
Chemists (AOAC, 2000 Gross energy content was analyzed using an adiabatic bomb

calorimeter (Parmstrument Canpany Moline, IL, USA). Crude potein contents of feed
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and fish samples were determinkyg the combustion methodisinga LECO FP-528
(Leco Corporation, St. Joseph, MI, USAmMIno acidswereanalyzed using an automatic
analyzer (Hitachi Model 8350, Tokyo, Japan) with an ion exchangduom atthe
Experiment Station Chemical Laboratories, University of MissoGoJumbia, MQ
USA. Wholebody lipid content was estimated using the ether exttaanethod. Ash
contentwas determined by incinerating the fesimples at 606@C for 12 h in amuffle

furnace.

Oneway analysis of variance (ANOVA)as usedo determine whether mean
response®f eachmetric (feed consumption, feed efficiency, growth, body composition
survival), differed across the diethat contaired increasing levels of proteor energy
(P < 0.05).All data were evaluated for homogeneity of variances and normality. Survival
data were arcsine squam@ot transformed prior to ANOVAWhere appropriate, means

across diet types were separated’ly k etgstfas multiple comparisons

Protein requirement was determined by fitting a brelkes regression model
(Robbinset al. 2006 to growth data, whereas energy requirement was determined by
fitting growth responses with secendder polynomial modelsShearer 2000)Broken
line mode$ were used to determine optimal dietary protein levels in order to best utilize
the expensive protein for supporting fish growth; this is because protein levels that
support maximum growth rate may not be cost effective. The polynomial model, on the
otherhand, was chosen for determining optimal energy requirement in order to exploit
the greatest efficiency of lowost, norprotein energy for maximizing protein accretion.

All statistical analyses were performesing the Statistical Analysis System (SAS,

Version 9.1; SA3nstitutelnc., Cary, NC, USA).
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RESULTS
Protein study

The overall fish survival rate was 93t72.8% (mearit 2.8), no differencewere
detected amontipedietary groupsR = 0.74). Dietary protein levels significantly affected
final mean veight, total feed consumption, RG&d PER ANOVA; P < 0.09, but not

FCR, his, orVSI (Table 3).

Bluegill fed 355 gKg™ dietary protein showed the lowest final weighthich

differed significantly from thseof fish fed 495 g<g™ dietary proteirn(P < 0.05.

Relative growth rate (RGR)f bluegill ranged from0.90 (355 g Kg™ dietary
protein) to 1.36g 100g" d* (495 gKg™ dietary proteil with fish fed355¢g Kg* dietary
proteinshowing significantijower RGRs (P <0.01)t h an t h4l5geKg'fdietdry O
protein Similarly, bluegill fed 375 gKg™’ dietary protein exhibited a poorer RGR
(1.04 g 100g* d%) than did those fed495 g Kg™ dietary protein, but showed no

differences from other fish groups.

Similar to he pattern of RGR, feed consumption generally increased as the
dietary protein level increased. Fish fed 35XKg™ dietary protein level consumed
significantly | e 955 gKge dietary prbteim <0.85p Iskewise,ed O
fish fed the 375 aml 395 gKg™ dietary protein level consumed significantly less than
those fed 495 ¢g™’ (P < 0.05, whereas fish fed intermediate levels of dietary protein
(415435 gKg™) did not differ from their dietary counterparts. No differences were

observed, hwever, in FCR among dietary groups> 0.05).
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Protein efficiency ratidPER) varied inversely wiRGR, with fish fed low levels
( ®95 gKg™) of dietary protein generally exhibiting better utilization of dietary protein

t han t h4aySgKg'fidietary ptein® <0.05.

No significant differences”(> 0.05 were detected among the dietary groups in
eitherHSI (1.36+ 0.29%, overall mearx S.D.) a VSI (12.48+ 2.06%, overall mearx

S.D.).

Similar to what was observed for body condition indices (HSI or VSI), dietary
protein levels did not affect fish fat levels or other proximate components(.05
(Table3). Overall values (meaa S.D.) of moisture, crude protein, crude lipghd ash

contents were 69.660.84%, 16.0% 0.39%, 8.0t 0.89% and 4.5 0.11%, respectively.

Brokentline regression analysis of RGR versus digestible protein yielded a break

pointat 412g Kg™* digestible protein level (Fid.).

Energy study

Survival rate of fish fed different levels of energy varied from 86.% 1000 %,
but no significant differencesvere detected among the dietary groug® ¥ 0.05).
Surprisingly dietary enegy levelsaffected neithefeed consumptionRGR, FCR nor
protein gain (P > 0.05) (Table 5) However, increases indietary energy levels
significantly increased HSI and VSlalues P < 0.05) (Table 5) Fish fedthe highest
level of energy 17.57 MJKg™) showedsignificantly highervaluesof HSI than those fed

015.06MJ Kg* dietary energy, Wereaghose fed 15.906.74 MJ K@ dietaryenergy
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exhibited intermediate HSI valu¢B > 0.05) Similarly, fish fed17.57 MJKg™* showed

higher VSI values than thes f &3d39 MAJKg.

As indicated by body condition indices (HSI and VSI), increased dietary energy
levels also affected final fish wheledy moisture and crude lipid contents. Fish fed
17.57 MJKg™ digestible energy produced significanilywer levels ¢ moisture and
higher levels of body fat content verstisose fedO 15.06 MJ Kg™, whereasno
differenceswere observed in either of the response variablethe fish groups fed
intermediate levels of energy¥able 5). Unlike for body fat or moisture cent, dietary
energy levels did not influence body protein or ash contdats .05 (Table 5).
Estimated levels (overall meatt S.D.) of crude protein and ash contents were

15.6+ 0.33% and 4.3 0.22%, respectively.

Based on the polynomiahodel, optimal levels of dietary digestible energy were
determined to be 14.61 Mdy™ (~3500 Kcalkg™) and 14.65 MKg™ (~3500 Kcal Kg")

for the maximum values of RGR (Figa) and protein gain (Fig@b), respectively.

DISCUSSION

This study demonsttes that juvenile bluegill require ~410 g Kf dietary
digestible protein and ~14.6 MJ K@f dietary digestible energy for optimal growth
performance Our gudy results further show thahe growth rates of bluegill did not
decline even at 490 g Kgdietary protein level, indicating thahis level of protein

neither causéd any metabolic disordeto the bluegill na did it reduce their energy
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budget.The present studgisodemonstratethathigh dietary energy inclusiorly.57 MJ
Kg™) doesnot redue either fish appetite or growth rate, bigesresult in elevated levels

of fat deposition in bluegill.

Protein study

Dietary protein requirement varies among fishes. Planktivorous and omnivorous
fishes typically require only 36800 g Kg* of dietary protein (e.g., channel catfish
Ictalurus punctatuscommon carpCyprinus carpioand Nile tilapiaTilapia nilotica),
whereas piscivorous fishes require higher levels of dietary proteirf5%6@ Kg' (e.g,
Atlantic salmonSalmo salay plaice Pleuronectesplatessa red seabreanChrysophrys
major and yellowtailSeriola quinqueradiaa(NRC 1993; De Silva & Anderson 1995).
The present study shewhat bluegill, an omnivore, require slightly higher levels of
dietary protein (~410 g Kb relative to other comon omnivorous fishes such as
channel catfish and Nile tilapia. However, the protein requirement of bluegill is similar
to those reported for its hybrids cyanellusl x L. macrochirusll ( @ Kg77 o
Tidwell et al. 1992; Websteet al. 1997; 440y Kg™ dietary protein, Stinefekt al.2004),
and for other centrarchid fishes (e.g., ~49Kg* for largemouth bas#licropterus
salmoides Andersonet al. 1981; Portzetal. 2001 and ~45@ Kg™ for smallmouth bass
M. dolomieuj Andersoret al. 1981). Furthermore, thguegill protein requirement value
(~410 g Kg' digestible protein or ~450 g Kggross protein) determined in the present
study did not differ substantlgl from that (440g Kg'gross protein) reported by

Hoaglandet al. (2003 for juvenile bluegill Although the diet containing 350 g Kg
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protein did provide adequate levels of EAAs for bluegill, the observed poor growth rate
at this protein level indicatdbat bluegill consume protein in excess of the level required
to meet EAA requirements for optimal growplerformanceThis is likely because that
bluegill needed more amounts of non EA&m the other handhé lack of a significant
increase irbluegill growth for >410 g Kg* digestible protein, as well as an observed
decline in PER, suggest that excess dietary protein levelsdivected towardenergy
utilization instead of intdfurther protein accretiorSimilar to this observatiordecline in
proten efficiency as the dietary protein level exceeds the requirement for somatic
growth, has often been observecdther fish studiege.g., Hafedh 1999; Net al. 2001;
Schulzet al.2007).Therefore, supplementing excess lewslexpensive proteiwill also

notbe beneficial given that it doestincrease fistgrowth, butrisesfeed cost

Despite having fixed levels of energy acrtiss diets, our bluegillHSI and VSI
values showed marginal differences acries diets with fish fed lower protein levels
( O 3 7 B) exibitlhgyhigher values. This likely resulté@m poor utilization ofthe
dextrin that was added at high levels in the low protein digtiarged livers have often
been observed in fisheled elevated levels of dietary carbohydrgWilson 1994).
Finding no differences in wholeody protein or fat contents in tipeesent studparallels
what was observed for bluegill by Hoaglaed al. (2003) or for Mexican silverside
Menidia estoiby Martinezpalacioset al.(2007).However, wholebodylipid levels often
decline with increasing dietary protein level in fisheg.,in Nile tilapia (Hafedh 1999),
bagrid catfishMystis nemurugNg et al. 2001) and pike perc8ander luciopercéSchulz
et al.2007).Studies (e.g.Hafedh 1999; Neet al. 2001; Schulzet al.2007) that observed

significant differences in wholbody lipid conterd typically involvedfish fed an amount
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of feed proportional tofish weightin eachdietarygroup Doing solikely increasedhe
availability of nonprotein energyo fish that were fedow-proteindiets,and producech
them increasethody fat However,in the present study on other similarstudies(e.g,
Hoaglandet al. 2003; Martinezpalacioset al. 2007) that did not observe significant
differences in fat deposin, fish werefed to apparent satiation andere observed to
have increasedtheir feed consumptiorfor the increasing levels of dietary protein
Increased feed consumption in these stulliedy caused no substantial differences in
the absolute amount obn-protein energy across dietary groups and thergfooelucel

no significant differences in body fat deposition.

The dsolute growth rates (AGR) of bluegill in the present study varied from 0.27
g d*to 0.45 g & which is, indeed, higher than thoseserved for bluegills in other
related studiesd.10 g d* for 6 g bluegill reared for 75 day$ipaglandet al. 2003) and
0.14-0.23g d* for 8-14 g bluegill reared for 56 dryibell et al. 2003) This difference
could beattributed to differences in theitial size of bluegills and the diet composition
among studiedish have been observed to generally exhibit higher s@Rntermediate
size than at small or large size in their life stage (Hopkins 1992). Also, high levels of
dietary fish meal (3500 gKg™) used in the present study may have supported high

bluegill growth.

Shearer (2000) showed that a polynomial model provides better fits than -broken
line regression models in many studadish nutrient requirements, and that the former
model produes a higher nutrient requirement level than thedaFeeding bluegill a high
percentage of dietary protein to achieve modest increases in growth rate may not be

economically beneficial to fish producers. This is because increasing the protein level
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resuts in the poor protein utilizatiorwe observed in the present study. Also, the present
study showed no significant differences in the growth rate of bluegill fed ~410%g Kg
dietary protein versus ~500 g Kglietary protein.Because of the such reasotise
brokenrline regression model has been preferred by many researchers when determining
optimal dietary protein requirements for fishes (egm et al. 2001; Luoet al. 2004,

Meyer & Fracalossi 2004; Mohangd al. 2008.

Energystudy

Energy requirerants (digestible basis) for freshwater fishes generally range from
~12 MJ Kg' (channel catfish, Nile tilapia, hybrid striped baderone chrysops xM.
saxatilisll ) to ~17 MJ Kg" (rainbow trout) (NRC 1993). In the present stugiiereas
little as 12.55MJ Kg* dietary energy appessufficient for bluegill, increasing the
dietary energy levehrough nomprotein energy sourd® 14.65 MJ Kg was beneficial
in terms of sparing more protein for slightly higher somatic growthyassndicated by
the polynomial modelresults Directing expensive dietary protein for protein accretion
rather than for energy utilization will eventually reduce feed cost and thereby increase the

economic gairof bluegill aquaculture.

Increasing the lipid energy level to the dgt optimum has increased feed
efficiency infishes(e.g., Williams & Robinson 198&homanet al. 1999). On the other
hand, excess dietary energy ahd resultant fat accumulation has often been shown to
suppress fish feed c otnisaurmp bof orf e @l ii ma satkaetoi)
Miglavs 1993; Sheareret al. 1997; Johanseret al. 2002 & 2003). Interestingly,
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increasing the dietary energy lewelthe present studgffected neither feed consumption
nor feed efficiencies. The absence of fish appe#tlationdue toincreased dietary
energy levels in the present and other like studies (e.g.et,ak2000, De Silvaet al.

2002 may relateto the restricted experimental periods (~8 weeks) that these studies
used; studies that did show suppressed fatake from high fat deposition levels had

been run for longer periods 3 weeks).

Despiteincreasedlietaryenergy levels, bluegilliid notexhibit improved protein
efficiency. However, the excess dietary energy levels elicited significant incréases
HSI, VS|, and wholebody fat content. This result indicates the limited ability of bluegill
to use lipid as an energy source and to spare protein for somatic growth. Hence, bluegill
require high percentages of dietary protein not only for somatic growt also for
energy utilizationHoaglandet al. (2003)also observetbr juvenile bluegill (1.76 gjhat
increasinglietary lipid from 8% to 12% did not result in a protein sparing efi#fetight
gain by fat deposition may not beeflective oftrue som#ic growth in fishes (Lovell
1998). Although the present study did not show evidericeduced feed consumption,
high fat deposition in the long run will likely reduce fish appetite, growth, ratel
production As motioned above,igh fat deposition redting in reduced feed intakieas
been demonstratad fishesparticularly salmonidg¢Sheareret al. 1997; Johanseat al.
2002 & 2003)when the studies were run for > 13 week®ese studiesuggesthat fish
do possess lipostatic regulatory mechanisnoofifintake(adipose tissue, due to excess

fat deposition, signaling brain via hormorgegh adeptin andimiting feed intaké.

Capacity of norprotein energy sparing dietary protein for bgaptein accretion

differs across species depending on the soofche norprotein energy. For example,
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lipid acts as the primary protegparing source in salmonids (NRC 1993), whereas
carbohydrate acts as the primgmptein sparing source for tilapia, catfislnd carps
(NRC 1993; Stone 2003). Differences in erneuglization capacity among species may

be associated with energy requirement. For example, rainbow trout generally require
1517 MJ Kg* dietary energy, whereas catfish, Nile tilapéead common carp require
about 1213 MJ Kg' (NRC 1993; Medale & Gllaume 2001). Collectively, these
findings suggest that fish with lower energy requirements will exhibit a greater protein
sparing effect from carbohydrate versus lipid, arge versa Accordingly, the limited
capacity of bluegill to use lipid may be asgted with their relatively low levels of
dietary energyrequirements(~14.6 MJ Kg"). Further research may be warranted to

determingheenergy sources that best maximize protein sparing in bluegill.

The dsolute growth rate(AGR) of bluegill in the engy study ranged from
018 g d to 0.23 g & While such growth rates are comparable to those
(0.10- 0.23 g d") observed in related studies (Hoagladl. 2003 Twibell et al. 2003),
bluegill from the energy experiment exhibitpdorer feed consumption and growth sate
than did those in the protein experiment. Conceivably, this lower consumption and
growth could be due to our haviragldedan indigestible fiber materigl dellulose)to
the diets to obtain desired levels of protand energyReduced growth rategsulting
fromdi et ar y i-ocelulosetsaie been notéd inWther related studies (e.g., Hilton
et al. 1983; Leeet al. 2003). However, studies that determine requirements for dietary
energy level often includeindg e st i bl e madelklose torhamtaiis aorstant a s
protein levels across diets while also increasing energy |levelgherefore, reduced

growth rateslue toU-cellulose inthis type of nutritional studies appesinevitable.
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Protein to energy rgo (P/E ratio)

Proteinenergy ratio is not a nutritional requirement, but is often determined for
fishes as a measure of protein sparing capacity frompnatein energy sources. P/E
ratios range from about 20 to 26 g Mfbr common freshwater fishes (MR1993;
Medale & Guillaume 2001). Low values indicate that fish can better utilizgoraiain
energy, and that protein is mainly used for growth and maintenance requirements. Higher
ratios indicate that fish are relatively poor users ofpiaitein energynd that the protein

is allocated to meeting energy as well as growth and maintenance requirements.

A high P/E ratio of 28.1 g MYJ(118.3 mg Kcal) was observed for bluegill, as
has been observed in many other fishes: e.g.;258 g MJ" (106137 mgKcal®) for
largemouth bass (Brighet al. 2005), 27.7 g MJ for amberjackSeriola dumerili
(Takakuwaet al. 2006), and 26.7 g MJfor pikeperch (Schulet al.2007). However, the
value 0f28.1 g MJ* for bluegill is substantially gaterthan that detenined for channel
catfish (23.2 g M3 by Robinson & Li 2002) or rainbow trout (25 g MJ* by NRC
1993) . Hence, the present study indicates
that are optimized mainly for rainbow trout or catfish, are lilgelipoptimal for bluegill.
Protein sparing can be effectively achieved by feeding diets that include particular
carbohydrate and lipid levebmbinations from certain sourcésdeed, carbohydrate-
lipid ratios have been optimized in many fishes (eAgian seabassates calcarifer
Catacutan & Coloso 1997, walking catfiSkarias batrachusrfanullah & Jafri 1998 and
piracanjubaBrycon orbignyanusBorba et al. 2006) to increase protein efficiency for
somatic growth. Such a study may be warranted for Blsetp further increase protein

sparing efficiency via neprotein energy sources.
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In summary, the present study demonstrates that juvenile bluegill require high
levels of dietary protein (~410 g Kgligestible protein) and low levels of dietary energ
(~14.6 MJ Kg") with a P/E ratio of ~28 g M3J The study also provides evidence that
lipid is not an appropriate protegparing source for juvenile bluegi#mphasing that
appropriate dietary lipitlo-carbohydrate ratios should be determined foeinle bluegill

to reduce expensive dietary protein levels.
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Table 1.Nutrient profile of ingredients used in the study.

