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ABSTR-\CT

Th.: main Nltkn~cL li,l Itt.: mass proJoclion ,)fju\~nik~ stoXk for lhe

int.:nsi\o: 3l.lua.:uhun: "fman~ marin.:- finfish sp...ocid is th~ high m..lnali~ JS.SOo:i:ued \\ith

Ih.: t3f"\al ,;tag.:. In an :memptlo n:duco: lh~ "<lsts:and in..rt::lSo: 1:lT':U sun.-hallor 1\\"

s~cio:s \\im .3I.luacUllUTO: po.~lenli31. ~x~rim=l:i ,'o:rt: ~rt~rrn<d '" In'dlig:lto: \\3~S of

r..-Ju.:in~ Ih.: '-l~lit~ ,'I·th.: (,...)oJ rC\luil\·J.

Th~ lirst .:,po:rim~nl Jcs.:rit-o:J in this Ih...... is \\lIS ~rt",mn.:d in Brazil \\ilh 1'31

sn....'k I( ·,·mr",."mll' {'<Jrulldu., I 3 ,;p...-ci\.,. o( co.)mm~rcial inleresl f,,( \\ hich liltl< is

Ln,'''TI at...'utth..· n3tural hi,;!<'0 "( .. ullure t~hniqu~s. Pre\ i"us bn icultur", \lith this

spo:cic~ h:l,; t...:~n J.'n~ at I'r..,~ Jcnsilies ,'f:;IJ U()U pre~ litr~. II<:'SII.'J 3 r.mg<:, (r\lm:;O 1100.

I" :'lltH. rr..,~ litr",. :lnJ (.'unJ nl' difl~r.:nc", in suni\:l1 anJ gnmlh:ll :1I1~ vfth.:s.: PT':~

J.:nsitie". ReJudng pr\'~ Jcnsilk" I" "nJ~ :'1100 pr.:~ litr.: \\ill rcsult in ':l>nsid",r..l~le

sa' Ing~ in l:.it...'ur anJ ,,:,'sl f"r futur.: ..:ultur.: "flhis sp.:cics. l"h.: t...:h:l\ i"ur "l" the l:lT'ae

i~ :lb., Je,..;rit>.:J her.: I,'r the lina time. F3t ,;n,,,,,L lanae \'en: .,t'ls<:n.:d l\l t'I< saJtalo.'~

I~'r-l;;.:n;. -lnJ II' .:mpl,,~ .. "'lgm"IJ l"-';UI"'': I:lnJ lung.: pri,'r It' c:lplur",. until the 1:ll"\:I<,'

re:lch kngth,; ,'I· :;.01 mm.

11Ie e,p.:rim.:nt,. \,ith 1:ll"\:l1 .-\llami.: .:"d I(;<lJ," m..rllII<l1 "ere m,'rt: in J",plh

"In.:\' t...,lh th... ,'pum:d rn:~ J ...nsil~ and I"raging h<c'ha\ i,'ur patto:ms \\"'rt: :l.lrcad~ kl\\.lwn.

Inc lirst c,p...·rim.,.. nt in\ ..~ug:u ..-d ttl<: p.>ssit'lilil~ ,'1 using :I . mismatch' 110\\ pr...~ dcnsl1~ I

<,,'g.:n"u.sllIllh.: I:ll"\al renuJ. It "as found ttull:lJ':J.l sun.i\:ll \\:lS ou.ximiz<:,d \\h.:n:l

I"" pr..·~ Jensit~ l::IMf rn:~ litr.: \\as "1l"~I\-d Juring Ih... tirsl:' d:l~s posl-halch. and that

:;w"th:llld "uni\:l1 " ... re ma.,imiLC'<J tho:r"'ali.... r t>~ oll"erin1l3 hi];h pre~ d~nsit~ l-l-UOO

rrc~ litT.:I. T1I ... t-o:tul i\lur31 \,t'Is<:nations in this ~."p.:rim.:nl did nL'. concur "ilh p,"",\ i"us

rCI",ns. \\hi ...h ti.lund Ih:ll ,'rknt fr"'lju"'l11:~ im:reas.:s \\ith pre~ Jcnsit~. CompariS<.,ns of