Nutrients*  Fish Meal Blood Meal SBM CGM Wheat
Protein

(0 Ka) 592.0 (544.6) 915.8 (770.2) 447.5 (425.5) 625.0 (523.0) 112.5 (103.1)
(E,\;‘?r%l) 17.7 (155) 23.6(21.7) 18.4(14.7) 15.9(14.4) 16.4(9.1)  16.7 (15.1) 37.7 (34.0) 31.8(28.6)
Amino acids ¢ Kg™)

Arginine 34.6 (32.5) 36.3(33.2) 355(34.4) 20.0(18.2) 06.3(05.8)
Histidine 12.9 (11.9) 42.2(39.7) 11.9(11.5) 18.9(16.7) 02.6 (02.4)
Isdeucine  24.5(22.7) 07.6(06.2) 21.2(20.0) 27.7 (24.5) 04.0 (03.4)
Leucine 435 (40.5) 114.7 (106.0) 36.8 (34.6)  123.6 (101.4) 08.1 (07.4)
Lysine 45.6 (43.2) 73.2(69.6) 29.5(28.2) 11.4(10.3) 03.4(02.8)
Methionine  15.9 (14.6) 07.0 (06.6) 06.7 (06.3) 15.8 (14.9) 02.4 (02.2)
Cygeine 04.7 (03.9) 06.9 (059) 06.7 (06.3) 11.8(11.0) 02.8 (02.5)
Pherylalanine 23.9 (21.9) 56.4 (53.2) 23.7 (22.4) 40.3(35.6) 05.4 (04.9)
Tyrosine 15.4 (14.1) 11.5(10.9) 14.5(13.9) 35.1(30.7) 02.4 (02.1)
Threonine  24.4 (22.8) 27.0(25.0) 18.1(16.9) 22.2(20.0) 03.6(03.1)
Tryptophan  04.8 (04.4) 09.2 (09.0) 05.4(05.2) 03.8(03.6) 01.1(00.9)
Valine 20.8 (27.3) 79.1(73.1) 22.8(21.4) 33.6(27.8) 05.0 (04.5)

*Values in the parenthesis represent digestible amount calculated from their respective pedigestidility values (Masagounder
et al.2009; Masagoundet al.accepted). Energy digestibility values of dextrin, fish oil and lecithin were assumed to be 90%.



Table 2. Formulation of the experiment diets used in the study.

Diets
D1 D2 D3 D4 D5 D6 D7 D8

Ingredients (g K@)
Menhaden fish meal 500.3 535.9 571.4 611.7 654.6 697.4 748.4 804.4

Blood meal 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0
Soybean meal 70.0 70.0 70.0 70.0 70.0 70.0 599 43.0
Corn gluten meal 40.0 40.0 40.0 40.0 40.0 400 40.0 40.0
Wheat 161.6 164.2 166.8 147.2 1154 835 53,5 26.9
Dextrin 99.8 61.7 23.6 100 100 100 100 75
Fish oil 90.0 90.0 90.0 829 719 608 50.0 40.0
Lecithin 28 28 28 28 28 28 28 28
Vitamin premix 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Vitamin C 07 07 o077 07 07 07 07 07
Choline chloride 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Mineral premix 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Binder 10.0 10.0 100 10.0 100 10.0 10.0 10.0
Total 1000 1000 1000 1000 1000 1000 1000 1000
Proximate compositiofdigestible values)

Protein(g Kg™) 355 375 395 415 435 455 475 495
Energy(MJ Kg™) 159 159 159 159 159 159 159 159
Amino acids ¢ Kg*)

Arg 21.0 222 233 245 257 270 281 292
His 88 92 96 101 105 109 114 118
Iso 144 152 16.0 169 178 186 195 20.3
Leu 30.1 315 33.0 345 36.0 375 39.0 404
Lys 258 274 289 306 324 341 360 37.8
Met 88 94 99 104 110 115 121 128
Cys 34 35 36 38 38 39 40 4.0
Phen 158 16.6 174 182 190 19.7 205 21.2
Tyr 98 103 108 114 119 124 129 134
Thr 144 152 16.0 169 178 186 195 205
Trp 30 32 34 35 37 38 40 41
Val 185 194 204 214 225 235 245 256

Gross Proteitfg Kg*") 418 439 444 447 474 513 543 570

Gross EnerggMJKg?) 20.8 209 203 197 22.0 202 191 19.9
Crude Ash(g Kg) 112 117 114 118 131 149 159 168

*Vitamin and mineral premixes were similar to the one used by Masagoehdsr
(accepted)
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Table 3 Growth responses and proximate composi{foeanst SD) of juvenile bluegills fed the experimental diets for 60 daeues withina
row sharing different superscript alphabets are significantly diffelPent).05).

Experiment Diets (Digestible protein level g g

Variable P-value
D1 D2 D3 D4 D5 D6 D7 D8 (ANOVA)
(355) (375) (395) (415) (435) (455) (475) (495)
Growth Responses
Initial weight (g) 21.7+1.4  18.3%1.1 19.5¢1.7 20.9+0.8 19.61.1 21.5+1.7 20.6+0.9  20.0£2.2 0.86
Final weight (g) 37.8£2.7 38.0£7.2°  40.1#3.7°  46.3t3.4°  41.7+0.4°  48.025.2° 46.7+7.2°  47.7+5.8 0.04
(Fgeﬁghg;)nsumption 22142 253+4.3°  245:2.7°  20.1428% 27.8+#13™  328:37°  328:6.0° 34.7+1.3 <0.01
RGR (g100gd? 0.90:0.18  1.04:0.13° 115+0.04° 1.26+0.08° 1.20:008°  126+0.18°  1.21:0.14  1.36:0.08 <0.01
FCR 1.36+0.17  1.39+0.12  1.17#0.11  1.15+0.03  1.26+0.13  1.26+0.13  1.28+0.13  1.27+0.14 0.11
PER 2.18+0.46  1.95+0.16° 2.15+0.34  2.10+0.06" 1.83:0.18" 1.76:0.0?"°  1.65:0.17  1.61+0.17 <0.01
Survival (%) 967+58  90.0+10.0  95.0+10.0  93.0+5.8  90.0+17.3  92.5+9.6 97.5¢5.0  95.0+10.0 0.74
HSI 1.51+0.29  1.61#0.17  1.27#0.23  1.47x0.45  1.25+0.35  1.17#0.14  1.23:0.24  1.22+0.19 0.09
Vsl 13.8742.68 12.08+1.15 14.11#2.40 12.56+3.31 10.81+0.70 11.54+2.01 11.83+1.11 11.86#.24 0.10
Proximate composition
Moisture 68.66x1.55  70.02+1.52 68.56x0.78 68.91+1.92 70.07+0.53 70.55:0.51  70.68+0.59 69.85:0.28  0.14
Protein 16.50+1.14 15.29+0.57 16.08+0.23 15.73+0.59 15.84:+0.56 16.02+0.63  16.20+0.50 16.42+0.24  0.11
Crude ligd 8.200.87 8.35:0.28  8.72+0.79  9.38+0.72  7.79+0.45  6.99+0.74  6.65:0.52  7.67:0.44 0.28
Ash 4.35+0.42 4541020  4.49+0.08  4.6620.29  4.67+0.13  4.58+0.25  4.45:0.35  4.43+0.19 0.73




Table 4. Formulations of the diets containing graded levels of energy.

Diets
D1 D2 D3 D4 D5 D6 D7

Ingredients (g K@)
Menhaden fish meal 613.2 613.2 613.2 613.2 613.2 613.2 613.2
Corn gluten meal 150.0 150.0 150.0 150.0 150.0 150.0 150.0

Fish oil 24.1 48.7 73.4 98.0 122.6 147.3 171.9
U-Cellulose 1945 169.8 145.2 120.6 959 71.3 46.7
Lecithin 28 28 28 28 28 28 28
Vitamin premix 25 25 25 25 25 25 25
Vitamin C or 07 07 07 07 07 07
Choline chloride 1.2 12 1.2 1.2 1.2 1.2 1.2
Mineral premix* 10 10 10 10 10 10 10
Binder 10.0 10.0 100 100 10.0 10.0 10.0
Total 1000 1000 1000 1000 1000 1000 1000

Proximate composition (digestible values)
Protein(g Kg™%) 412 412 412 412 412 412 412

Energy(MJ Kg%)  12.55 13.39 14.23 15.06 15.90 16.74 17.57
(Kcal Kg'l) 3000 3200 3400 3600 3800 4000 4200
Amino acids (g Kg)

Arg 227 227 227 227 227 227 227
His 91 91 91 91 91 91 91
Iso 176 176 176 176 176 176 17.6
Leu 40.0 40.0 40.0 40.0 40.0 40.0 40.0
Lys 28.0 28.0 28.0 28.0 28.0 28.0 28.0
Met 11.2 112 112 112 112 112 11.2
Cys 40 40 40 40 40 40 40
Phen 18.8 18.8 18.8 188 18.8 18.8 18.8
Tyr 13.3 13.3 133 133 133 133 133
Thr 170 170 170 170 170 17.0 17.0
Trp 32 32 32 32 32 32 32
Val 209 209 209 209 209 209 20.9
Gross Protein 459 460 456 457 452 458 452
Gross Energy 18.61 19.09 19.62 20.67 21.48 21.66 22.81
Crude Ash 135 132 131 130 133 138 135

*Vitamin and mineral premixes were similar to the one used by Masagoeinaer
(accepted).
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Tale 5 Growth responses and proximate compositaegnst SD) of juvenile bluegills fed thereergydiets for 60 day$Values
within arow sharing different superscript alphabets are significantly diffelent).05)

Experimental Diets ( Digeifle energy level MJ Kg)

Variable ( :N\gl{yAe)
D1 (12.55) D2 (13.39) D3 (14.23) D4 (15.06) D5 (15.90) D6 (16.74) D7 (17.57)

Growth Responses

Initial weight (g) 20.8+0.4 21.7+1.4 22.8+0.3  215+#1.4  21.4+05 205+1.6  19.6+1.7 0.17
Final weight (g) 317+1.2 33.8#2.6 36.7+1.2  34.0+3.3  33.1+¥19 31.6+1.6 30.6+2.4 0.07
(Fgeﬁghﬁ‘)’“sumption 16.4+8.8  16.4+1.2  18.4+0.8  15.0+6.6  17.3+3.8 185#4.9 17.4+16  0.95
RGR (g 100g d’)  0.70+0.03 0.74+0.10 0.79+0.04 0.76+0.08 0.73+0.05 0.72+0.07 0.71#0.08  0.75
PER 1.59+0.81 1.8#0.01 1.83%0.16 2.2+0.64 1.67+0.17 1.51+0.31 1.52+0.05  0.55
g?itseri].q)Gai” 1.90+0.22 2.08+0.10 2.18+0.28 2.02+0.22 2.06+0.21 1.92+0.07 1.91+0.31  0.73
FCR 1.33+0.30 1.35+0.25 1.34#0.12 1.22+0.25 1.46+0.15 1.510.29 1.59+0.23  0.42
Survival (%) 90.0+14.1 87.50+5.0 86.7+11.5 87.5#12.6 93.3+11.5 90.0#8.2 100.0+0.0  0.28
HSI 1.00£0.08 0.99+0.08 0.97+0.12 0.97+0.0% 1.03+0.12° 1.02+0.08" 1.22+0.08  <0.01
VSI 8.83+0.49 8.46+0.67 8.93+0.65° 8.99+0.64° 8.94+060*° 9.19+0.33° 9.92+0.36  <0.01
Proximate Composition

Moisture 71.0+0.6 71.0+1.8 71.0+1.f  70.6+0.7 69.5+0.4° 69.4+1.6° 682+0.F  <0.01
Protein 15.6+0.4 15.4+1.0 15.3+0.6  15.2+04  16.2#04  157+0.3  155+0.4 0.58
Crude lipid 9.6+0.8  9.7+03  10.0+0.6  10.2+0.4 10.9+0.6° 11.0+0.8° 12.1+0.8  <0.01
Ash 4.1+0.1  4.3+0.2 4.1+0.2 4.4+0.4 4.5+0.2 4.6+0.6 4.6+0.5 0.30




Figure 1. Brokenline regression model fitted to RGRs of bluegills (meakSD) fed the
experimental diets containing gradeevels of dietary digestible proteilRGR =
1.2617 0.006 (411.9 Proteir), where (411.9 Protein) = 0 when Proteim411.9.
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Figure 2a. Secondrder polynomial model fitted to RGR of bluegills (meadSD) fed
the experimetal diets containing graded levels of dietary digestible energy: RGR =
-0.009 (Digestible Energ$} 0.263 (Digestible Energy)1.204
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Figure 2b. Secondrder polynomial model fitted to protein gain of bluegills (me&an
1SD) fed theexperimental diets containing graded levels of dietary digestible energy:
Protein gain =0.03 (Digestible Energ§)+ 0.879 (Digestible Energy)4.393.
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CHAPTER 4

DEVELOPMENT OF A FISH - MEAL -FREE, LEAST-COST DIET
FORMULATION FOR JUVENILE BLUEGI LL, LEPOMIS MACROCHIRUS

ABSTRACT

A 60-d study was conducted to determine the least diet formulation for
juvenile bluegill Lepomis macrochirus Seven experimental diets were computer
formulatedfor evaluationby gradually replacing fish meal with aebld of alternative
protein sources. Fish meal inclusion levels in experimental diets 1 through 6 ranged from
550 g Kg' (diet 1) to 0 g Kg (diet 6). Optimal digestible energy (DE) (14.64 MJ¥g
digestible protein (410 g K and essential amino acldvels determined in previous
studies were maintained across the six diets. Ingredientfoosit® six diets ranged from
$ 899.69tonne’ (diet 1) to $616.62tonne™ (diet 6). Additional effort was put forth to
further reduce feed cost; diet 7 was preplaby slightly reducing digestible protein (400
g Kgh) and energy (13.95 MJ Ky levels, which lowered the ingredient cost t68¥.41
tonne™ (0 g fish meal). Sources of protein feedstuffs considered in the software program
were menhaden fish meal, poy byproduct meal, porcine meat and bone meal, blood
meal, soybean meal and corn gluten meal. Three commercial diets were included in the
study as practical control diets: a highergy trout diet (450 g Kgprotein, 160 g K¢
fat), a lowenergy troutiet (400 g Kg'protein, 100 g Kg fat) and a catfish diet (350 g
Kg™ protein, 70 g Kg fat). Quintuplicate bluegill groups (~22 g, n = 10 fish per group)
were fed the experimental diets twice daily to apparent satiation for 60 d. No significant

differences in feed consumption, feed efficiency nor growth rate were detected among
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bluegill groups fed experimental diets 1 through 7. Fish fed the catfish diet exhibited a

poorer growth rate thasidt hose fed diets with hibhéer | evel s
the highenergy trout diet. The trout diets produced higher wholdylipid deposition

than did diets 3 through Fish fed diets 6 and 7 produced significantly higher gain:cost

ratios (weight gain (g) / feed consumed (g) x ingredient cost per geath tfeandid fish

fed diets 1 through 5. Relative to diet 1, ingredient costs of diets 6 and 7 were lower by

32% and 35%, respectively. Nevertheless, diet 6 produced slightly better overall fish

growth performance than did diet 7. Relative to fish fednilge-energy and lowenergy

trout diets, fat content of fish fed diet 6 was lower by 34% and 27%, respectively. Study

results indicate diet 6, comprising predominantly SBM (~37%) and MBM (~38%), to be

the best, leastost diet for juvenile bluegill.

INTROD UCTION

The demand for large, foedize bluegillLepomis macrochirutas increased in
recent years anataring techniques for this speciey&amprovedconcurrentlyNCRAC
2005; Hayward & Wang 2006; Warg al. 2009; Hickset al. 2009). A survey (NCRAC
200B) by the Industry Advisory Council of the North Central Regional Aquaculture
Center(NCRAC) involving 71 fish growers throughout the North Central Region of the
U.S. showed bluegill to be among the top two fish species reared in this regioneHicks
al. (2009) recently demonstrated that selective breeding for growth is a promising rearing
technique for producing foesize bluegill within two growing seasons. Rearing male

only bluegill appears to be another approach for producinggaadbluegill withintwo
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growing seasons (Hayward & Wang 2006; Waaigal. 2009). However, despite the
increasing market demand for bluegill and associated advancements in bluegill rearing
technology, a mucheeded, costffective bluegill diet remains to be identified. It is
notablethat available practical diets for bluegill are not only expensive, but also produce
poor growth rates (e.gcatfish diets) and often lead to high levels of body fat deposition
(e.g., when feeding trout diet) (Twibedit al. 2003). A survey by NRAC (2005)
indicated that fish producers considered the lack of a nutritionally balanced, affordable

diet for bluegill to be a major current constraint to sunfish aquaculture.

Development of a leastost, economic feed formulation for a farm animal
requres information concerning their dietary nutrient requirements, nutrient availability
from commonly used feedstuffs, cost and availability of individual feedstuffs, and their
dietary inclusion limis (Cheeke 2005). However, such dataraadily availablgor only
a limited number of aquaculture species including rainbow @ndorhynchus mykiss
and channel catfistctalurus punctatusRecently, Allanet al. (2000) developed a least
cost diet formulation for Australian silver per®idyanus bidyanusfter conducting
sequential studies on digestibility, nutrient requiremeantsl feedstuff inclusion limitA
similar approachwas usedto develop acost effectivecompletediet formulation for
juvenile bluegillbased on theligestibilities of common feedstuffdasagoundeet al
2009), dietary requirements for essential amino acids (EAAs) (Masagoehdar
acceptedland for protein and energ@€liapter 3. Information concerning the palatability
of feedstuffs was not readily available, yet the recent studpbnuegi | | 6s di gest
(Masagoundeeet al. 2009) that used individl ingredients as the test digirovided

evidence thathe palatability of common feedstuffs (including soybean meal3 not an
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impediment Given that fish prefer diets containing fishmeal (De Silva & Anderson
1995; Tacon & Metian 2008 which tend to produce desirable growth raiesmsey
1993 Hardy 2008, alternative less expensive protein feedstuffs are typically evaluated
for palatability and fish growth performance by feeding figlst diets containing
increasing levels ahe substituteConsequently, the objective of the present study was to
develop an economically favorable diet formulation for juvenile bluegill by gradually
replacingfish mealwith a blend of alternative proteifeedstuffs, using a leasbst feed

formulation program.

MATERIAL AND METHODS

Experimental diets

All experimental diets were formulated using leess$t formulation software,
WUFFDA (Windowsbased User Friendly Feed FormulatidResearch Bulletin 438,
2003, University of Georgia, USA The software is programmed an Excel® using
separate work sheetfor the ingredient profile (cost, nutrient profile), nutrient

requirementsand formulationrespectively

I n the O6ingredient redients taondideréd (Takder2kintbch e et ,
experimental diet formulations are provid@the potein sourcesve considered include
menhaden fish meal (FM), poultry byproduct meal-fpet grade) (PBM), porcine meat
and bone meal (MBM), blood meal (BM), soybaaeal (SBM) and corn gluten meal

(CGM). Ingredient costs for the protein sourcas well as for corn and wheatere
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determined from the weekly newspaper O6feedst
during the first week of each month for the w2008 and 2009 for nearby major cities

(Kansas CityMO; Memphis TN), were averaged and used. Prices for other ingredients

were obtained from the respective commercial suppliers (Table 2). Ingredient cost,
however, did not include freight charges. Digdstnutrient levels (amino acids, protgin

and energy) from each of the ingredients weadculatedusing theestimatedgross

nutrient levels and the nutrient digestibility valudstermined byMasagoundeet al.

(2009) and Masagoundet al. (acceptegifor bluegill (Table 1). For amino acids, protein

and energythesedigestible levels were provided the ingredient profile work sheet,

whereas for vitamins and minerals, values were taken from NRC (1993) for the

respective feedstuffs.

I n the ®équitréemaent & work sheet, for prot
determined to be ideal (410 g Kdigestible protein and ~14.65 MJ Kgr 3500 Kcal
Kg™ digestible energyChapter 3 for optimal growth performance of juvenile bluegill
were provided as fixedutrient constraints. For digestible EAABg nutrient requirement
values (Masagoundeat al. acceptell were increased by 10% and provided as manim
considering that the EAAs are the critical determinants of fish growth

(Masagoundeet al.acceped).

Similarly, for lipid, a range of 80 to 100 g Kgvas provided n t he o6nutr i e
requi r ementas thevlevel ko bendt enehie diet formulationdollowing the

value (80 g K{) determined to be ideal for agsbluegill (Hoaglandet al. 2003.
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In the 'formulate’ worksheet, constraints were given for the FM to be selected at
levels, 550 g Kg, 400 g Kg', 300 g Kg", 200 g Kg', 100 g Kg*and 0 g K¢ for diets 1
through 6, respectivelyThe gradedreplacement of fish meal watestedin the
experimental dietgiventhat information oraninclusion limit for each feedstuff was not
available for bluegill. Constraints on fish oil, lecithin, vitamin, minesald binder were
provided tofix the amount foreach (Table 2), and to thereby balatioe diets for other
essential nutrients including fatty acids, vitamirend minerals, following the
recommendations of NRC (1993) for general freshwater fishes. The computer solved the
constraints for the leasbst formulation for all the six diets (T&bR) and he feed
formulation software selected increasing levels of MBM and SBM as the dietary fish
meal level was gradualleducedTable 2). Ingredient costs of the six diets varied from
$ 899.69tonne’ or $ 816.23 tofl (diet 1) to$ 616.62tonne” or $ 559.41 toft (diet 6).

Diets 16 were made isocaloric and isonitrogenous on a digestible basis (Table 2).

Additional effort wasmadeto further reduce feed cost; diet 7 was prepared by
reducing the protein level from 410 g Ktp 400 g K@ and theenergy level from 14.64
MJ Kg?' (3500 Kcal Kg') to 13.95 MJ Kg (3333 Kcal Kg'), thereby, reducing the
ingredient cost fron$ 899.69tonne” or $ 559.41 toft (0 g fish meal Kg) to $ 587.41
tonne™ or $532.94 toit (0 g fish meal Kg) (Table 2). In he ingredient constraint list for
diet # 7, no changes were made beyond those from diet 6, except for (i) dicalcium
phosphate which was removed, as MBM, itself, is a good source of calcium and
phosphorusand (ii) fish oil, the level of whichwas reducedrém 40 g Kg' (diet 1-6) to
30 g Kg'. Although a level of 40 g Kyfish oil was considered sufficient to supply

adequate levels of highly unsaturated fatty acids for fishes such as rainbow trout (Hardy
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2002), the level was reduced to 30 giaiven thatfreshwater fishgenerally grow well

onlowerlevels of EFAs (Sargemt al.2002).

Three commerci al di ets (Nelsonds Silver
that are commonly used by commercial fish producers were included in the study as the
practcal control diets: higtenergy trout diet (diet 8: 450 g protein KdL60 g fat Kg),
low-energy trout diet (diet 9: 400 g protein KdlL0O g fat Kg") and catfish diet (diet 10:

350 g protein Kg; 70 g fat Kg"). In total, ten dietssevenbeing theexperimental diets

andthreebeing the practical control diets, were evaluated for bluegill.

Experimental design

Juvenile bluegill were purchased from a commercial fish grower (Osage
Catfisheries, Incorporated, Osage Beach, MO, USA) and professionaparéed to the
University of Missouri, Columbia, MO, USA. Upon arrival, fish were acclimated to
laboratory conditions fotwo weeks. Eight rectangular tanks (236 x 73 x 58 cm; water
holding capacity = 945 L) equipped with biofiltration, wategcirculator/re-aeration,
and temperatureontrol capacities were used in the study. Seven perforated, plastic test
chambers (43 x 30 x 43 cm) whose screevered tops protruded above tank water
surfaces were placed in each of the eight tanks, giving 56 test afsarfility chambers
were chosen to altatefive replicates for each of the ten diets. Six additional chambers
in tank 8 were used such that the fish density was equivalent to that of the other tanks.
Tanks were filled to threourths of their heights sucthat water volumes of 40 L
resulted in each chamber. Acclimated bluegills were then randalfolyatedto the test
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chambers at 10 fish per chamber, and further acclimated for seven days. Just before the
feeding trial, 10 additional fish were acclimatedairseparate chamber and euthanatized

to determine thenitial whole-body protein content of bluegill. Bluegills were weighed

(~22 g) on day O, prior to commencementtioé feeding trials. Diets 1 to 10 were
randomly allocatedto the 50 chambers, giving Bvreplicates for each test diet. The

experiment followed a completely randomized design.

Fish were handed twice daily to apparent satiation at 0800 and 1600 h. Feeding
was handled by two persons and continued for ~1 h at each feeding time. Any feed
pellets that remained in a chambkar30 min postfeeding were removed by siphoning
under neflow conditions and stored &0 °C until the end of the study. After completion
of the 60d feeding trialthe preserved, uneaten pellets from each chamber wereatried
70 °C for 72 h and weighed. Leaching of all the diets was accotortéeg following the
method of Masagoundest al. (acceptedl when determining weights of unconsumed
pellets. Here, known dry weights of test diets were immersed for 1 h in-fiiatr
chambers and then siphoned out and dried. The percentage weight loss from leaching was
then added to the weights of uneaten pellets. The dry weight of the unconsumed feed was
then subtracted from the total feed weight provided to determine total feathyuien
by the bluegill in each chamber. Meaas1SD of daily recorded tank water temperatures
and dissolved oxygen levels were 234.8 °C and 7.2+ 0.2 mg L, respectively.
Weekly NH-N and NQ-N levels remained €©.1 mg L* and <0.2 mg L* while a

summetrlike photoperiod (14 L: 10 D) was continued throughout the @periment.

Live weights of fish from each chamber were determined on days 0 and 60. At the

end of the experiment, bluegill were euthanatized with an overdose of MS222 (Aquatic
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Eco-systens, Apopka, FL, USA). Six randomly selected fish from each chamber were
used to determine wholeody proximate composition (moisture, crude lipid, crude

protein and crude ash).

Values of the following indices were determined from all fish in each of the
replicate test chambers over the-®@xperiment period, and averaged across the five

replicates for each of the ten test diets

Total feed consumption (g/fish) = (total feed provided i(gptal unconsumed
feed (g)) / M,where N is the average number f§h fed per day in a chamber.

N¢ = (m+nx+ng+ é +6p) / 60 where i np N3 Ngpare the total number of fish fed in
a chamber on days 1, 2, 3, 60, respectively

Relative growth rate, RGR (g 108g™) = (wet weight gain 300 / average fish
weight)/ t,where wet weight gain in a chamber = final weighti(ghitial weight (g),
average fish weight (g) = (initial weight + final weiglitR, and t is duration of the
experiment (60 d)

Feed conversion ratio (FCR) = total dry feed consumed (g) / wet weighfga

Apparent protein utilization (APU) = protein gain (g) / total protein fed (g), where
total protein fed = gross protein content of a diet (%) x feed consumed (g). Gross protein
content was used in that digestible protein levels from the practioélotaliets are
unknown for bluegill.

Gainto-cost ratio = wet weight gain (g) x100 / feed cost, where feed cost =
ingredient cost ($/g) x dry feed consumed (g)

Hepatosomatic index (HSI) and Viscerosomatic indexes (VSI) were determined

for bluegills at tle end of the feeding trial in each of the dietary treatments:
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HSI = liver weight x 100 / fish weight (g),

VSI = visceral weight x 100 / fish weight (g).

Chemical and Statistical Analyses

Laboratory analyses of moisture, crude protein, amino acids, dpidedrude
ash and gross energy for feed and fish samples followed procedures recommended by the
Association of Official Analytical Chemists (AOAC, 2000). Gross energy content was
analyzed using an adiabatic bomb calorimeter (Parr Instrument Companye Midlj
USA). Crude protein contents were determibgdhecombustion methodsing aLECO
FP-528 (Leco Corporation, St. Joseph, MI, USAmino acids of feed samples were
analyzed using an automatic analyzer (Hitachi Modet®35Tokyo, Japan) with anno
exchange column at the Experiment Station Chemical Laboratories, University of
Missouri, Columbia, MO. Whoklpody lipid content was estimated using the ether
extraction method. Ash cait was determined by incinerating the feed samples at

600eC for 12 h in a muffle furnace.

Oneway analysis of variance (ANOVA) was used to determine whetthemean
responses for each metffeed consumption, feed efficiency, growth, body composition
survival) differed across the 10 diet® (< 0.05). All data were tested for variance

homogeneity and normality. Survival data were arcsine, sqoatdransformed prior to

ANOVA. Where appropriate, means across diet

multiple comparisons.
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RESULTS

Bluegill survival rates ranged from 95.4% (catfish diet) to 98% (diet 2) with no
significant differences being detected across the 10 diets @.05). Among fish fed
experimental diets(#1-7) no significant differences @ve observed in RGR, feed
consumption, FCR, APU, HSI, or VP & 0.05)(Table 4). Values (overall meanS.D.)
of RGR, feed consumption, and FCR across dietary groups were 1.11 § dé0g
27.66 g fish and 1.27, respectively, whereas tadsr HSland VSI (overall meart
S.D.) were 1.8 % and 9.93%, respectively. Interestingly, diet 1, which contained high
levels of fish meal (550 g KY produced higher body fat levels and lowissuemoisture
contens than did diets 3 through 7 which containethtively low levels of fish meal (O
440 g Kg") (P < 0.05). No significant differences were observed among the fish fed
experimental diets (#I) in terms of wholéody protein and ash contel¥ith regard to
cost fish fed diets 6 and 7 showed signifitlg higher gairto-cost ratios than those fed
diets 1 through 5, hereasno differences in this ratio were observed for diets 6 and 7.

Diet 1, containing 550 g Kyfish meal, produced the lowest gamcost ratio.

Significant differencesK < 0.05) wee detected in growth responses between fish
fed the experimental diets (#) and those fed the practical control diets-{£#3(Table
4). Fish fed the catfish diet (#10) exhibited poorer RGRs (0.9 g i@)gthandid those
fed the experimental diet#1-3 ) containing higher | evels of
Kg* fish meal) (1.18..23 g 100g d?) or those fedthe highenergy trout diet, diet 8
(1.16 g 100g d*). Similarly, fish consumed significantly lesser amounts of catfish diet
(16.4 g fish') relative to any of the experimental diet (229.6 g fish* for diets 17).

However,the lowprotein catfish diet elicited higher APU values than did any other diets
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(diet #19) (P < 0.05).Also, fish fed the catfish diet exhibited the highest ksemadic
index values, which significantly differed from experimental diets 2 throu@ralGle 4)
However, neither VSI nor body composition of fish fed the catfish diet differed from

those fed the experimental diets {#1

Unlike for the catfish diet, themvob trout diets (#9 &10) did not differ from the
experimental diets in terms of fish feed consumption or fish growth rate (RGR).
However, the higkenergy trout diet (#8), but not the leamergy trout diet (#9), produced
a significantly lower FCRK < 0.09 relative to the experimental diets 3 throughtfie
fish meal contentsf whichw e r 800 @Kg": ~1 (FCR) for diet #8, versus ~1.3 (FCR)
for diets # 37). Similarly, the two trout diets produced better protein utilization values
than did experimental die#3-7, but 6 P < 0.05).Both trout diets produced significantly
higher @ < 0.09 fat indices, HSI and VSI, relative to the diets containing low levels of
f i sh rae0aglKg")( darticularly diets 4, 5and 6 (Table 4). Similarly, both trout
diets (#8 and 9) elicited lower wheb®dymoisture content, but higher body lipid
depasition than the fish fed dietg2-7 (P < 0.05). No significant differences were
detected in the wholbody protein content nor the ash content among the dietary groups

(P> 0.05, ANOVA).

A comparison of ingredient costs for diets 6 and 7 to those ofL.dsebwed the
costs of diets 6 and 7 to be ~32% and 35% lower, respectively. However, fish fed diet 7
(75 g fat Kg'") exhibited slightly lower feed consumption and slightly higher wioldy
lipid deposition than those fed diet 6 (67 g fat)KgAlthough the feed cost of diet 6 is
~32% below that of diet 1, diet 6 also reduced wAaldy lipid deposition by 34% and

27%, respectively, versus diets 8 (higihergy trout diet) and 9 (loenergy trout diet).
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Cost comparisons against the commercial diets cowlid be made as the dietary

formulations of trout and catfish diets are not reported.

DISCUSSION

As the fish meal level was reduced in the experimental diets, a protein feedstuff
blend containing various levels of MBM, SBM and CGM, was proportionatelgased.
Reducing the dietary fish meal level from 550 g'K§5 %) to 0 g Kg' (0 %) did not
lead to significant changes in bluegill feed consumption, growth rates, ¢iG#Rotein
utilization. Il ndeed, f i s H(30 ok fish rdell shoveed cont ai I
significantly less body fat than those fed the fisbatbased diet (diet 1). Furthermore,
diets #6 & 7, containing no fish meal, became the most economicalutietsaghe 550
g Kg' (55 %) fish meal diet was the leastonomical diet. Betven diets #6 and 7, given
that the l#&ter produced a slightly higher body fat level as well as a modest decrease in
feed consumption, diet 6 waensidered to bthe best diet for bluegill. Diet 6, containing
zero fish meal, has potential to reduce theltatgredient feed cost from ~46
(100 g Kg"* fish meal diet) to ~396 (550 g K@ fish meal diet), depending on the level
of fish meal in the control diet. Th@esentstudy also demonstratéhat trout diets lead
to significantly higher bodyatt deposition in bluegill, whereas catfish diets tend to elicit
significantly poorer bluegillgrowth consistent with previousvork by Twibell et al.
(2003). Additional findings from the present study were that the trout diet, particularly
diet 8, containe higher levels of energy (20.1 MJ Rygthan that which bluegill required

(14.6 MJ K@), whereas the catfish diet contained lower levels of methionine (5.5'g Kg
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gross estimate) and protein (350 g “Kggross estimate) than the optimal levels
(6.1 g Kg* digestible methionine, 410 g Kgdigestible protein) required bjyvenile
bluegill. Overall, the present study demonstrates that fish meal can be completely
replaced in the diet glivenile bluegill by a mixture of plant and animal proteiources

containing predominantly MBM, SBMand CGM.

Fish meal replacement: single ingredient approach

Numerous studies have investigated the potential of individual, rendered animal
(PBM, MBM, BM, feather meal) and plant (SBM, CGM) protein productsffiecgvely
replace fish meal in fish diets. One commonly evaluated alternative animal protein source
is MBM (e.g, El-Sayed 1998; Bharadwaj al. 2002 Bureauet al.2000;Ai. et al. 2006;

Li et al.2009) becaussts protein levelclosely matchsthat offish mea) andbecause its
priceis often less than half the cost of fish me&liccess rates in replacing dietary fish
meal with MBM have ranged from 2@ (e.g., Cuneate druiibea miichthioideswang

et al 2006) to 83% (e.g., hybrid striped basgorone saxatilisx M. chrysopsBharadwaj

et al.2002 and, in some cases, up to 280e.g., Nile tilapiadOreochromis niloticusWu

et al. 1999; EtSayed 1998), with no adverse effects observed in fish feed consumption or
growth rate However the high ash cdant (up to 3®4, Li et al.2008) in MBM has been
thought to reduce nutrient availabilindfeed efficiency in fishes, including Nile tilapia
(ElI-Sayed 1998), rainbow troudncorhynchus mykis@Bureau et al. 2000), Malabar
grouper Epinephelus malabaricugli et al. 2009) and gibel carfCarassius auratus

gibelio (Zhanget al.2006). In the present study, all the experimental diets were balanced
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for digestible nutrientsavoring adequate feed efficiencies and growth rate. It should be

noted, however, thatvhen t he fi sh meal | evetlwtwas redu
increasing levels of MBM and SBM, slight reductions in feed efficiency were detected.