Ih... m"'lh,>J,'l.lgi.:s I'>.:t\\ccn Ihis and pr~\ ious SIUJi.:s t"unJ thaI IlL''' r.u...s ditT.:n:d. nl'\'
r'-lICS \\~re ,"ounJ '" m.>Jif~ tho: Juration "," pr('~ :I\ail:lt>ilil~. A second cod ",xpo:riment

in\",sti:;at<:d tn.: ell~...t "," J~;;f('aso:d dur-llion \It" pr.:~ :I\aiI3bilil~ to.:ontrolkd b~ 110\\ ralel

and (..lund thaI sun. i\,JI and l;TO\\th do:c,"",ascd \\ith dccro:asing duration ofpr('~



:1\:liI3tlilit~. fh.: pn"N.tlk ':'l:plan:lti,'n I~'r thisJ~~W3S thaI tho;: 131"1 a< had k,;s lim.:

I,' t"I':11,;':. l)n.:nl tn..~u.:n.:~ .,t"t:ll"l:l': Ih:1I h::lJ 1<.-s;> lim.: 1" IOr.J.g.: Ihigh 110\\ tre,J.tm.:ntsl

\\3.~ :: lim.:~ hi~h.:r imm~i3ld~ ..1I1..:r I~Jing. Hourl~ t>eh::l\ i.lur::LI obso:l"I.::ati.'ns

J.:m,'nslrJ.l,.,j;) suJJ.:n sril..~ in .,n.:nt Il'r\lu<n..:~ ;l/1..:r Ii.-.:Jing I~'r 1:lI"I:l': reu\,.-J 31 high

11.\\\. \\hi...:h ..:,pbins htl\\ tal"\.:ll ..:.~ an: ahl.: 10 lal...: :lJ\:lnlag..: "fpn:~ pal..:h.:s th::ll .-.:..:ur

in Ih..:ir sr;l/i,J.JJ~ anJ t.:m,,'rJIl~ \ :lnahl.: ..:n\ ironmo:nt.

R.:sults .,fth.: ...:.,J .:'\p.:rim..:nts .:an ~ us.:J I., sUI,;g.:sl :l n.:\\ 1:lI"I i.:ullur.: prot<x:ol.

\\hi.:h .-.:h.:Jul.:s I.m pr.:~ J..:nsil~ Juring th.: .:nJl.lg.:n,)us 1i:.:Jing stag.: and th.:n in...:n:aso:s

hl high pr....~ J ....nsit~ th..:r,·:lli.:r. rh.: I"I.-suhs al;;"l J.:m,'nStrJ.l..: thaI a rd:lli'IOShip r..:t\\c:o:n

11.l'\ rJt,' :mJ Jur:ui,'n ••t"PT>:~ J.\:libtlilit~ ..:,iS1S anJ Ih::lt 1:11\:11.:0...1 arc: ~nsilho: t.llh~

JurJ.li.1O .,(tim..: Ihat is a\.:lil.:Jt>I.'I"r 1'lrJ.ging. Fulure I.:lf\.:ll hu..~hanJr: pr.,).:ti......:,; shoulJ

induJc: 11'1..: n......"rJing ,'1.1 rr.:~ d..::u:l.n.''': ...:UT\C: I,'r ":h:h lanl.. 3t:'<:1 11.>\\,;, ,;0., thallho: pre~

J~naml":~ "f<:".Kh l:utl.. ..:an 1'>..' unJc:n.l.JOJ. C,lnsiJ..:r:ui,'n sh.lulJ ~ gi,,'n t" Nih \\:11.:r
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inJ..::\: Imm I ,J\ er time IJa~ s post-hal..:h I,)! .-\llanli<: ..:l)oj r"::lf\."t.l al thfIX
pr..:~ Jensilies. Indi\ iJual points rcpr...-so,.-nt the m<.'an "fall tre:31m..:nts
althal pn:~ J..:nsit~ .>n Itt.:: Ja~ sp.."I.:ilit:d. <.'tNr rots ...-qual :: ~ S. E.
I ~. 41)1.)1) prc~ lilre:: •. :000 pre~ lilr..:: O. 500 pr.:~ litre!.

3.8 Final knglh lal.lnJ ..:undition indc:x It'll I:: ~ S.E.I of Atlantic..:<Ki 56
Iaf\a..: r..":Ir..'\1 in 1\\<.'1\<.' dill~ro:nt t"-'atmenls as summanz..:d h..or<.' (rom
Fig.... 1 ebbd-.... ~Ollll ptc:~ mi. gra~ '" ~OIXI prc:~ ml. "hit..: • 500
pr..:~ mll!n '" ht) lana..: pt.'rlr.::lIm<.'nll.

3.9 :"kan Jur.lIion ISC..:I.Jflal s\.im and 11'01 paus.: :"!AP·s!:: ~ S.L) 61
,)( Allantic cod l;lf\a..: o\.:r Ja~s. in = ~JO per sampkl.

3.10 :"!.::m ei I fro.:qu..:n.:~ i:: min I and (ill Juration IS..:.:) of talon..:nl and 62
Ihl":;,lptur..: :"!.-\Ps 1= ~ S.Lllor .-\tlami..:..:oJ laf\a..: o• ..:r tim~
In = ~4U per sampk I.



Li~1 or Fi"ures lconlinu~dl Pag~

3.11 \ kan ..:ap(ur< ITl"'4U<:n..:~ •=S.E .• ,'n Ja~ ':5. lor 1:lI":1.1 Alianllc cod 63
r.:-.ln..-.J in I': Jill<:r...ntlr...3tm...nts as sWTlm:uiz~ h.:~ from FiJ;. 3.1
ct-Iad, '>' ~UI.)U pre~ I. ~r.J~ ".:UOtI pr...~ I. \\hito:" 500 pro:~ II.

3.12 \kan lJri ...nt ff"f:\.lu... n..:~ := S.E.I nn Ja~ ':5. lor lanai Atlanli... .:od 6-1
r......rrni in I': Jill;:r.:nl lr.:almo:nts as summ:ui:t...-.J h.:r... trom Fill:. 3_\
thl3':1.; '" ';0011 pre~ I. ;;r.J~ .;;. ':Ullt) pro:~ I. \\hit.:" 500 pro:~ \I-
ll'" 1111:lI'\a.:p.:rlr.::llm...nt.

3.13 Pwj......·to:J pr.:~ ... 1...:Lr:lll ... O: ...u" .... \\ilh kmJ\\1l Jata pHinls al ~O anJ 70
~Il ml min. assum...d r"'inls at 0 :lllJ ~.:tl ml min. :.lllJ a pr...Ji..:I..:J
Jur"ui"n "f rr..:~ a\ail:L"'ilit~ " ... rlu Pu\an...nJr.ln· s t I<)'Wl stuJ~
Jl5tHlmi min.

4.1 DurJti"n "r" rr..:~ a\ ailar.i1it~ "'". alll,ur 11,}\\ r.lI"'S. Lin.: ,'ft-.:Sl Iii 78
is an .:,p..m.:ntial':uf\': \\ilh lh.: "'4u:.ui,m In I~ I = ·1\.1l111187755b
., - .:A8.411.:;S.:<..: 1... "I"rJ":lails.

4.2 \kan ,.f lirol ~Uf\ i\all:: .: :'.1:.1 It'r -\llanli...... ,lI.! Jaf\a.: r..:an.:J at 7'1
I,'ur 11<\\\ r.u,,:s Iml mm •.

4_' \Ia.,imum r.:r..:.:nl "uf\l\al,'fl:lI'\al .\danli... ..:l>I.i r...:m:J atl'.ur 80
110\\ r.1l.:s Imi mml. rh ... lin.: oft-.:st lit has an ..."pon..:nlial '-"I.\U3lion
\\ ...ro: 11lI~ 1 '" -l1.t14'.~':~<):08t)55 " - 1.88<)118SQ. s.:... I..."IIOrJ<uils.