Yet, better costo-gain ratio for the diets (8 and7) containing high levels of MBM than

for thediets (#1 ad 2) containing high levels dish meal indicates thdtecause of much

lower ingredient costMBM based diet would yield substantial profitsto bluegill

producergespite its producingomewhaslightly lower feed efficiency.

Soybean meal is anotheteahative protein source that has been widely evaluated,
mainly because of its more favorable nutrient profile and high digestibility values versus
other plant protein sources. However, lysine, methionine, threonine and phosphorous can
all be limiting in ®ybean meabased diets (Gatliet al. 2007). The success in replacing
fish mealwith SBM has varied widely in fishes dependingspeciedeeding behavior,
digestive capacityand dietary nutrient requirements. Omnivorous fishes such as catfish
and tilapa tend to show high levels of tolerance for SBM: Nile tilapia fed diets (zero fish
meal diet) containing 550 g KgSBM and supplemental amino acids (@5lysine and
1 % methionine) exhibited better growth rmtend feed efficiencies than those fed a
control diet containing 200 g Kygfish meal and 300 g K SBM (El-Saidy & Gaber
2002). Similarly, fish species such as blue catitsalurus furcatugWebsteret al. 1992)
and channel catfish punctatus(Pereset al. 2008) were reported to perform wehlith
diets containing predominantly SBM protein (heat treated) and no fish. el
tolerance levels (3500 g Kg') for SBM were also observed for red druBeciaenops
ocellatus(McGoogan & Gatlin 1997) and for sunshine bass (Keembiyehetty & Gatlin

1997).Similarly, in the present study, diets 4 & 5 contains@® g Kg* SBM resulted in
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no differences in growth rate, feed consumpt@m~CR relative to when fismealbased
diets were fedindicatingthatjuvenilebluegill cantolerate high SBM levels irheir diets.
Diets containing 500 g Ky SBM included 100 or 200 g Kgfish meal which likely
permitted adequate palatabilitynlike for omnivorous fisheshe inclusion level of SBM

in the diets of sal moni e all995 Haodly 2062nSedlaymi t e d
et al. 2009). Antigenic and antinutritional factors in the SBM were found to limit its
dietary inclusion level for salmonids (Baeverfjathl. 1996; Sealewt al.2009). A high
SBM inclusion level not only altered gut morphology, but also affected immune
responsegor Atlantic salmonSalmo salar(Baeverfjordet al. 1996) and rainbow trout
(Rumsey et al. 1994). Nevertheless, heating and esibn treatments for SBM
inactivatel its antinutritional factors and thereby incredseatrient digestibility for fishes
including rainbow trout (Barrowst al.2007) and channel catfish (Pestsal.2008). The
extrusion procesthat weapplied in the premnt study likely enhanced bluegill capacity
for high inclusion levelsAlthough wild bluegills often consume benthic invertebrates
and zooplankton, they also frequently ingest plaaterial in their diets (Mischke &
Morris 1998; Michaletz 2006)ndicating that bluegill likely possess some inherent
capacity to utilizing plant product¥he studyresults suggeshat bluegilldo have ability

to exhibitsatisfactory growtlperformancesrom plant based diets.

Among all animal protein sources, PBM most closelg s embl| es f i sh
nutrient profile (Yu 2008). Like MBM and SBMPBM has also been used widelyith
replacement success levels ranging from partial (e.g., Fowler 1991; Nangla$999;
AbdelWarith et al. 2001) to complete (e.gYang et al. 2006 Hernandezt al. 2009).

Recent studies that have attained 100% replacement success with PBM have -used pet
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food-grade versus feegrade PBM. However, the higher price of -p@bd-grade PBM
relative to that of MBM, SBMor CGM (Table 2), diminishes its vauas a higHevel,
fish-meal replacement animal protein source. Accordingly, the-ess$tsoftware used in

the present study omitted PBM in the formulation not only because PBM is expensive,
but also because the nutrient requirementgueénile bluegill can be met from other,

relativelyinexpensiveprotein sources.

Blood meal, although rich in proteidue to its poor amino acid profile, is usually
mixed with MBM to obtain a better amino acid balance in the diee{lal. 2008). Yet,
the maximum incluson | ev el of BM 108 g kgt ¢t @0%). Far mi t ed t
example, dietary inclusion of blood meal at 150 g'kdpng with 200 g Kg MBM to
completely replace fish meaésulted inreduced growth rates and feed efficiendies
Nile tilapia (EFSayed 1998). Similar results were obtained for juvenile grouper
Epinephelus coioide@Millamena 2002) and channel catfish @t al. 2003). However,
neither fish growth rate nor feed efficiency was affected when BM was included at 50 g
Kg™ for channel catfishL{ et al.2002) and at 120 g Kgfor rainbow trout (EiHarounet
al. 2009). In the present study, the software included ~50 §Bg in the control diet
formul ati on, but not in the other diet for mi
highcosr el ati ve to other alternativegKgedstuff s

of isoleucine relativgKgh)o bluegill s require

Corn gluten mealvas included up to 190 g Kgn the zero fish meal diets in the
present study. Althougl&@GM is rich in protein and contains low levels of indigestible
fiber, it is deficient in certain EAAs including lysine and arginiRergira & OlivaTeles

2003). Consequently, its upper inclusion level is often limited t0o-260 g Kg* for
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salmonids (Gdih et al. 2007). A few other studies that evaluated CGM have shown
partial success atepladng dietary fish meal proteinr CGM added to the diets at ~410 g
Kg™, ~230 g Kg" and 330 kg™ could replace dietary fish meal only at levefs50%,
40% and 3% for gilthead seabrearBparus aurata(Pereira & OlivaTeles 2003),
rainbow trout Moraleset al. 1994) and European seabad3allestrazziet al. 1994)
respectivelySupplementing the limiting AAs in the CGhased diets appesto increase
the fish mealreplacing success, yet the success cae bespecies specific- for
example, high inclusion of CGMin the diets of rainbow troutesulted in reduced

palatability and fish growth\{oraleset al. 1994)

Numerous studies have attempted to replace fishl mith single alternative
protein sources. However, such approaches have tended to achieve limited success
(< 50%), largely becausedividual alternative protein sources tend to cause the diet to
be deficient in certain nutrients when one attsmi replace fish meal beyond a
moderate level. Also, this type of formulation is unlike most indestapdard diet
formulations( A pr acti cal d which usdalty involved naixtuieof msltiple
protein sources versus only a fawdtherefore an provide a better nutrient profiléet,
the single protein approach to replacing fish mealrhestsin that it provides accurate
information concerning an individual i ngredi

of nutrient profile and palataldy.
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Fish meal replacement: multiple ingredient approach

In contrast to the single ingredient approacinmulating diet witha mixture of
ingredients(practical diet formulationan provide a better nutrient profile that more
closely matches the mignt profile of a fishmealbased dietAlso, when fish nutrient
requirements are known, nutrient deficiency become a rare issue in practical diet
formulations, given that deficiency of a nutrient from one ingredient can easily be
supplemented from otheimngredients. However, high inclusion level of certain
ingrediens in practical diet formulationcan negatively affect fish palatabilitgnd
therefore, for such ingredieniaformation obtained from single ingredient approadih
help determinetheir inclusion leves in practical diet formulations. When such
information is not availabléor individual ingredientspractical diet formulatioclmay
need to be evaluated by gradually replacing fish pesalvas done in the present study
in order to ensure adegte diet palatabilityRecent studiege.g., Bureauet al. 2000,
Millamena 2002 and HHaroun et al. 2009) that have usedombinations of animal
protein sources have shown evidence that diets with alternative protein sources provide
better nutrient profés, adequate palatability, and, ultimately, more successful nutrient
replacement. For examplélu et al. (2008) showed that fish meal could be replaced
completely by a mixture of rendered animal protein sources (PBM, MBM) for gibel carp.
Alternatively, stalies have used a mixture of plant protein sourtcesubstitute for
dietary fish meal: Kaushikt al. (2004) demonstrated that the fish meal inclusion level in
the diets of European seab&jisentrarchus labraxcould be reduced from 5% to only
5 % using a mixture of SBM, CGM, rapeseed meand wheat gluten meal,

supplemented with lysine and dicalcium phosphate. Moreover, studies have shown that
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channel catfish have exhibited growth performance on a-plateinbased diet that is as
favorable as whefed a fish meal based diet (e.g., Robinson & Li 1998 & 199%tlal.

2003). Similarly, Nguyeret al. (2009) demonstrated that combinations of plant and
animal protein sources have the capacity to completely replace animal protein sources in
the diets of juenile tilapiaOreochromisspp.without limiting fish growth performance.
Similarly, the present study used a blend of plant and animal proteins to balance dietary
nutrient levels and to produce a leagst diet formulation. However, unlike for bluegill,
most replacemensuccesse$or fish mealwere recorded for fishes such as catfish and
tilapia that require less dietary protein48%), and therefore lower levels of dietary fish
meal The ability to completely replace fish meal with a blend of animalpdenat protein
sources, as was achieved in the present stutygestthat adequate palatability was
maintained even in theonfish mealdiets, and that all the experimental diets were
balanced for adequate levels of essentatrients for fish growth. Gowth rates

(0.37g d") observed in the present study for the experimental diet containing no fish meal
(#6) are comparable to those reported for juvenile bluegill in previous studies:
0.2-0.3 g d* (Hayward & Wang 2002), 0.1 g'dHoaghndet al. 2003), 0.140.23 g d*
(Twibell et al. 2003). Similar growth rates of bluegill fed the leasist diet from this

study versus those fed commercial or experimental diets in other studies provide
additional evidences that our leasist diet do matain desirable bluegill growth

(assuming that all othgrowth determinindactors are similar in these studies).
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Experimental versus practical diets: Growth and feed efficiency

Although all experimental diets and practical control diets producedasifigh
growth rates, the highnergy trout diet and, to an extent, the catfish diet as well, elicited
better FCR values than did the experimental diets containing low levels of fish meal
(0300 g Kgh). Althoughthe experimental diets were balanced for essential nutrients, the
underlying cause for the observed differences in feed efficiency between tfisHow
meal diets and the higknergy trout diet is difficult to explain, but liketems from
differences in the extrusion processes usadanufacturéhe diets. Both the higanergy
diet and the catfish diets were provided as floating pelidisreas the experimental diets
and the lowenergy trout diet were provided as sinking pelldtereover, many studies
that have included high levels of MBM in low fisheal diets, have reported poor feed
efficiency, potentially due to the high levels of ash that occur in Miided dietspr the
associated poor nutrient availability (e §lsSayed1998,Bureauet al. 2000,Zhanget al.

2006 and Liet al.2009). In the present study, the possibility that a high ash content in the
MBM component caused feed efficignto be unfavorable cannot be dismissed, given

that the ash content of all experiment@ts (~15%), as well as that of the industry
standard trout (~90) and catfish diets (~%) differed substantially (Table 9pespite

these concerns, the observed FCR of ~1.3 for thefishwmeal diet was within the
acceptable rangéTacon & Metian 208). Also, s mentioned before in this section,

MBM based diets produced better ctsgain ratios than fish meal based diets
suggesting thathemuc h reduced <cost o f MBM%(owarr r ent

than that of fish meal, Table 2) negated itghgly reduced feed efficiency¥hereforethe
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MBM based dietshould ultimately producegreater economic benefitdor bluegill

farming

Protein utilization did not differ across fish groups fed the experimental diets.
However, these values were lower ththose observed for fish fed the catfish diet. This
differencereflectsdifferences in the protein lexgedf the experimental and catfish diets;
the catfish diet contained onl850 g Kg' (35 %) dietary protein whereas the
experimental diets containee440 g Kg* (~44 %) of dietary protein (gross level).
Declines in thdevels of protein utilization with increasing levels of dietary proteiour
in fishes, e.g.Hafedh(1999, Nget al. (2001, and Schulzt al.(2007). Similarly, better
protein utilization from the lowenergy trout diet relativéo the experimental diets
containing low levels of fish meaDB00 g Kg*) mayreflect thelow dietary protein level
of the latter(400 g Kg' gross protein)Although it is evident that differences in the
protein level across the diets largely reflected their protein efficiency, it is unclear
whether the differences in the extrusion process (floating pellets for catfish, and high
energy trout diet versus sinking pellets for other diets) played any significarni rbie
protein utilization values given that differences in the extrusion temperatures can affect
protein bioavailability (Riaz 2008). Although catfish diet produced better protein
efficiency, it reduced bluegill growth relative to fish meal based dietatsu produced
enlarged liver relative to the leastst diet (discussed later in this sectjamfhich negate
its protein utilization value. Similarly, the benefit of better protein utilization from trout
diets relative to the leasbst diet is negatedylits producing enlarged liver and higher

body fat in bluegill.
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Experimental versus practical diets: fat deposition

Results ofthe whole-body crude lipid and moisture contead liver-somatic
index values indicate that the highergy trout diet produdesignificantly higher body
fat in bluegills than did the experimental diets containing high levels of MBM and SBM.
Our findings from the trout diet which led to high body fat deposition, and the catfish diet
which producedpoor growth rats, are consistenwith what was reported for juvenile
bluegill by Twibell et al. (2003). High dietary energy leading to increased body fat
deposition and reduced fish appefitey i a fl i post ati c,ie.eadippseat i on o
tissue, due to excess fat depositisignaling brain via hormonesuch asleptin and
Il i mi ti ng &sevelldhgrowthheas keguently been observed in fishes (Jobling &
Miglavs 1993; Johansegt al. 2003).In the present study, the trout diet containing high
levels of energydid not reluce fish feed consumption even thoughprbduced
significantly higher body fatleposition The absence of fish appetite regulation from
increased dietary energy levels in the present study and other similar studies (e.g., Lee
et al. 2000, De Silvaet al. 2002) could owe to the restricted experimental periods (~8
weeks) associated with these studies. Other studies (e.g., Jobling & Miglavs 1993;
Johansermrt al. 2003) that showed suppressed feed intake due to high fat deposition were
run for longer perids (>13 weeks). Alsothe absence of a lipostatic mechanism for the
control of feed intakés consistent with what was observed jtorenile bluegill fed high
energy diets Chapter 3. Becausehe trout diet elicited high fat deposition while also
being high in cost this negatedetter feed utilization versus the experimental diets that
contained | ow | 800 gKgy. Thefatfishi diettand rexperimental @iets

(#1-7) contained similar levels of energy (Table 3). Given that the catfisivdgesimilar
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to the experimental diets in terms of fat content, but contained lower levels of dietary
protein, theformer apparentlycontained higher levels of carbohydrdatan the later
Omnivorous fishes such as tilapia and catfish tolerate high le¥elsrbohydrate (up to

40 %) (Stone 2003)whereas carnivorous fishes such as salmonids exhibit poor tolerance
of carbohydrate, with increased carbohydratel(6) often leading to enlarged livger
(Stone 2003). Similarlythe high HSI values observed ftrejuvenile bluegill we fed the
catfish diet suggesting thatbluegill pooly tolerate elevated levels of dietary

carbohydrate.

The significantly higher level of body fat that resulted from the-figatbased
control diet (#1) versuthelow-fish meal dé t 300 @ Kg*) was unexpected, given that
all the experimental diets were balanced for digestible energy. It should be noted,
however, that thguvenile bluegill consumed fisimealbased feed (#1) at a slightly
higher level than the other experimentegtg which likely increased the absolute amount
of energyavailableto them thereby producing higher body fat contefberefore, this
increase in fat deposition from fish meal based diet iglikely because ob | uegi | | 6 s
strong desirdor fish meal lased diet. However, the same cannot be said for the trout
diets given that higlenergy trout diet (# 8) produced slightly higher fat deposition
(10.1% versus 9.0%6 body fat) even for less amount of feeding (24.2 g versus 29.4 q)

thandid the fish meabased diet (# 1) (Table 4).

Overall, highbodyfat deposition from the trout diets and poor bluegill growth as
well as enlarged liver fronthe catfish diet suggest that undercammercial rearing

systemthat typically involves longer rearing period,ut@nd catfish dietwill likely lead
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to reduced bluegill production relative to the leasst dietdeveloped in the present

study

Conclusiors

Study results demonstrate that the 4ishal componendf the diets ofjuvenile
bluegill can be completely regted by a protein feedstuff blend consisting primarily of
MBM and SBM with no loss in fish growth performance. The present study also showed
the potential to reduce the feed cémt juvenile bluegill by 432 %, depending on the
level of fish meal (10%50 g Kg") in the control diet. Tis study further demonstrate
that while both the trout and catfish diets promote enlargedslimebluegill, the trout
diet elicits high body fat deposition whereas the catfish glietds reduced fish growth
rates, indicating that both diets are suboptimal for juvenile bluegill. Also, in comparison
to trout diets, the bluegill diet developed in this study resulted in &6-83@duction in
body fat injuveniles. The present studglso demonstratehat diets formulated fra a
mixture of alternative animal and plant protein sources, balanced for digestible nutrients,
can reducelietary fish meal level® low levels Longterm studies of the effects of least
cost diets on growth, feed efficiencies, fish headthd fillet quality in bluegill should
provide additionalinformationregardingthe utility of the leastost diet formulatiorwe

derived
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Table 1. Proximate composition of the ingredients used forteasstexperimental diets.
Values in the parenthesis indicate digestible nutrient level.

Composition FM MBM BM SBM CGM Corn Wheat

GrossEnergy(MJ Kg™) 17.7 16.9 23.6 18.4 22.3 17.9 16.4

(15.5) (12.2) (21.7) (@4.7) ((18.3) (9.5 (9.2)

Crude Protein (g K¢ 592.4 546.7 915.8 448 625.0 78.8 1125

(545.0) (447.2) (764.2) (426.0) (523.0) (69.0) (103.1)

Crude Lipid (g K@) 13.3 9.6 04 4.6 3.3 4.3 2.2

Crude Ash (g Kd) 146.5 198.7 46.8 57.3 25.0 14.4 20.9
EAA* (g Kg™)

Arginine 36.9 34.1 36.3 34 215 4.3 5.6

(34.6) (28.5) (332) (33.00 (19.6) (3.9 (5.2)

Histidine 12.5 9.1 61.2 12.5 13.4 2.3 2.6

(11.5) (7.8 (57.5) (@21) (@119 (2.1 (2.4)

Isoleucine 23.6 12.8 7.6 21.9 27.6 2.9 3.9

(21.9) (10.7) (6.2) (20.6) (24.4) (2.4 (3.3)

Leucine 41 29.9 114.7 36.7 1134 9.3 7.6

(38.2) (25.2) (106.0) (34.5) (93.1) (8.5) (6.9)

Lysine 41.9 25.2 73.2 30.7 11.7 3 3.6

(39.7) (21.6) (69.6) (294) (10.6) (2.4) (3.0)

Methionine 15.9 6.7 7.0 6.7 14.9 1.9 2.4

(14.6) (5.7) (6.6) (6.3) (14.1) (1.6) (2.2)

Phenylalanine 22.2 16.5 56.4 23.8 42.8 3.9 51

(20.3) (13.8) (53.2) (225 (37.8) (3.5 4.7)

Threonine 23.5 15.3 27.0 18.8 22 2.9 3.2

(22.0) (12.6) (25.0) (@17.6) (19.8) (2.3) (2.7)

Tryptophan 4.8 1.9 9.2 5.4 3.8 1.1

(4.9 a.7) (9.0) (5.2) (3.6) (0.9

Valine 28.6 20.8 79.1 23.1 30.6 4.0 5.0

(26.2) (17.1) (73.1) (21.7) (25.3) (3.6) (4.5)

X AA 4970 3530 781.8 4409 576.3 75.3 1043

* EAA, essential amino acid
*»* AA , amino acid
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Tale 2. Computer formulated leaspst experimental diets used in the study

Diet1 Diet2 Diet3 Diet4 Diet5 Diet6 Diet7

Totalingredient CoSL_y o997 7918 7397 6877 6429 616.6 587.4

($ tonné')
Ingredients Cost
(g Kgh ($ tome?)
Fish meal 975.9 550.0 400.0 300.0 200.0 100.0 0.0 0.0
PBM 731.9 0 0 0 0 0 0 0
Porcine meal 4216 0.0 1321 1649 197.7 2556 380.1 520.7
& bone med
Blood meat 955.1 525 0.0 0.0 0.0 0.0 0.0 0.0
Soybean medl 376.8 85.2 2937 3923 4909 521.1 369.9 1425
Comfg'“te” 6225 00 00 00 00 328 1529 190.7
mea
Corr? 1715 00 113.1 817 503 293 360 97.0
Wheat 2503 251.3 0.0 0.0 0.0 0.0 0.0 0.0
Fish oif 1477.1 400 40.0 400 40.0 400 400 30.0
Lecithin’ 41887 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Dicalcium 41336 20 20 20 20 20 20 00
phosphat®é
V'tam_'xg‘ 11022.9 100 10.0 10.0 10.0 10.0 10.0 100
premi
Vitamin C° 15432 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Choline
chloride® 15432 1.4 1.4 1.4 1.4 1.4 1.4 1.4
Mineral mix‘ 1543.2 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Binder'? 23148 3.0 3.0 3.0 3.0 3.0 3.0 3.0

'Eldon C. Stutsman, Inc., Hills, IA, USA.

“American Midwest Distributors, LLC, Kansas City, MO, USA.

3ADM Soybean Meal Plant, Mexico, MO, USA.

“Grain Processing Corporation, Muscatine, IA, USA.

®Bourn Feed, Columbia, MO, USA.

°Refined Menhaden OiMjrginia Prime Gold), Omega Protein, Inc., Houston, TX, USA.
’Archer Daniels Midland Company, Decatur, IL, USA.

8American livestock ath pet supply, Inc., Madison, WI, USA.

%UNel sonds SiebdyNelsan & Bong; Incs, Murrly, UT, USA.
%P BiomedicalsSolon, OH, USA.

2Ultra-B 0 n dUhiscope Inc., Johnstown, CO, USA.
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%Vitamin premix contains (amount peg lof dry feed): vitamin A96501U; vitamin D3,
6598IU; vitamin E,1301U; niacin, 21.6 ng; D-pantothenic acid, 48.mg;riboflavin, 9.6
mg; menadione, 1.mg; folic acid,2.49mg; thiamin,8.82mg; biotin,0.33mg; vitamin
B6, 13.23,vitamin B12,0.03mg; inositol, 599.66.

“Mineral premix(US Fish and Wildlife Service trace mineral premi®)#ontains

(amount per kg of dry feed)in (as manganese sulfat8f) mg; Zn (as zinc sulfate), 75
mg; Cu (as copper sulphate) 1.54; lodine (as potassium iodide) 10
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Table 3. Proximate composition of the diets fed to juvenile bluegill. Valueg ipatenthesis indicate digestible nutrient level.

Composition Reqg* Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6 Diet7 Troutl Trout2 Catfish
GomERw K 149 os (08 e oha v aem ey 1 e o
Crude Protein (g K&  (410) a1y 1oy (a1 10y (o) @10, (a0 4500 4000 3500
Crude Lipid (g Kg") 8.0 83.0 63.5 64.6 72.6 63.7 81.8 815 160.0 100.0 70.0
Crude Ash (g Kg) 140.5 1554 151.3 140.3 143.1 151.3 165.0 85.9 85.2 74.8
EAA (g Kg')™

Arginine (11.9) 26.9(24.9) 29.8 (27.7) 30.9 (28.3) 32.7(28.9) 31.7 (28.7) 30.3(26.2) 29.4 (23.7) 275 24 228
Histidine (4.1) 125(11.0) 10.9(9.4) 10.8(9.6) 11.4(9.9) 11.0(29) 10.8(9.3) 10.4(8.2) 107 121  10.1
Isoleucine (9.8) 16.6(14.9) 18.6(16.5) 18.6 (16.6) 19.2 (16.7) 18.0(16.5) 17.9 (15.5) 16.0 (13.4) 19 15.2 14
Leucine (15.3) 34.5(31.2) 33.1(29.7) 33.1(29.9) 34.4(30.0) 34.8(31.6) 41.4(36.9) 43.1(36.6) 353 36.2 295
Lysine (15.0) 30.9 (28.8) 30.5(27.6) 30.1(27.2) 30.7 (26.8) 28.2 (25.2) 25.1(20.8) 23.1(17.7) 27 244 21
Methionine (6.1) 9.1(9.5) 9.2(86) 8.4(7.9) 83(72) 7.9(.7) 71(6.7) 7.7(6.7) 9.3 7.9 55
Phenylalanine (9.9) 19.2(17.1) 19.2(17.0) 19.5(17.5) 20.7 (18.0) 20.2(18.6) 21.6(19.5) 21 (17.9) 197 196 174
Threonine (8.7) 16.3 17.0(15.9) 17.1(15.8) 17.8(15.6) 17.1(15.3) 16.4 (14.4) 16.2 (13.1) 18 159  13.9
Tryptophan (2.4) (3.6) (3.5) (3.6) (3.8) (3.7) (3.2) (2.3)

Valine (11.8) 24 (21.2) 22.7(19.5) 22.5(19.5) 22.9(19.4) 21.5(19.2) 22.2(185) 21.2(17.2) 23.6 219 199

*Reg digestible requirement values determined to be optimal for juvenile bluegills
** EAA, essential amino &t
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Table 4. Gowth responses and body compositiofjuetnile bluegills fed the experimental diets for 60 d&aues are presented as
meanst SD (Values withinarow sharing different superscript alphabets are significantly diffelrent).05)

Variables Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6 Diet 7 Troutl Trout2 Catfish ANOVA
Growth Responses
Initial weight (g) ~ 21.2+1.6 23.0+1.2 20.4+0.7  21.6+2.0 21.3+1.6 225+14  21.7¢11 227420 21.9+0.7 21.6#1.3 064
Final weight (g)  46.2+4.8 48.2+4.6 41.38.4° 415+28°  404+3.F°  44.4+2.7°  422+2.3° 46.9+4.F 422428 37.7+38  0.03
zﬁ?oo@f gy 123:009  117:01%  113:008 105:0.08° 102:0.04° 100:007° 105:006° 116:0F  105:007° 090:0.14 <0.01
(Fge]ffsdhﬁg’”sump“"' 20.4+4.F  206+2.2  285:8.F  26.3:22 257+23 27.9+2.F 258:3.f 24242.0° 23.0:52° 164428  <0.01
FCR 1.18+0.04" 1.19+0.13° 1.3420.19 1.33x0.0§ 1.34+0.08 1.27+0.0%° 1.27+0.16 1.01+0.0% 1.12+0.16*° 1.04%0.08° <0.01
APU (%) 38.551.7"°  36.0+3.0° 32.5:3.4 33.5+34° 345327 347422 34.41F 42235 4404668 50.9%4.0FF  <0.01
Gainto-costratio  104.1+3.9 117.8+13.6f 112.1+14.%8 120.6+8.4 127.8454 1426+7.% 146.1+11.1 <0.01
HSI 1.80.3" 1.4+0.3° 1.420.7° 1.2+01° 1.320.7 1.2+0.2 1.4+0.2°  1.9+0.5°  1.9+0.3° 2.1+0.% <0.01
VSI 11.6+1.8°  10.6+1.3" 9.2+1.8 9.5+1.2°  9.0#2.4  9.7+1.3°  98+1.6® 126+1.7 12.4+09° 11.0+1.f° <0.01
Survival (%) 96.6+7.6 98.0+4.5 97.4458 97.9+3.6  97.1#55  96.7+47  97.183.8 97.8+3.6 96.3+3.7 954453  0.99
Proximate composition
Moisture (%) 69.3+0.8°  70.0+0.8° 71.6+0.7 71.4+0.7 70.9+0.6°  71.3+0.8  71.1+1.0 68.4+0.7 68.4+0.8  70.3x1.6° <0.01
(Co/:)‘;de protein 15.9¢0.3  15.8%0.6 15.6£¢0.2 15.8#0.5 15.9+0.7  16.0t0.6  155:0.5 15.8+0.3 15.840.7  15.1:0.4  0.23
Crude lipid (%) 9.0+0.6° 8.1+0.5° 7.1+0.7¢  7.1+0.3%  7.3+0.6° 6.7+0.5 7.540.6° 10.1+0.8 9.240.4°  8.2+0.8° <0.01
Crude ash (%) 4.2+0.2 4.1+.4 42403  4.1+0.1 4.3+0.2 4.3+0.3 42401  4.240.2 4.4+02 42+01 029




CHAPTER 5

EVALUATION OF NOVEL REARING STRATEGIES FOR ENHANCING
PRODUCTION OF FOOD-SIZE BLUEGILL

ABSTRACT

This study evaluated twalistinct rearing strategiestitopping ofb and fisize
grading, to determine theirelative effediveness in increasing bluegillepmomis
macrochirusgrowth rate, in order toprodue large foodsizebluegill. Furthermore, lie
study examined thextentto whichsocial hierarcles develope@mong bluegilkearedin
indoor tanks and production pondand their effects onbluegill growth and feed
efficiency. To evaluae fitopping ofb, 300 juvenile bluegills (~12 g) were stocked into
each of two 1000L indoor recirculating aquacultuank system(RAS). Seventyfive
bluegill were individually marked inach tankwith visible implant elastomer tags. Fish
were fed thee timesdaily throughout thé74-d studyandwere sampled for length and
weight approximately every 360 d in both tanksin one of the tark(t h toppifig-off
group), the upper 106 of bluaill (by weight) were removed and immediately replaced
by anequal number of juvenile blueg{-15 g)on day 376 This wasepeated twice (¥
and 3 toppingoff harvess) at 60-d intervat before final harvestingn day 574 All
bluegill in the contrbtank (no toping-off group) were also harvested on day 574.
Analysis of the individually-marked fish showed that the topping-off group grew
significantly faster and produced significantly more large bluegill@® g) versus the

control group that expemceln o fit oppi ng of f o.
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Results showedignificant positive relationshgbetweenbluegill relative weight
(W) andlength, body fat and fish weight, relative weight and bodyThe significant
increase irfish weightvariationthroughout the study pedgrovided evidence dfocial
hierarchy developmenSocial hierarchydevelopmentvasapparently occurred bgay 31
in the indoor tanksand continued to persist thereafter ufitdpping ofb was initiated.
The dudy demonstrated thdhe toppingoff appoach can be used talisrupt social

hierarchesand therby increase bluegill growtandproduction.

To evaluae the sizegrading strategy, each of thrée12ha outdoor production
ponds were stocked with 200fluegill (~12 g mean weight) that had notehesize
graded whereas threadditional ponds were stocked with 2008izegradedbluedgill
(upper 25percentileby length)themean size of which were-21 g Socking densitywvas
~16,667 bluegill ha. The pondstocked fish were feé commercial feed t@pparent
satiation once daily, five days a weekcluding weekendsThe gudy ran from April
2005 to Noember2006, covering 584 days. As ftine tanks, bluegill in ponds were
sampledevery ~60 days excluding winter period (N@0061 Mar, 2007) to detenine
lengths and weights. Skgraded bluegill showethigher fish weight throughout the
experimentand large bluegill (> 100 g, live weight)productionin the final harvest
However, no differences were observed between the two gnoupens ofgrowth rate
or largefish yield. It is noted that our observations afparentsocial hierarchy
developmenin production ponds are the first to be recorded in pond sysievdence
of the presence of social hierarchies among bluegill in ponds was first detectiey
181; the apparentierarchies were observed to persisttfer emainderof the study in

both the fish groupsThe fudy provides evidenceof the likely effects of social hierarchy
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developmenbn key production parametessch as fish growth ratend feed efficiency

for both the fish groups

Overall, thetoppingoff and sizegrading evaluations in both indoor tanks and
production pondsdemonstratedtheir potential benefitsfor increagng fish yield.
Nonetheless both rearing strategies failed to pduce fooeksize bluegill Discussion
concerningadditional measures thatay effectivelydiminish effects of social hierares

on bluegill production inpond and indoor tangystemss included.

INTRODUCTION

Bluegill (Lepomis macrochiryshave historicdy beenreared in the U.S. by
commercial fish producers and government agencies for stocking recreational ponds
(Lewis & Heidinger 1971; Brunson & Robinette 1986; Heidinger 1999; Brunson &
Morris 2000). Over the past ~15 years, however, interest has dededonong U.S. fish
producers in rearing bluegill to substantially large sizes -@&¥ g; 0.50.75 Ibs) in
response to a demand for this species as a food fish (Chopak 1992; NCRAC 1999;
Brunson & Morris 2000). Producing foegize bluegill within two growng seasosis
considered necessary by fish producers to make this business profitable (Hayward &
Wang 2006) Bluegill producersare thought to béesitant to assume the higher risk of
product loss associated with this longer gimwt time (Hayward & Wang@06; Lovshin
& Matthews 2003 ), andhayinsteadcontinuerearing smaller bluegill for which there is

a continuing demand that can be met with less risk.
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Onefactorthat impeds bluegills from achieving theinherent growth capao#s
is theirtendency® form social hierarcies Indeed, hybrids of bluegilll( L. macrochirus
x | L. cyanellu} have long been thought to possess greater growth capacity than
bluegill, until Hayward& Wang (2002) demonstrated thahe later tend to fornsocial
hierarches that impede them from achievingtheir true growth capacity.Dominance
hierarchy formation substantially redzsgrowth rate a well asfeed efficiency It also
significantly increass size variation in bluegill and their hybrids reared indoors
(McComish 1971; Wangt al.2000; Hayward & Wang 2002; Doerhoff 2007)th#ough,
rearing bluegill individudl, (e.g., in chamber} negatessocial hierarchy formation
(Hayward & Wang 2002), sucla rearing approach is impracticain commercial
production settings. Appropriate modificatioofsrearing strategies fdsluegill aremuch
needed toreduce oreliminate the adverse effects of the social hierarchy formation.
Toppingof f harvesting (also termed Osequenti al
the removal of larger, markstize fish from a tank or pond, followed the stockingof a
new batch of fingerlings tanaintain theoriginal fish density. This rearing strategy has
been applied in senmtensive and intensive aquaculture systems for fishes including
channel catfishictalurus punctatugHargreaves 2002), milkfis@hanos chano§Avault
1996), sunshine bast (Morone saxatilis X M. chrysop¥ (D'Abramoet al. 2002) and
tilapia Oreochromis shiranu@Brummett 2002)to enhance fish production by controlling
size variation, competitigrand cannibalism. The toppiraff method warrants further
evaluaion for its potential toeffectivdy impededominance hierarchy formation among
bluegills, thus allowing subordinates to grow at rates close to their inherent capacity. This

rearing approach may allow fish producersupply food-size bluegillyearround
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Bluegill exhibit sexually dimorphic growth wherein males show substantially
higher growth rates than females (Hayward & Wang 2006; Doerhoff 2007). Recent
findings by Hayward & Wang (2006) indicate that male bluegillcgable of reaching
market sizes within two growing season; males attained% @6 market size, whereas
females reached only ~34 of market size whehousedindividually in an indoor tank
system for 234 d. In a followp study, Doerhoff (2007) demongtd that when bluegills
of the same intr@annual cohorttat ai n  a90 sin,theupperf25%df these fishis
largely represented (8000 %) by males Accordingly, size grading can be effectively
appliedto select males from mixeskx groups. However, Doerhoff (200sh)owed that
rearing predominantly male u#gills in indoor recirculating aquaculture syste(RASS)
results inhigher weight gain relative to mixemex group, althoughsocial hierarchy
developmentwas again an impedimenAlternatively, large rearing volune of ponds
andthe differences thereife.g, presence of naturdéed, turbidity, aquatic plantshay
lessersocial hierarchydevelopmentAccordingdy, the greater growth capacitgf male
bluegill may be better exploited in pond systetinan in tank systeswhen seekingo

produce large bluelyiand increase fish production.