404 t'r<:<.lu<:n..:~ hi~IO~.1tTIIOr 1:lI":!l siL'" at lut...h lor .·\llanti.:..:uJ us.."d in 83
this""p.:rim..."l.

~3 \kan slanJard I<nl:th t:::': S.E.lo\<:r tim.: lor :\IJanti..: ...o..,i l:lI"ao: s.a
r.:ar 'd at I"ur tt,,\\-r.JI<S t O. \Il ml min: .... ~O ml min: ;. SO ml min:
:mJ ~.:o ml mini.

~.6 \klIl ...onJiti<Jn inJ.::\ t::: .: S.E. r o\"<:r lime lor .·\\Ianli,,; ...oJ Iaf\a<: 8~

rear<J al four 11,,)\\ r.J1<:S rD. 10 ml min: .... ~O ml min: :.80 ml min:
mJ •. ..1':0 ml mini.

~.7 L<n:;lh sp.:..:ili..: ~ro\\lh r.Jto: (;: .: S.E.I \\ilh :I~elJ:I~s post.halchllor 87
-\llanti ... ,xld 1:lI'\:Ic r<areJ al tour 110\\ rolleS to. 10 ml min:
.... .40 ml min: ~. 80 ml min: and ... ~.:o ml minfln =:00 po:r ,;ampkl.



lilli of Fiourc-s !confinu~dl Page

4.8 \le.l1l Jur-.uion l>t"s\\im I:::: S.E.lo\.:r lim.: lJphl ft.lr ..\dantil: ellJ 90
bn:l< r...:m.-d :lll;"ur 11l>\\ r::1I.:s 10.10 ml min: •. ~O ml min:
. gO ml min: and A. ~:O ml min I.

".9 \kltl dur:lli"n \,fpaus<: 1=: S.E.lowr tim.: lor Atlanlic coo !:lC'\-3.: 91
n:ar..oJ :11 lour 11\)\\ T:1I<.'S 10. III ml min: •. ~o ml min: .. 80 ml min:
:1tIJ A. -CO ml minI.

".10 \kan fr\.'4u,:nc~ "f"rient (:::: S.E.l o\.:r tim.: l"r .\tlantio: e"J lana... 92
r.:ar.:d allilur 11.1\\ rJlI:s 10.10 ml min: •. ~n ml nlin: . ~o ml min:
;mJ •. ~:o ml min I.

4.11 \\can fr~·4u.:ne~ "r"eaplur"I:::: S.E.I ,'• .:r tim.: lor :\tlantie ..:oJ Iaf\:l': 93
reareJ:lt Illur 11.", r;Jt-:s (0. lel ml min: •. ~I) ml min: . XO ml min:
:1tIJ •. ~::o ml minI.

4.12 \kan fr':4u..:ne~ Jur.ltion t:: :: S.fl "f s\.im (a). paus...· It.l. ori.:ntle I 9~

:1tIJ ..:artur.... (Jl .\\.·\P·, Il'rall bnao: m.:r tim~·.

4.13 \kan r"r':4u~'nc~ JurJti.m (.:; :: S.E.I ,,1' s\.im lal. pause lbl.•,ri.:nt leI 96
..U\J .:aptur... (J I \ lAP' S lL'!" pn: and posHi..~in!,: ,l~n :ltions 10.
pn.:-li..·\:ding: •. po.)sHi.......Jin!p.

".14 l.'lOg-..:rm ,.t-:..:nati,lOS l'or ffi.:an frt:t.IUt:no:~ of ori nl I:: :: S.E.I 98
.l«rag..-.J O\ ... r lhn.'.: Ja~s l'or .\Ilami... e,,,", lana.: r ar\.-..! al high anJ 10\\

,10'" 1O. 1\,\\ 11"" • In ml min: •. hi;,!h 110" ~ ~'::I)ml min II n = 3th.

S.I A plol ,II' tho: rd:.Ili ....nship h.:1"~n pause duration and "ri.:nt frt:l.luenc~ 106
'llr .--\tlanli..: ,'oJ lan:l': from ,'ne minut.: bo:h:l\ iour uhsc:n ati ..ms
m"':<Ji51.