With thisasbackground, the present study was conducted to determine:

(1) whethera tofiping ofb strategycould disrupt social hierarchyformation, and
thereby increasfish growth rats, numbes of large fish and fish prodation in
commercial scale indoor RASand

(2) whether sizegrading bluegill in production pondsould increase fish growth

rates, numbes of large fish and fish production.
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Given that social hierarchy development has not beeamentedn large rearing
sydemssuch asproduction ponds, th study also examirse(i) whetheror not bluegill
stocked at typical sizes (=100 mm) into commersalle indoor RASs form social
hierarchies, i) if so, the time periods required for soclakrarchies to developjii()
whethersocialhierarchy development influences key production parameteddinally,

(iv) time periodsover which social hierarchies persist.

Understandingwhich factors impedebluegill growth in large rearing systems
should help fish producersto improve rearing approacheso that foodmarket weights

can beachievedwithin acceptablgrow-out periods.

MATERIAL AND METHODS

Experiment I Evaluation ofa toppingoff strategy for bluegills reared indoors

Juvenilebluegills (~12 g) were obtained from Higon Fisheries, Inc., Hurdland,
MO, in September, 2006. Following transport to the University of Misgoolumbia,
the fish were acclimated to laboratory conditions for two wedls.indoor RAS
comprised four1000L tanks, each of which was stocked lwB0O0 juveniles (11.4%
1.07 g;averageof four separate tank means = 1 SD) seleetexhndom In each of the
four tanks,75fish were randomly selected and individually marked aitsible implant
elastomer tag (Northwest Marine Technology Ii&hawlsland, WA, USA)on day O,
using a combination of any two of four marking locations (right caudal, left caudal, right

dorsal and left dorsaland any one or two of four tag colors (blue, pink, greed red).
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During tagging, eachfish was anesthetized thi ~40 ppm of MS222 (Tricaine
Methanesulfonate) to minimize tagging stresgasuredfor length and weight, and

injectedwith ~0.1 mlof elastomer solutiobeneath the skin.

The fish were fed to apparent satiation thrice daily (0800, 1300 and 1800 &)
high-protein floating pelletdiet (Aquamax Growe#0d” diet; St. Louis, MD; 45 % crude
protein and 164 lipid). The pesence of few uneaten pelletafter ~20 min of feeding
was considered tondicate thatapparensatiationfeeding had been achievel@eeding

levelwas adjusted periodicallpased orthe number otineaten pelletsbserved

After ~6 months of rearingall bluegill from two tanks perishedue to an
accidental overnighss of tank waterThe study was continued with the remaining two

tanks that sharetthe same water vithe RAS.

Tank water temperatures were maintained at 22 + @78nean+ SD) under a
summetlike photoperiod(14 h light: 10 h dark Throughout the study, daily dissolved
oxygen readings remained above 6.5 ppm, wisea@amonia and nitrite concentrations
did not exceed 0@ppmand0.50 ppm, respectivelythe RAS lofilter was backwashed
every three days during the first three montlamd every two days throughout the

remainder of the study period

To track changes irish lengths and weighs over time, 100 bluegill were
randomly glectedfrom each tank every ~30 d for the first three months, and every ~ 60 d

for theremainder of the 574 study period.
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After rearingthe bluegill for 376 daysthe toppingoff strategywas implemented
in one of the twaemainingfish tanks(calledthefi t o p-@ i fn g g. Fishunph jop
10" percentileof weight were removeavith an equivalent number of juvenile bluegill
beingadded to maintaithe same fish density. This proceduresn@peated tlee times
throughoutthe study,at ~60d intervak. Juvenilesthat were added aach toppingpff
occasionwere batch marked by clippintpe right pelvic fin (first toping off) or left
pelvic fin (second toping off) or both the pelvic finsthird togping off). Growth rates of
each batch of newly added juvenile bluegill were tracked over time by periodic length
and weight measurements. On day 574, all fish fromtwloetanks were measurezhd
weighed During eachfitoppingoffo harvestand ale on the final daypf experimentation

(day 574), individuallymarked fish fromeachtank were measured for length and weight.

Fish growthin the recirculating tanks was trackeder time from thelength and
weight datecollected oreach sampling datd@he metrics evaluated wereelative growth
rate (RGR)feed efficiency (FE), relative weight (Y¥and coefficient of weight variation

(CVuw).

Relative growth rate, RGR (g 106g™) = (wet weight gain (g) x 100 / average
fish weight (g) / t)where averagésh weight = (final weight + initial weight) / 2, and t is

the rearing period in days (Hopkins 1992; Peres & Oligkes 2008).

Feed efficiency was calculated as FEwet weight gaip/ (dry feed fedl. The
amount of feed provided was adjusted basedconsumption as described above.

However, this does not represent true feed consumption because the amount of uneaten
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feed was not determined. Mean fish weights for each sampling period were used to

determine RGR and FE.

At each samplingtherelative weigh (Wege & Anderson, 1978) of each fish was
determined to indicate fish energetic condition, where(W) = (W / Ws) x 100 %, W
being a bluegil |l 6s gbbirggahe gtandardweighig(d) texpegctgd) and
according to its length (mm) asperHillm& s ( 1982) standanpWs wei ght
=-5.374 + (3.316 x LogL) where L = total length (mm). This standard weight equation
was developed from bluegills collected from the wild in impoundments located

throughout Missouri.

The coefficient of wiglht variation was also calculated to determine the extent
which bluegill weight ranges increased over time among the individuals within each
replicate, with CV, (%) = (sample standard deviation x 100 %) / sample mean weight.

Fish mortality was also tcked throughout the study to determine survival rates.

The development of social hierarchies among bluegill was assessed by examining
the extent thaCV,, increased over time, and by examining the presence of significant
positive relationships between \&ihd fish lengthon every samplingouting Twenty,
randomly selected fish from the final harvest of each of the two fish groups, and six
randomly selected fish from the group harvested during each topping off, were used to
determine wholdody fat content. Blationships between parameters including body fat
conentversusfish weight,and W, versusbody fat, were used as additional indicators of
social hierarchy developmenEnergy reserves such as hepatic glycogen content and

plasma glucose levéteview bySloman & Armstrong 2002)r body lipid content (Li &
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Brocksenl1977)were used to indicate socidbminance in 8h In the present study that

was for > 1 year, body lipid content was used as a measure of energy reserve to indicate
the influence of socialtess.Whole bodylipid content was estimated using the ether
extraction method as described by the Association of Official Analytical Chemists

(AOAC 2000).

Statistical analysis

Statistical analyses were performed usBd u d d-tedt éegression anades
(linear and brokenline) as well as ANOVA. Appropriate proced(desailed below)
were used to determin@® when social hierarchies developé€i) temporal changes in
fish growth performances and finallyjii) the effectiveness ofitopping off for

disrupting established social hieraeedy and improving fish growth performance.

Growth

The growth pattern of bluegills reared in tanks was assessed by fitting the von
Bertalanffy growth model to bluegill weight data (Hopkins 1992; Isely & Grabowski
2007) that were collected periodically until the beginningioppingoffo harvesting on
day 376. Mean fish weights derived from individually recorded fish weights in each tank

for each sampling period were used to fit the model to the weight data.

Differences in weights between the two grougppingoffo (TO) andiino

topping offo (NTO), were determined from fatest based on individual weight data
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collected on day 0, day 376 (day of fifsbpping offd) and day 574 (final harvest day).
Newly added juveiles were excluded from the comparison. Weights of bluegills
removed during the threoppingoffo episodes were included in the TO group while
comparing the two groups on the final day (day 574). The extent that the two groups
differed in weight on theiial day was used to determine the abilitytha fitopping offo

strategy to produce largaze bluegill and total fiskield.

Differences in bluegill growth rates between the TO and the NTO groups were
again determined by applying atest. Overall growthrates between groups of
individually-marked fish were compared over the period encompassing the Ti@ree
efforts. As of day 574, only ~25% of fish had retained their elastomer tags. Tag losses
were observed to increase over time, mainly due to graduakitiepoof tissue over

them.

Social hierarchy development

Simple linear regression analyses were run to determine whether significant
positive relationshi ps W.dvelvege bnd geagih fob eactwe e n
sampling date over the duration of thady. Significant positive relationships between
W, and bluegill length would tend to indicate that larger bluegill were maintaining higher
condition levels relative to smaller bluegills, which would be consistent with, and
indicative of the development afsocial hierarchy. For the TO group, regression analysis

was carried out with the newhdded juveniles being excluded. Similar@y,, was

b |

regressed against days, fr-omf @dawad9 itmi ttihaet e
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again, from t hgofday walsen niittdampgied, to t he
groups, in order to evaluate whether temporal increases in size variation occurred and

whethert h ®ppifgoffo strategy disrupted social hierarchy establishment

The presence of a relationshigetween fish fat content and fish weight was
evaluated separately for the TO and the NTO groups, based on fish harvestetinah
day. Moreover, ongvay ANOVA was applied to determine whether differences in mean
fish fat content existed among five gpsu(three groups being associated with the three

epi sodes of Aitopping off o, andTQavdNT@r oups

grougs.

Influence of social hierarchy development on fish growth performance

Progressive changes in bluegill growth ratel feed efficiency as well as time
related changes in the relationshipWf versus fish length were tracked ¢valuatea
possible linlage between social hierarchgevelopmentand change in bluegill growth
performancePlots of growth rate and feed effency versus day interval for thgre
toppingoffo period (day €376) indicatd a markedinitial decline towards zertollowed
by aleveling out ofboth growth rate and feed efficiency. Day intergiad., a midpoint
for each sampling periodyas calculad by averaging two successive slaf sampling
(e.g., day interval for RGR determined for the period spanning dagsv@s 15.5).Also,
the P-value of W, -versuslength relationshipdetermined for each sampling day showed
a similar patterras that of gswth rate and feed efficiencyAccordingly, brokedine
regressioa were performed separately for RGR and feed efficiemeysus day interval,
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as well ador P-valueversusdays.Whenassessingjsh social hierarchy development and
its influences on bluegil growth performance, newdgdded juvenile bluegill were
excluded All analyses were performed using SAStdtistical Analysis System, Version

9.1; SAS Institute Inc., Cary, North Carolina, USA).

Experiment 2 Evaluation of sizgrading strategy for lnegills rearedin ponds

In April, 2006, juvenile bluegill were seined from a -d.& nursery pond at the
Harrison Fish Farm, a commercial fiskaring facility in northern Missouri (near
Hurdland, MO) and stockedtmraceways. One hundred bluegill weradamly selected
from the raceways and measured for total length (nearest TlonBluegill measuring
O 85 mm represented the upper"agercentile(upper quartile)of the group. Prior to
grading, 6000 fish were randomly selected from the mises@groupand stocked into
three 0.1zha ponds at 2,000 fish per pond (~ 16,667 fish)hdese fish represented the
Aungraded groupo. F 1sizerfish,t ahfleating, eporad ifish ignader mi x e d
was used to sel ect85mméEL Thegded fishavdre ockediio f i s h
three additional 0.1Ra ponds at 2000 fish per pond, represgnthe figradedgroupm.
Initial weights (meant S.D.) of bluegill in the graded and the ungraded groups were

21.35+ 0.62 g and 11.54 3.12 g, respectively.

The socked bluegill were fed to apparent satiation once daily, five days per week
excluding weekends. They were provided floating feed pellets (Aquamax Goder
diet; St. Louis, MD; 45% cude protein and 16% fat) which were hand broadcasted over
at least 5 o f each pondds surface. Cessation of
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small number of uneaten pellets after ~30 min of each feeding was considered to indicate
satiation feeding. Feeding was adjusted periodically based on the amount of pellets that
remaned uneaten. The amount of feed provided was also reduced on cloudy or rainy
days (~20 days)given that dissolved oxygen levels may drop due to reduced
photosynthesis during those day$e study continued until the end tbie subsequent
growing season (dvember, 2007; 584 d; ~ 20 months). The fish were not fed during the
138d overwinter period (November, 2006 March, 2007) in the middle of the
experiment, nor during 16 days in August, 2007 when excessive heat led to unfavorably

warm water temperaturesd markedly reduced feeding by the fish.

To track changes in Dbluegillds | engths
sampled by seining half cdachpond surface area every ~2 months during the first
growing season (April through October, 200@)hereas 100 fish were sampled by
seiningthe whole pond surface area every ~2 months during the second growing season
(April through November, 2007¥ish were selected at random during each sampling
effort. Individual fish length (nearest 1 mm TL) and weighearest 0.1 g) were
determined using a measuring board and a portable electronic balgiEnver
Instrument, Bohemia, NY, USA)espectively All fish were returned to thenespective
ponds after each sampling. Sampling of fish was not conducted durimigrw
(November, 2006 March, 2007).Aquatic macrophyte growttvas observed in two of
the ponds, one being graded and the other being ungréldisdvas manually removed
from both pondsn July 2006 and also in April 2007. Because of the weed infestétien,

ungraded pond was not sampled in April 2007.

155

a



Bluegill spawning activity was observed in all the ponds duringJuite2006 in
the first growing season, and large numbers of yefrtheyear bluegill were present
throughout the second year. To minimitheir influence, all the ponds were seined early

in the second growing year to remove as many young bluegill as possible.

The overall survival rate of bluegill was determined by countireghumber of
bluegill remaining athe final harvestof each pondelative to the number of bluegill
initially stocked. The development of social hierarchies among bluegills in the production
ponds was evaluated as in Experimento} examining temporal changes in social
hierarchy indicators includin@V,,, and particuldy, whether significant positive linear
relationships developed between bluegills relative weigtf @nd length, based on

periodic collections.

At the end of each experiment, all fish were seined from each production pond,
with the total biomass of alhar vest ed fi sh representing
(gross vyield) Final counts of bluegills from each pond were used to determine final
survival rate. Mean survival rate for eagloup was determined as the average of the
threepond meansvithin ead group From the harvested bluegills, 50 fish were randomly

selected from each pond and used to determine sex by dissection.
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Statistical analysis

Effects of size grading

Differences between sizgaded and ungraded groups regardsRGR, fish
producton, FE, W, and CV,, were determined by applyingtests at regular time
intervals. The gowth trajectories othe pond rearedluegills were also assessed by
fitting the von Bertalanffy growth model tbeweight data for eackeparategroup.This
was doneto gaina betterunderstanding opossible differences in thgeneral growth
pattern of bluegillsn thedifferent groups (predominantly male versus mixed sex)tand
compare thento the growth pattern of bluegills obtained from indoor tarikgpériment
1). Bluegill weighing >100 g were considered largdish. The percentage bluegill
weighing >100g from the final harvest were compateetweerthe two groupby t-test
with the percentage data determined separately for each lp@ind arcsine squareoot

transformed.

Effectsof social hierarchy development

Social hierarchy development was separately asséssepaded and ungraded
bluegill groupshased ortemporal changes ihe positive linear relationships betwednh
and fish length, as well as trendsCV,, over time.The nfluence of social hierarchy
development obluegill growth rate and feed efficiency was examined separatetiidor
sizegraded and ungraded groups as those determined for bluegill Expeeiment 17

brokenrline regression was ruseparately for RGR and feed efficiency versus day
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intervaland alsdor P-values of\W,-versuslength relationships versus days to assess the
possible linkage between social hierarchy development and change in bluegill growth
performance in the two groupgdowever ponds infested with weeds were excluded from
this analysis given the potentiafor confounding effects on growth parameters. All

analyses were performed using SAS.

RESULTS
Tank Study
Weight

For both thef fAion o( N To()p rafid@®) Groupy meéan g
weights of bluegills increased with time (TablgFig. 1, upper pangl following the
asymptotic relationship: Weight = 101.6D?-004P®s+25.09 2 = 097 von Bertalanffy
growth mode), up to the time when TO was initiated. Tgreatest proportional increase
in bluegill weight occurred immediately following stocking (i.e., Day 0 to Day 65;%70
increase) (Table 1)Thereafter, proportional weight increases between weighing date
generally declined over tim&he fish achieved mean weight of 84.15 + 6.83 g (average
of two tank means + S.D.), representing a §@d increase relative to the starting value
of 12.25 g during the prlearvest period (@376 days). Over the period of cull harvesting
(days 376:574), there was little iarease in fish weight for the NTO group. Percent weight

gain declined drastically from 2% (days 376436) to 0.1% (days 51€674), whereas

there was a 225 % increase in weight gain for the TO group, which matched the percent
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weight gain (~11.86) thatoccurred over the peripdlays161-376. Mean weights of the

fish removed during TO harvests 1, 2 and 3, were 182.24=g24), 135.63 gr( = 23)

and 123.75 gn(= 16), respectively, whereas the mean weight of harvested fish on the
final day was 72.57 g fahe TO group (excluding juvenile bluegill). For the TO group,

the true final mean weight determined by including all of the originally stocked bluegill
that were harvested at different times was 96.46 g, whereas the mean weight for the NTO
group that wasarvested on the final day (day 576) was only 82.4 g, with the mean
weights of the two groups being statistically differeRt< 0.05, t-tes). However, no
significant differences were observed between the two groups on day O nor on day 376
when the inital TO was appliedR > 0.05,t-tes). The percentage of fish weighing more
than 100 g increased from 3P4'to 46.2% between days 376 and 574 for the TO group,
whereas for the NTO group, there was a negligible increase, with the percentage of fish
> 100 g increasing only from 30.% (day 378) to 30.86 (day 574)Bluegill survival
ratesdid not differ substantially between the two groujpsyalues being 75.0% for the

NTO group versus 72.8% for the TO group. Approximately 3 of the total mortality

in each group occurred within first 60 d.

Final mean weights of the juvenile bluegills added during TO episodes 1, 2 and 3
were 36.31g, 22.92 g and 28.14, respectively (Table 1). Overall, weight gain (%) for
the juvenile bluegills added during the thmaéosequent TO harvesiseragedl49.0%,

74.56% and 63.72%6, respectively.
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Weights of individualiymarked bluegill

Of the 75 blueqill that were initiallynarked, only 30 were recovered each of
the fish group (TO and NTO) on day 376 (just prior fitopping off), and only 19 and
17 bluegill were found to have marks on the final day of harvesting for the NTO and TO
groups, respectively. Ultimately, the individuals identified on the final day were used to
compare the two groups over the TO periodidhweights(mean +S.D.) (day 0) for the
NTO group and the TO group were.42 + 2.79g and D.69 + 2.31g, respectively.
Weights of individuallymarked fish were lower than those observed for randomly
selected fish in the later samplings carried outdays 376 and 574. FordiNTO group,
mean weights (meat S.D.) were 63.12 + 37.12 g and 73.14 + 44.55 g for the days 376
and 574, respectively, whereas for the TO group, the values were 51.59 + 19.39 g and

65.70 + 25.58 g for days 376 and 574, respedcti{Ehble 4).

RGR

Pre-harvest period (day -376) Relative growth rate (RGR) was highest
immediately after stocking (1.68100g" d™ for the NTO group and 1.73 g 106g™ for
the TO group Days 01 31) for both groups (Table 3). Subsequently, RGRlimed
significantly (RGR =1.37 -0.005 Days; r* = 0.80 for the NTO group and RGR =
1.40- 0.005 Day; 7= 0.79 for the TO groug® < 0.05,regressiopwith the values (mean
of two groups) declining from 1.6 100g" d* (Days 031) to 0.14g 100g' d* (Days
285 - 358) (Table 3) over the ptearvest period. A plot of the RGR values for both

groups across days yielded a brokiee regression (Fig. 3, middle panel; SAS Hioear
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regression procedure’? £ 0.97) having a distinct breakpoint for tsampling period
161-223 days, the decline being significaf € 0.01) beforehandand nonsignificant
(P > 0.05) thereafter. The overall RGR averaged 0.40 §@00g" d* (mean+ S.D.) for

the preharvest period for both groups.

Topping off periodday 376574) Regression analysis for the three mean RGR
values corresponding to the three TO periods versus days, showed a nonsignificant
decline (RGR = 0.180.0003Days; f= 0.90 and® = 0.21) and a nonsignificant increase
(RGR = 0.10 + 0.000Days; r* = 0.08 andP = 0.83) for the NTO and TO groups,
respectively.However the analysis of RGR for the individualtgarked fish showed a
significant difference between the two groups over the TO peRoed {.05,t-test). For
the preharvest period, RGRn{ean + S.D.) of individuallymarked bluegill from the
NTO and TO groups were 0.33 + 0.¢8100g" d* and 0.34 + 0.04 100g" d*,
respectively there beingho significant differences between the two groups, whereas for
the TO period, the TO group exhibite@nificantly higher P < 0.05,t-test) RGRs than
the NTO group, with the respective valuesein+ S.D.) being 0.14 0.09g 100g" d™

(TO group) and 0.0% 0.07g 100g" d* (NTO group).

Growth rates of newly added juveniles generally declined dwesubseqant
samplings (Table 3). Overalthe RGRs (g 100g" d*) of the juvenile bluegill added

during three TO events were 0.43, 0.39 and 0.76, respectively.
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FE

Mean feed efficiency (Table 3) was high in the month following stocking, reached
a peakin thesubsequenmonth, and then steadily declined, with the overall decline being
significant for the préiarvest period for both the NTO and TO groups
(FE = 1.00- 0.003 Dag, r* = 0.71 andP < 0.05 for NTOgroupand FE = 1.00 0.003
Days; ¥ = 0.78 andP < 0.01 for TOgroup. A plot of FE values for both groups across
days for the prénarvest period, yielded a brokéne regression fr= 0.92; SAS non
linear regression procedure)th a distinct breakpoint over the samplipgriod 161223
days (Fig 3, lower panel). The decline was significaRtg 0.01) beforehand, and non
significant @ > 0.05) thereafter. The overall K§wetweight gain / gdry feed fed)was
0.47 = 0.01%rheanx S.D.) for the preharvest period. MeanB-(meanz S.D.) values
over the TO period (days 3-8¥4) were 0.04 + 0.09 and 0.27 = 0.06 for the NTO and TO

groups, respectively.

For both groups, initial fishrelative weight(mean value) was only ~85%
however, it surpassed 1006 on day 61, andemained at ~10®6 until day 161.
Subsequent Wylevelstdiogpedfoverseaaoh sonsecutive sampling episode, with
the mean value being ~88 just prior to TO (Figl, middle panel). During the TO
period, he overall meaiV, (meant S.D.) of the thee final sampling episodes (days 436,

510 and 574) were 85.04 £ 3.27% and 88.03 = 1.85% for the NTO and TO groups,
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respectively, with no significant differences being detected between tRem0(05,

t-test).

The Acloudo of W)werbus length waluas Yoeeach éankgHigt  (
2) moved progressively to the right as time progressed, consistent with the growth that
was occurring. Simultaneously, the shapes of the data clouds changed from roughly
spherical to increasingly elongate ovalsidemce that the individuals in each tank were
of an expanding range in length but of a narrowing breadth in lepgitific relative
weights. Interestingly, the lengths of the smallest individuals failed to increase between
day 161 and day 376 (pharvestperiod), stalling at ca. 110 mm for both fish groups.
However, between day 376 atitk final harvest day, 574iopping ofb period), length
of the smallest individuals remained at ~110 mm for the NTO group, whereas for the TO
group, the data cloud indieal that the smallest individuals moved from ~110 mm (day

376) to ~130 mm (day 574).

At stocking (Day 0), there was no correlation between the relative wélght (
and length of individual fish (Fig2) in either group. However, a significant positive
relationship between these two variables devedom both tanks by Day 31; this
persistedhroughoutthe preharvest period (day 376) (Fig). Correspondingly, for the
preharvest period a plot of the statistical significance of the Wdrsus length
relationships(i.e., P-values) through time yielded a brokkme regression (SAS, nen
linear regression proceduré=0.78) showing a distinct breakpoint at Day 32 (Rg
upper panel)with the decline being significanP(< 0.01) beforehand and nagnificart
(P > 0.05) thereafter. Fish that perished within first 60 days-gtosking were observed

to be poorer in body condition compdto other fish in the group (Fi@).
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For the NTO groupthe significant positive relationshgbetweenW, and length
(P < 0.05, regression analysis) persisted throughout the study period, whertgesTiOr
group, a nonsignificant relationship K > 0.05, regression analysis) was observed

betweenV, and length after the second topping off (Table 2 andZig

CVw

The coeficient of variation in weight (Table 2 and Fid, lower panel) was
lowest at stocking (Day 0; 28.14 %) and increased significaRtly @.05,regressiopfor
both groups by day 376 (GV= 40.13 + 0.06Days, f = 0.52 for NTO group and
CVy = 38.06+ 0.07Days, f = 0.74 for TO group). However, over the period of topping
off (days 376574), no change in GM(CV,, = 49.20 + 0.01Days,P = 0.34 & F= 0.44)
was observed for the NTO group erkas a significant decline in CyY

(CV,, = 87.47- 0.09Days,P = 0.04 & F= 0.93) was observed for the TO group.

Fat Content

There were no differences in mean fat content betweeNTi& and TOgroups
harvested on the final day. However, fish that were removed during each TO episode
(~30% baly fat, dry weight basis) exhibited significantly higher bodycattentsthan
did the groups that were removed on the final day of harvest%-Bady fat, dry weight
basis) P < 0.01, ANOVA), wlereasno differences were observed in fat content among

the fish harvested during the three TO episodes (Table 5). Also, the fat conitdish
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that were harvested on the final day exhibited a significant positive relationship with fish
weight (Fat = 13.81 + 0.10 Weight? £ 0.71 & P < 0.01 for NTO group and

Fat = 14.58 + 0.11 Weight®+ 0.84 &P < 0.01 forTO group) indicating that larger fish
stored in greater energy reservesgith energy reserveleclining with declining fish
weight. Also, fat content of fish showed a significant positivati@ship with relative
weight @, %) (Fat =-4.67 + 0.29W,; r 2 = 0.23 & P < 0.01 forNTO group,and

Fat =-8.73 + 0.38\,; r* = 0.52 &P = 0.04 forTO group suggeshg that relative weight

can be used asraliable indicator of body fat comteor fish condition for bluegill.

Pondstudy
Weight

The percentage of males in the graded and the ungraded groups were 70.20 and
48.42, respectively. For the pond fisks was observed for tank bluegithean weight
increased with time (Figd), the elationship beingasymptotic for boththe ungraded
(Weight = 8456  (#000Past359 2 - 089) and graded
(Weight = 99.89 (4g0-004Pays*50-9§ (2 — g 85) groups (Figd, upper panel). Howevethe
mean weaghts of the graded group were significantlyP (< 0.05) or marginally

(P =0.050.1) higher than for the ungraded group throughout the study f@&abte 6)

The greatest proportional increase in weight occurred immediately following
stocking (i.e., between Day 0 and Day 65; 1.81 % for the ungraded group and

1.09% d" for the graded group), as was observed for bluegills in the laboratory. The
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proportional increases between weighing dates generally declined until Day 352, after
whichthey leveled off, varying between 0 % dnd ~0.3 % d for both groups (Table 6).

The fish achieved mean final weightsndan + S.D.) of 82.14+ 4.24 g and
103.97+ 14.59 g, inthe ungraded and the graded groups respectively, with groupsmean
differing only marginally (P = 0.07,t-test) The ungraded groups showed an-®I2
increase in weight, whereas the graded groups showed onlyfaldb weight increase
relative to their respective initial weights (~10 g for ungraded fish and ~19gyaded

fish).

Fish survival did not differ between the groups>0.05,t-test) thevalues being
41.41+ 8.43% and 34.9% 5.16% for the ungraded and the graded groups, respectively.
However, survival values were only about half of those experiencéukeitaboratory
setting. Despite the differences in the mean weights,-significant differences
(P > 0.05, t-test) were observed in final production for the two groups. Rioial
production was 558.00+ 113.18 Kg h# for the ungraded group,and

594.51 + 166.87 Kg hafor thegraded group.

The percentage of bluegills weighingl®0 g at final harvest was higher for the
graded group (48.16 + 12.45 %) than for the ungraded group (22.33 + 9.P1<CQ)(@5,

t-test).
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RGR

No significant differences were observed in RGR betweenutiggaded and
graded groups (Table 8 Fig. 6.). Although the RGR for the ungraded group
(0.780.89g 100g" d*) was slightly higher than for the graded group (0068g 100g"
d™) throughout the first year, no significant differences were detected on any sampling
date P > 0.05, t-test). Nonsignificant differences R > 0.05, t-test) were likewise
observed between the two groups in year two. However, both groups exhibited a
sigrificantly higher growth ratég 100g* d) in year one (0.84 for the ungraded group
and 0.71 for graded group) than for year two (0.15 for ungraded group and 0.19 for
graded group)P < 0.01, t-test). Growth rates generally declined over the sampling
periods for both groups. A plot of RGR values over days yielded a bilgkenegression
with a distinct breakpoinassociated witlthe winter period (sampling interval 1-852
days or Oct 200&\pr 2007) (Fig 7, middle panel) for both the graded and timgraled
groups. The overall RGRnean+ S.D.) was 0.26+ 0.02g 100g" d* for the ungraded

groups and 0.23 0.01g 100g" d* for the graded groups.

FE

Feed efficiency largely followed the temporal pattern of RGR. No significant
differencesn FE were detcted between the graded and ungraded groups throughout the
study @ > 0 .05, t-test) (Table 8;Fig. 6.). Feed efficiency, however, declined over time
for both groups; the ungraded group exhibited significantly greatég #Et weightgain
/ g feed fed)in year one (0.42) than in year two (0.1B)< 0.05, t-test), whereas the
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graded group exhibited marginally higher FE in year one (0.51) than in year two (0.23)
(P =0.08,t-test). A plot of the FE values over days yielded a brdkenregression with
a dstinct breakpoint for the winter period (sampling interval: -B82 days; Oct 2006
Apr 2007) (Fig 7, lower panel) for both the groups. The overall Rieé&nt S.D.) was
slightly higher for the graded group (0.300.05) than for the ungraded group (0.25

0.05) with differences between the groups beingsignificant ¢ > 0.05,t-test).

Despite differences in mean weight betweenuhgraded and gradegtoups, no
significant differences wereletectedin relative weight(W,) (Fig. 4, middle panel,
P value > 0.05i-test). At stocking (Day 0), the majority of bluegill in all ponds exhibited
W, values >80 %, withthe meanW, values being ~83+6 for each ofthe two groups
(Fig. 4, middle panel, and Fi®). In subsequent sampling, days 639, and 181 (June
through October, first summer), the condition of most bluegills improved substantially in
each groupmost individuals exhibite@lV, values > 90% witlthe meanW, values being
0 100 % (Fig 5). Interestingly, individuals with Wvalues of <90 % were again
observedn substantial numbers on Day 352 (April) after ewentering (Fig 4, middle
panel and Fig5) andsuch a body conditionontinued to persist thereaftfor both the

groupsuntil the final day

For the pond fish, the (fiversuslendtlovaloesforf i s h r €
the graded and ungraded groups (FHj moved progressively to the right with time,
indicating that growth was occurring, slam to that whch occurred in the laboratory
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tank setting (Fig2 ) . For the fish in ponds, changes

time (Fig 5) were less pronounced tharthe laboratory fish (Fig2). Ovoid data clouds
having significant positive spees were detected for both the ungraded and graded groups
in the outdoor ponds only from day 181 onward (Big whereas this was the case in the

laboratory from day 31 onward (Fig. 2).

Correspondingly for the pond fish, a plot of the statistical sicpuiite of the W
versus length relationships (i.&-values, ) through time (Table 7), yielded a broken
line regression that had a distinct breakpoint for the sampling interve838tlays (Oct,
2006-Apr, 2007) for both graded and ungraded groups. (Figipper panel)with the

decline being significanf(< 0.01) beforehand and naignificant P > 0.05) thereafter.

CVw

The coefficient of variatioffCV,,) in weight was significantly higheiP(< 0.05,
t-test) for the ungraded groups (~50%) than twe graded bluegillgroups (~30%)
throughouthe entire growing year one (dayl81), whereas, CY did not differ between
the groupsR® > 0.05,t-test) (~30% for both the groups) for the majority of growing year
two (day 352584) (Table 7 and Fig}, lowe panel). Corresponding to this observation,
CV, of the ungraded group declined significantly over growing year @\, (=
58.68- 0.07 Days{P < 0.01 and 7= 0.99;regressioy whereas that of the graded group
showed a nosignificant decline ¢V,, = 55.17- 0.04 Days;P = 0.17 and 7 = 0.54,
regressiop However, norsignificant declinesK > 0.05,regressiohwere observed for
both groupsCV,, = 55.17- 0.04 Days = 0.17 and 7= 0.54 for ungraded, ar@V,, =
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32.02- 0.005 DaysP = 0.17 and 7= 0.54 for graded) over growing year two (day 352

584).

DISCUSSION

Of the two novel rearing strategies that | evaluated, the tojmgfngpproach
demonstratedhe greatercapacity to increase fish growth, drece morelarge bluegill
(> 100 g), and increasfish production. Moreover, the present study tends to support
previous findings (e.g., Doerhoff 2007) that size grading can be effectively applied to
form bluegill groups that are predominantly composed of male bluegil®4y0The
presence of additionahale bluegills (2®% of total) within the reared groups, while not
markedly increasing total bluegill production, did significantly increase mean bluegill
weight, as well as the percentage of large bluegiltksO®-g) present. This study has, for
the first time, provided evidencthat bluegill do establislsocial hierarchies in large
rearing systems.g., production pondsand that the establishment of these hierarchies

negatively affects key fish production parameters

Indicators of fish production
Weight

The toppingoff strategy produced larger bluegill as well as higher fish yields

relative to singldatch harvesting. This is likely due to the growth sphet was
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exhibited by subordinates once thesxre released from the dominating force tbe

social hierarchy(discussed later in this sectjofPartial or sequential harvesting has been
used to increase fish yields by reducing competition among coexisting individuals, in
catfish (Tucker & Robinson 1990), tilapia (Brummett 20@2)d rainbow troufWesters

& Weeks 2003). Similarly, size grading has been applied to increase final fish weights
and fish productionn Atlantic salmon,Salmo salar(Gunnes 1976) and yellow perch
(Wallatet al.2005). In the present study, size grading did result in arased mean fish
weight as well as a greater number of largere fish. Large bluegill (> 200 g) are of
substantial economic value and command substantially higher prices than deosmall
intermediatesize bluegill (Curtis Harrison, Harrison Fisheriésc., MO, 2010, pers.
comm). However, both the sizgrading and toppingff rearing strategies yielded
bluegill with final weights of only ~100 g, well below the desired fooarket weight of

227 g. In comparison to the control group that achieved a Weajht of ~82 g the
modified rearing strategies in the present studies increased bluegill weights only by

1520 g.