CH:\PTER I

GE.""'ER:\L ISTRODlCTIOS

Th~ major impatim~nt to th~ 1:lt';~-sc;)l~ produclion oljU\<:nik S«d stl.ll.:k lor

inh;~nsi\.: :l\.lu:ll;ultur~olm.:t.n~ linlish spcxi.:s is Ih.: mass mort:llil~ asSOo.:i:n~ \\llh Ih~

1<)<Nl. The: high lanallTh.,"alil~ ,lfnum.:rous ~omm~n:iall~ import:mt marin.. sp...-ci<.-'S

r... llc.:..:ts th... r-s<:k':Ic.:J slr-,1tc.:g~ tJfpmJu..:ing a larg.: nunl~r .,r n:lali\d~ small.

unJc.:\dllp.:J Ian a~ \\ith 1.1\\ inJi\ iJual .:n~rg~ in\~stm~nt (Ilut.:hings IQ'-l7 I. :\1 aillili:

stagc.:s pn:Jation. stan :lti,lO. Jis.:as<: :lnJ aJ\ ... rs.: .:n\ irunm.:ntaJ ..:unJitilms thr~at.:n

,uni\:lJ. l"ht:se.: fa":lll!'); ha\e.: r-.:.:n sug;:t.:'st.:d tll!'>.: th.. major sl'lurc.: nfmonality tor Ih..

,mall rdali\d~ unJe.:\d'lp<d and \uln.:r,lhk lana.: uf man~ mann<: lish spoxi<s

IRW'.zant..:. ,·t </1. I 'Il)l'l I. In the.: \\ ild. Ihe.: high monalit~ a...SOt:iat<.-'O \\ ilh th.. Ian al SI:Jg.: Ilf

mann~ fish ha... ho..'~n :lllrit>ul~d prim:lri[~ to stan:llilln and pn:d:Jlilln ID..:khnik. ,"f u/.

1l)7Cl: i1unlt.:'r I'n~: Cushing I '-l76: !loud.: and S..:h<.-'kh:r Iq78: BlJd..l..~ . .:1 lIl. Iq871 that

pr<dalilln in..:r<.--as.:s \\ilh Ih..: hung<.-'r sUt.: of lana<.-' (\\'~att 1t)7~: t-I<.--alh IqQ~l.

Funh..-nn,'r... sin..:..: gn)\\th r-,1t~ is Jirt."Cll~ rdal<.--d ttJ Ih.: a\ailahilil~ of fOod and Ih..:

prohahilit~ of pr<.-'dati,lO dc.:..:r<.-'as..'S \lilh siz<:. inI..T.:as<:J fOod r<.-'sourc..s reduc.. th.. lar...al

p<ri,JJ :InJ Ih.:rdiJr..- Ih.: ...han......s of predation mllnalit~ 1I111uJ.. IQ75: Dutl~ . .:t lIf. IQQ61.

In labor-Jtu,: r...aling :lnJ larg... -s...;)/.: .:uJtun.: ...onditions th~ ~fl;':.:torprl..-dationis reJuc.:J.

~"'I ml1n:llil~ und..r th~s~ .:ontrolkd ...onJitions r..mains high.



Th~ r~:l:><)1ti I"'rth~ hit;h mOn;1li~ in th~ 13boJr3ll)~ in th~ 3.bso:nce l)lp~tion

h:J~~ t>......n Ih~ (,,,,us I"'r much rcs.::lfCh. Earl~ in l:lI"\alrish rcs.:arch. Jillkuhi,:,: in

c.t-uininl: l:'-".,j sun 1\3.1 \' ...r... Ihl.ughl t" ~ rd3.lc-d 10 a poor suppl~ ,,1 3.ppropri3.l~ prc:~

il...ms. Planl...tc'n haJ Ie, t'>c "lltainc'J irom th... \lild IO'C.mn.:l1 anJ Raymond IQ70: HouJ...

l<Ji~ I. \lhich l\:LS unrc:lialll ... 3.nd r~quir~ 3. gr~:1t J~3.1 "i1:lbour to OIlI3.in ~n('ut;h lor larg...

...xp.:rim~'nts. th... rcfor... l...c...ping th ...m small ,;cak d-h'UJ ... anJ Pal!.:" j<J7UI, Th... high

\ ari3.t-ilit~ in ",,-'planl...lcm ~r':\:I"':' 3.nJ nutriti.m3.1 'lu.1lit~ lunh~'r ....\lmrli ...at~J r\,"S<:an:h

;mJ inlrJ....xp.:rim nl ...."mparisl,lnsJillkult ,'r imp'.ssit>k. Lan 3.1 S:tuJI\,.,. \'~r ... g.rc:3.tl~

13<.:llilal\,-d .mJ inl nsili,-d \lilh the inlroJu.;li,'n ,,( r'llil....rs IBr"L"iWJtJI4.' Spp.l a.s 3. firsl

,,,',-Jin;; "I);;uti~m in Ih,' 1%11',., This i~J t" Ih... lirst .... 'nsi:'l...nl succ,."s \\ith int...nsi\ ...

r"lit.... r!>I l.ul>, ...ns. c'/ </1. !4S'h.

R"til....rs.ll'~ iJ~aJ;I.."; a lirslt.......Jing: 'lrganism l"lr lanaltish Ju<: III lh... a\3.ilal>ilil~

••( a \ ari"'l~ .,t" "Ir.!ins \\ith Jilr...r...nt SiL""" md l...mp.,:rJlur... t"I ... ranc,'S. rh ...~ ~ :lls..l

...u~halin,'. JIlJ ....an t...... .... ullur...J u:.ing Jill.... r...nll......,j soured,' g. :lIga.: and ~\,-a:;t. Rulil....rs

ar thus s\'lmmin;; f",,-oJ ....:lp!>uks 1h.:1t ....;m ~ cnridIL:J such th:Jt tho..~ pro\;d~ Ih...

n\, s~ nuuili,'1l:11 r"''lui,...m~nts t" th... lish lanao: ILut>L...ns, ," til. IqgQI. .·\hlKlu~h

lh lr u:;..: I,. n,'\' ut-i'luit,.us anJ 13Ciliut~'S inl"" and inlr.!....xpo:riment comparisons.. a

JI":l\lba.... 1... I,. that cuhu,... "t' rotit.... rs , ...quir... exceptionall~ gt.>Od managemo:nt 10 kco:p

..:uhur...s ..:I ...;m;mJ 3.t po:ak pWducti,m,



Sin..:~ th~ intNJu..:ti ..m ..llrulil~rs land ~\~n b.;:forel. a brge amount <>1r.:So:aro;h

has h...-cn d<>no: 10 id":n1il~ pre~ l\."\l.uir.:ment5l<>r Iat\allish. rho: inh:nt ollh...-s.: sludks

\atlO:s from idO:n1il~ing th..: impa..:l.S o'lat\a.: on zooplankton r...-soun:...-s in the \\ild

IDd..hni". ,./ cll. linn: Cushing 1~83: K\ ....nseth and Odo:stad 1~841. to estimating. th....

Fossum Il)SK: Dull~. ,·, ..,1. 1<N6 •. lodO:lo:nnining Ih..: l"""j inial...: ofbr'\"allish IBochkn

and \'o"la\ i..:h IQK4: rh..lmpslm and Ilarrup I 'Nl: Karolmush"" and Reshetnil.o\ IQll41.

and m,'~t r...-centl~ iJenli(~ ing ,'plimal pre~ densilies I"n Ihe mass rearing ..,(Ian·allish

111,'uJe I~7K: W...·mer anJ Bla.... !...·r I')KI): Ring'l. <" </1. 1'191: ~1clanJ. ,'f t/I. 1"96:

Pu\an....nJran and Ar,"'n I tNtl •. As a r....sull. il is ret:ognil..:J Ihal the '-luantil~ ,)1' pr.:~

r""4uireJ r"Jr gnl\\lh :lnJ sun i\:l1 is highl~ \ariat-I.: and is Jepo:nJeni .'n lish spt.'cies.

l.:mpo:ratun:. lanaI ~i/...... r'tlrolging m..:thods. pr.:~ t~po:. anJ lanai gn)\\Ih r.uo:s. .l5 \\.:11 as

'llh..:r t"a..:wrs llul ma~ ~el t'l.' iJenlili ...'t.i.