Topping off

Bluegill removed during the initial toppirgff episodehad reached 80.726 of
food-market weight (227 g), wheretd®oseremoved duringhe second and third topping
off episodeshadreached only 59.7% and 54.52% of market size, respectively. This
indicates that the bluegills that were released from the dominating forces of social

hierarchy although exhibiting a modegrowth spurt, did not exhibit sufficient weight
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gain to achieve foetharket size, oeventhe sizes of bluegill that were culled during first
toppingoff episode. Moreover, the weights of the remaining stock continued to decline
over the successive toppHoff removals, with mean weights of the unremoved fish
declining from 88.98 g on day 37® 72.57 g on day 574. Hence, although topuffg

did increase the number of large bluegill, this rearing strategy cleaglyires further
refreshmento determine,dr example, when to initiate topphudf, thenumbers of larger

fish to be removed in each removal episode, as wéfieasptimal time intervals between
successive toppingff harvests. Westers & Weeks (2003) demonstrated that including
two cohorts per @ing cycle versususing asinglecohort rearing strategyncreasd the
production of rainbow trout by as much as 60%. Similarly, Yu & Leung (2006)
demonstrated thahe extent to whicka partial rearing strategig successfulersus a
single harvestingstrategy depends, in partopn how well the sequential harvesting
strategy is designed to maximize fish productidherefore, further refinements in the

ftopping ofb strategy will likely increase bluegill growth and production.

Size grading

Size gradingof fishes has led to a wide range of outconmeaquaculture. Size
gradingresulting inno improvemerg in weight gainor yield was reported for #tic
charr Salvelinus alpinugBaardvik & Jobling 1990) anditlantic cod Gadus morhua
(Lambert& Dutil 2001) whereas improvement in weight gdias reported fojuvenile
Atlantic salmon(Gunnes 1976@s well as gilthead sea brearSparus auratugPopper

et al. 1992). In the present study, size gradisgowed potential to produdeigher
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numbes of large food-sizebluegill, butshowedno improvement irfish yield. The lack

of significant differencedbetweenthe ungraded and gradegtoupsas regarddinal fish
productionsuggest suchfactorsas the development of social hierarchy and a slightly
higher mortality recorded forthe graded versughe ungraded groupnay haveobscured
benefitsfrom size gradingFor examplealthough male bluegill possekgyher growth
capacitythan female bluegillif the growth of amajority individualsis suppressed by

few domirant individuals advantage from size grading or from rearing madaly
bluegills will not be substantialvVanget al. (2009) demonstrated the advantage of size
grading in producing focdize bluegill when reared them for a short duration (11 month)
involving two different rearing phases (~4 month tank rearing and ~7 month pond
rearing)-- social hierarchy may not have played a major role in their study, given that the
study was run for only 11 months and the fish were moved to a different culture setting
which may have disrupted the hierarchy development. Therefore, using measures that

would disrupt social hierarchy development will likely show benefits from size grading.

Mean production of bluegilachieved in the present study (558 Kg héor
ungraded amh 595 Kg ha for graded)was slightly greaer than tlat reported by Lane
(2001) for bluegill reareth middlelatitude ponds. Biegill reared in production ponds
lowa for 384 d at @ initial density of 12,000 hayielded 250 kg hd of fish production
with a final meanweight of 33 + 13.8 g and a survival rate of 62 % (Lane 2001).
However, tlis productionlevel was ssmewhatlower than tlat (757 kgha') reported by
Schmittou (1965)and muchlower (2080 Kg ha to 2973 Kg h#) than in the studies
reported by Lovshin & Matthews (2003) for bluegiMuch as forproduction, higher

survival rats were also recorded in tlse other studies: 85% (Schmittou 19638 %
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(high stocking density)81% (low stocking density) (Lovshin & Matthews 2003) versus
38% (mean survivalamongsix pondg in the present studylhe studiesof Schmittou
(1965 and Lovshin & Matthew42003) were conductedt southernatitudes (Auburn
University, mid-Alabamg, whereas the present study was conduatesimiddle latitude
(northern Missouri) Latitude effects including differences in temperature, winter
severity and length of growing seasohave likely accounted for differenceamong
studies interms ofsurvival rate as well as fish production. ltirsfact noteworthythatin

the present studfin Northern Missouri)that the pond fish gained no weight oventer

(171 days; October, 2066April, 2007; Table 2). Thusalthough bluegill spent 584 d in

the ponds, teno-growth winter period restricted their growth the 413 remaning days

of the trial. Severe winter effectas well as low survival likely reduced bluegill
production in the present study,waas previouslyecorded for bluegill reareat a middle
latitude by Lane @001). Therefore, while it is important to add nse@es that would
disrupt social hierarchy development in ponds, it will be further advantageous if bluegills
are moved to indoor rearing systems during winter season in order to reduce the adverse

seasonal effects.

Growth rate

Topping off

Despite the faorable rearing conditions providddr bluegills reared indoors,
their growth rate declined continuallyThe gowth of individuallymarked bluegills in
the present study showed thhe toppingoff harvesting strategy did elic# significant
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increase irbluegill growth rate. Similarly, partial harvesting has been reported to increase
fish growth rate as well as productionsomefishes including tilapia (Paessun & Allison
1984), trout (Watten 19923s well asin shrimp (Mosset al. 2005). Yet, the groth rate
increasedue totoppingoff in the present studyasinadequate tallow bluegill to reach
food-market sizeln order toproduce fooesize bluegill of 227 g from an initialeightof
12 g in 574 days, a projected growth rate (RGR) of 0g3180g" d* would be required
A higher initial growth through day 161 decreasedthe required growth rate to
0.29g 100g" d* for the NTOgroupand to 0.27g 100g* d* for the TOgroup for the
remaininggrowth period (day 1635674). Howeverthe NTOgroup exhibited almost zero
growthoverthe remaider of the study period, wheredhe TOgroup exhibitech modest
growth spurtof ~0.15g 100g" d™* (0.130.19 g 100g" d%), which was less than the
growth raterequiredto produe food-size bluegill. Ths resulted ina continuous ecline
in bluegill weighs over the successivEO harvestingepisodesTherefore, whilehe TO
harvestingincreasd bluegill growth rats and appearedo improve fish productiorthe
resulting growth rate was insufficietd praduce foodsize bluegill within the rearing

period.

Size grading

Similar to whatwasobserved for bluegill reared in tanks, bluefitim the graded
and ungraded groupbat werereared in ponds exhibited continuagrewth rate declines
throughoutthe reaing period Some seasonabrowth fluctuatiors were observedyith

growth cessation occurring over winter. Desggitiema | e b lhighergapacityfors
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growth relative tofemales (Hayward & Wang 2006)and the fact that size grading
favored sex ratie «kewedtowardsmales, thesimilarity in growth rates between the two
groupssuggests from the outsdhat size grading may not be greatly beneficial for
bluegills reared communally in ponddowever, the possibility thagocial hierarcies
largely negaté the benefits fronrearing predominantly male bluegill is discussed later in

the section.

For the ungraded and graded groups, a projected growth rate of 0.317yd'00g
and 0.29 g 1004d*, respectivelyyould be required throughout the study (584 days)
order to produce foedize bluegill During the initial rearing period (until day 181), both
groups exhibited better growth (~0.89 100g* d* for the ungradedgroup and
~0.70g 100g" d* for the gradedgroup) than their projected requiregtowth rates this
high initial growth reducecthe required growth rate to 0.80100g" d* for the ungraded
groupand to only 0.24y 100g" d* for the gradedgroup for the reminder of the study
period. However, both the groups exhibited only 0gl3®0g* d* (mean growth rate
covering Oct 200@Nov 2007) during the remaining perigdultimately resulting in
smallersize (80100 g) bluegill Wanget al. (2009) observeda significant difference in
the absolute growth rate (AGRPf sizegraded group versus ungraded bluegill.
Calculation of RGR for thenean weightsheyreported shoed thatthe ungraded group
grew at0.27g 100g' d*, a value similar to ours (0.26100g" d*), whereaghe graded
group grew at only0.15g 100g* d* (in thetop 25%) or 0.6 g 100g" d* (in the top
50%), lower than what the present study recorded foe graded group

(0.23g 100g" d%). Likely, the lowerRGR owes to themuch higher initial weight that
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Wanget al. (2009) used for the graded (90.5 g fop 25%, 67.3 g for top 50%) versus

for the ungraded group (30.1 g).

Numerous studies have examined the benefits of size gradlifighes Size
grading improved growth rates of Atlantic salmBalmo salariGunnes 1976), gilthead
sea breamSparus aurais (Popperet al. 1992) and Nile tilapiaDreochromis niloticus
(Brzeski & Doyle 1995) but not for Arctic charr (Wallace & Kolbeinshavn 1988;
Baardvik & Jobling 1990), turbot (Sunds al. 1998) or yellow perch (Wallatet al.
2005). Ithas beersuggestedhat high levels of intraspecific competition and agonistic
interaction among individuals of similar sizeay limit the advantage of size grading
(Baardvik & Jobling 1990; Sundet al. 1998). Similarly, in the present studihe
establishment of social drarches likely confounded the benefits of size grading, as

discussed later in this section.

Feed efficiencies

Topping off

For the tankreared fish, meare&d efficiencywas highest following fall stocking
(~1.10), and then declined continually. In tN@O group, FE declined to near zero,
whereasn the TO group, FE remained above 0.20. Feed efficiency determined for the
TO group was based on multiple cohorts, whereas that for the NTO group, was based
solely ontheoriginal stock Although FE from the T@roup was partly influenced by the

newly added juvenilesncreased growth rate of the originally stocked bluegill indicate
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thatthe improved FBverealso stemmed from tHatter. Sequential harvesting has been
viewed as a strategy for improving growthteraand fish production more so than to
improve feed efficiency, e.g., Paessun & Allison (1984), Watten (1992) and éflass

(2005). Yet, the present study showdtke vi dence of enhancement 0
efficiency under cull harvesting, indicatirtige additional benefits from this strategy for

bluegill aquaculture

In both tanksthef i shdés 1 ni t i alévelsweregabserveddovariee edi n g
within about six monthsof stocking even among the largedominant individuals
Increases inhe numberof feed pelletsthat remained uneateafter feeding prompted
downwardadjustment of théeedamouns provided. This reduction in feed consumption
is thought to have been mesponse tohe accumulation of body fat idominantbluegill
and the consequent moression of feed intake. The commercial diet used in this study
contained 16 % lipid, whereas Hoaglagtdal (2003) showed that juvenile bluegill diets
need only contain 8 % lipid. Body fat deposition and reduced appetiteofiandeen
observed in fises provided such higbnergy diets, e.g., Arctic chaBalvelinus alpines
(Jobling & Miglavs 1993), chinook salma@ncorhynchus tshawytsci{&heareret al.

1997) and Atlantic salmo8almo salafJohanseiet al.2002).

Size grading

As observed for growthate, size grading did ngiromote FE, butproduce a
modest increase iRE throughoutthe study periodNo change in feed conversiofrom
size grading ave often been reporteck.g, Wallace & Kolbeinshavr{1988 for Arctic
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charr Carmichael (1994 for channel catfish Sundeet al. (1998 for turbot and
Wallat et al. (2009 for yellow perch. Overall Fizaluesfor fishes reared in ponds (0.25
for ungraded and 0.30 for gradeatecomparable to valuesbtained in studies described
by Loveshin& Matthens (2003)(0.280.37 r FE or 2.73.6 for FCR) for bluegills
reared in pondsThe pond fish FEs exhibad apparent seasonality, whereas this
associationwas less prominent in indoor tanks. For pond fish, lowewinter FES
suggestthat winter conditions mrkedly influenced feedingand growth. Overall,
differences in FE magnitude amigeir fluctuationsover time further support the notion
that pond and tank rearing environmeatsdissimilar, in terms offactorsthatinfluenced

feeding and growth thereisde below).

Indicators of social hierarchy

Relative weight and body fat

Topping off

Increased levels of stress hormpabservedparticularly in subordinatésh, and
associated declisen energy reservedody conditionand growth, have beerommonly
observedin fishes thattend to establish social hierar@s (review by Sloman &
Armstrong 2002)Bluegill agonistic interactions have been extensively recorded (Poulsen
& Chiszar 1974; Beitinger & Magnuson 19#3enderson & Chiszar 1977; Colganal.

1979. The present study recorded neither behavioral responses nor changes in stress

hormone levelsdue topractical difficulties associated witthe large rearing systems
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particularly for recording behavioral responses. However, physiological respmassss
on body fat content (an indicator of energy reservejelative weight(W,) (also an
indicator of body condition) as well as change in size varig®n,) wereexaminedas
indicators of social hierarchyestablishment With dominance hierarchy formation,
larger/dominant individuals would lexpeced to exhibit levels of condition in excess of
what smaller/subordinate individgalvould show. Moreover, this inequity would be
expected to increase with tim€onsistent with this prediction, the tank fish extadi
distinct positive relationshgbetween relative weight and length frdday 31 In other
words, as time passed, larger fish exhibited increased levels of condition as their lengths
increased, whereas smaller fish did ierokentline regression analysiof thestatistical
significance of the Wversus length relationship € 0.05) suggestdthat the dominance
effect was evident from Day 31 onwamhe would expect rapid dominance hierarchy
formation under more confined conditionster the second toppg off, no regression
relationshipswere observed betweeW, andfish length indicaing that the removal of
bluegill in the toppeebff group markedly reduced the previousskisting dominance
hierarchies However, for theNTO group, the presence of a sifjcant positive
relationship betweefV, and fish lengthacrossall sampling dates indicated that social
hierarchies persisted through the end of the stlilg. study esultsoverall suggest that

At opefifhgg can be used as ptblueg# Jodiakhietaichies. st r at e g

In addition to theW, versus fisHength relationship, a significant positive
relationship was observed in the present study for body fat content versus fish weight, as
well as for body fat contentersusrelative weight. Thse relationships provide evidence

that social hierarchies did become established in the tanks, and that relative weight can,
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indeed, be used as a metric to identify the establishment of social hierarchies in groups of
bluegill. Larger bluegill exhibitedigher amounts of body fat than smaller bluegill within
groups, indicating that larger bluegill had monopolized the feed, whereas small bluegill
(subordinates) likely expended more energy in avoiding agonistic social interactions and
also consumed considably less feeda phenomenon that is often observed in fishes

forming social hierardks(Sloman & Armstrong 2002)

Plots of bluegillrelative weightversus length relationships (Fig. )ggesthat
fish peristed likely when their body condition droppetdelow 50 %. Also, the
observatiorthat subordinates approaetiW, levelsclose t050 % with time particularly
for the NTO groupindicates the direeffects of social hierarchiesn f i shoés energ
states Mean W, of fish harvested on the final day, atigh not significantly different
between the two groups (TO and NTO), the topped off gveagplargely represented by
fish that likely were subordinates in the past. This suggests that body condition of
subordinatesapparentlyhave improved to a level thabuld match thaV, of the NTO
group.Overall, he study results overall indicate thhe fitopping ofb approach can be
applied to efficiently disrupt the strong social relationshigsat developed among

bluegill, andtherebyimprove the body condition cubordinates.

Size grading

Despite the fact that substantial differences were observebdeimveights of
graded versus ungraded bluegilb differences were observed in relative weightthe
groups. This indicates that predominantly male bluegill groacreased not only in
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weight, but concomitantly in length as wéflig. 5) The results of the pond trials yielded
complimentary findings in that distinct positive relationships between relative weight and
length of bluegills developed over time for theaded as well as the ungraded group.
However, it was not until day 181 that statistical significance betwWéemnd fish length
was first observed. Irthe less confined pond environmenersus tanksit is not
surprising that the development of socialrarehies required more time to develop.
Interestingly, the smallest individuaia pondssurpassed 100 mm TL by day 181
(Fig. 5); the same could not be said for the tasdred fish under the NTO harvest
regime, even by day 285 (Fig). Thus, the Igs confined pond environment apparently
provided less growth suppression of smaller bluegillsan occurred in the more
confined, tankrearing environment. Given that bluegill exhibitea significant
relationship betweehV, and fish length during both th@e- and postwinter period, it
appears that social hierarchies, once established, p#resigh winter(Fig. 5 and
Fig. 7). These data provide the first evidence that social hierarchy developmergiaccur
commercialscale pond rearing environmeniand that social hierarchies can influence
the condition of such fish. Consequently, the strengtie¥V, versus length regression
relationships may bthe besdiagnostic of social hierarchy formation especially in larger
rearing systems, signalingetmeed for remedial actioAlso, despite initial differences in
size ranges of bluegills in the ungraded and graded groups, it was tiehupper end of
the length distributiomthat, overtime, began to exhibit enhanced conditisnggesting

that sizegrading did not minimize the developmentasfocial hierarchy (Figh).
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Coefficient of size variation

Topping off

The coefficient of variationefther in terms of fish weighQV,,) or length (CV))
is commonly used tadetectsocial hierarchypresencelt was expected that dominance
hierarchy formation would result in increasing coefficients of weight variation through
time, due tosmaller, more subordinate figirowing progressively lower rates than few
larger, more dominant fish. Increass&ze variaibn through timegrom the development
of social hierarcies have been observed in a variety of speciesg., éeotrid goby
Odontobutis obscurysyamagishiet al. 1974; Arctic charrSalvelinus alpinusJobling
1995; sunfish hybrid&. cyanellusx L. macrodirus, Wanget al. 2000). Fish reared in
tanks exhibited significant increases @V,, until ~day 376 wherftopping of was
initiated, indicating that fish in both tanks exhibited significant incieimssize variation.
However, from day 376 to the end tife rearing period (day 574), the NTO group
exhibited no further increase in size variation. From this observation, one might conclude
that the bluegill social hierarchy had reached a stable state where all membergsaxhibit
some growth according to thesocial rank, with the most dominant individsal
exhibiting themog growth, and with growth rate declining with declining social rank.
However, during this period (days 3%64), both mean growth rate and feed efficiency
declined to almost zero for the Tgroup.The lack ofchange in size variation and
absence ofgrowth from days 37674 indicate that growth, even among the more
dominant bluegills, ceased during this period floe NTO group. This cessation of
growth likely resulted fromdominantfish having attainedtheir fat requirement which

tends tomarkedly reducé i s h e s 0 (Jablimgp&Miglavsel@93Sheareset al. 1997
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