:\ li.mJamo:nlallh...'U~ t~, must t'l.' ao:kmml.:dg...'t.i in a Ji,ocussion 'liprc~ d.:nsil~

is 'ho: ""rk or" I lolling II %51. "hi..:h.:an b.: appli ...'t.i I,) J ....scrit'l.'lh.: r.:lalionship hel\\.:.:n

pr.:~ ..:onsumpti<>n rolt.: and pn:~ J ....nsit~. \\hi..:h h...' I.:nn...'t.i a r"um:tional responso:.

R..."S<:an.:h b~ How.: and S..:h...."t.:r II'JSIl! 3dJl\."SSo.'t.i btlth tho: funt:tionall\."Sponso: and a

J..:\d'Jpm.:ntall\."Spons,: llh.: ..:hang.: in pr.:~ ..:onsumpti,lO rdatil..: 10 lat\al gro\\lhIIOr

th..: lana.... "flhr...'t: marin.: fish sp...'\:ics. An as~mplol"" \\as pr....di..:1l.'d in prc~ t:onsumption

r.lt..:s. su..:h thai no funh..:r in..:r....as.... in ..:onsumpti<>n is ~""pccI.:d \Iilh incn:as~d pn:~

J ....nsil~. h,J\\el,:r. HouJe anJ Sh.:l.terc 1'180) JiJ n"llinJ Ihis poim in Ih.:iT\\orl. with

tin.:d sole. s.:a bream and ba~ an(...h<>\~. For ..:ommen:ial scalI;.' pruJuction identit~'ing Ih....



k\d;1.I \\ni..:h iurt~r im::r<3.S<."S in pre~ Je::nsit~ oJo nOI incr<~ pre~ consumption anJ

th<.'rdi.Jre J,;ro\\lh or sul'\h:ll \\iIl r.:sult in .:Iliei.:nt production 01 lal'\a<.

rh<.- exp.:rim.::nts d.:""rib....J in lhis In..-sis \\.::r.: Je::sign..-..1 IolI..::SI m'::lhoJs Inal mighl

n.::JuC<.' In.:: "luanlil~ ofrolit....rs us.::J in Ih.:: 1aJ"i..:uhur.:: "ffal snook l( ""nrro(lomus

rW'jlldll.o and Allantic cud (<i,/du.,- m"rJuwl. rh.: obj<.''':li\<.' \\as 10 minimiz~ pr.:~

rt:'ll:ir.:m.:OIs \\hik ma:.. imizing J;TO\Hh and survival. tn.:r.:li.Jr.:: in.:r.:asing tnt: ll\.:r..lll

<:Ilici.::n..:~ ,'flh... pr"c.:s" and rcdu.:ing \Iast.: and .:OSI. rh.: '1u..-sllon address..o.J in th.::s.:

.::sp.:rim.:nlS is Ju lana.: reall~ n..::..o.J a high pre~ J.::nsil~ prior tIl m.::tamorphosis·.' Th....

pl\.-..1i.:ti,'n i,.,. lnat h..::.:aUS'-' lal'\a.:: ha\.:: ....\01\ ..-..1 in an .::n\irunm.::nt thai has bolh \<....mp.>rJ.1

anJ sp.:alial h.::lt:rog..::n..::il~ in t,lOd r.."Sllurc...,.. th..~ \\ill bt:3J3pt.:d to J,,::-J.[ \\ilh lOud

sh.lrtaJ;"::s t mosl tiJ..d~ in th ... .:art~ slag...,. h<.'tim:: lh.:: ~olk sac is ..:xhausl.:J and helilTO: th.::~

ha\.: het:om.:: .:11 .....:li\.: pr.:Jalllrs I. anJ thai Ih.::~ \\ ill he ;ll;lk ttl tak .... ado anlag.... "t" Pl\."~

pah.:ht:s \\h..::n lh..::~ ar.... ..::n":\lunl..::rd. rh.:: .::xp.:rinl'::nl \Iith llu snu..lk look place allh.::

\Iarin.:: Fish I.al;lllrahl~ oflh..:: Fcdcr.ll t ·ni\.::rsil~ "t'Sanla Calarina. Florian"polis. Santa

Calarina. Br..u.il. and \\as Ih..:: lirst of ils kind for this sp.:..:i..-s. rhc \\orJ.. on .·\llanli..: cod

huilds on prc\ i,lus tindings at Ih.:: U<..-,,::an Sci.:n..:...,. (".::nlr..:. \kmoriall·ni\.:rsil~ o!

:"'::\lloundlanJ. St. J"hn' s. :".:\\ lounJland. C:t.naJa.

Chapt.."r I\HI pro\ iJ..:s a background lor th.: 1:1r' icuhur..: of lal snook and pn."S<.::nts

Ih.:: n."suhs of an c"p.:rim..:nt Ihat inl ..-SlitPl,;:d Ih.: .:1li.'C1 ofpn:~ d.::nsil~ on th..: gro\\lh.

sun i\at and heha\ iour of lanai 1:11 snl>Ok. Chapl..:r lhre.:: pr'::s<:nts Ih.:: background

inl,mnJli,m lor th.:: .·\tlanlic.:OO r.::s.::arch and d..:S<.'rib.::s lh.:: resullS ofa ·match. mismatch'

..:xp.:rim.::nc that in\'::sli~;Jt.:J the:: ..:ll'.:cl oflo\\.:ong tn... pr..:~ do:nsic~ oll"'r.:d during .::ach



.:I" thr« sugn.:lf 1;lT\';l1 J ...~dl)pm ...nl..-\ .::umparison of tho: rl:SUllS of th... o::xp.:rimO:n! in

dupt.:r lhr<:"<c' ~'ith pr.::' ious r...S<.'":an:h;1t th o.:...311 Sd.::n,;:o:s C...ntr.... I..>d [0 tho: JiS<.:o~O:I! of

:in clT':';1 ur 110\~ 1';11'" Of~':ll"'f Ihrough Ih tanl..s un Iho: lI-ro\\th. suni\al and beha~iourof

.·\t!311li.:: .::011 I:l(\;l('. Tho: O:ll~1 ,,(111)\\ ralo:.m Iho: g.fO\\th. sunh-al and bo:h3~'i"urof

-\t1311li.:: .::O'llan;ll: i:i in~<:SIi!!-alni in .::hapl<:r lour. Finall~. dUpI('r Iho: !;i~-('S;l brief

.;umm;l~ .,flh... linJin~ maJo: in 1ho::o<: o::xpo:rimo:nts. dr.l\\s som... ..:"mpansons b.,:t\\('('n

1h... r...sullS l~'und in Ih... .::"d ...,,~rim"'n!s. and IllUI..S al future Jirl:ClIUnS lor 1;lT\'al rl:S<.'"arl:h.



Chaprul

Defining pr~' den~i~' rcquircmenu for 1ar'\".1
fal snook ICentropomus pDralltdusl

F:l\ snr.ok It ·"lI1r"f'"mll." f'</n/lldll_" Po..:~. IS6ill h:1\e: a rang~ that ....'I;l ...nds from

the: ....'uth.:m tip "fFlorida h' lh... S\)ulh...m ...:>;tr...m... ,,(th... Slat... nfSanla Catarina. Brazil

IRi\:I.... I~8b: Fru<.'S<.' :lnd Paul~ '::tllIOI. This spa:i..-s is bdi~\o:J I,> t,'rm largo: sp;1\\ning:

lin~ 111,t> - ().7 mm) eggs thaln":ll in Ih ... upp..:r rq;i~JR uflh... \':It... r ..olumn.

Ihre:.... Ih ... I:lf"\:l[ j:!\~ b....;;in~ Jo:\dopmenl. Iho: mouth ,'p.:ns and Ih... Jig.:sti\e: traci

<:'I;pan,.Is. anJ pigmo:ntati,m ,lfth.: o:~.:s is no:arl~ .:ompkl"', F...e:ding comm<.'nc...s

appro'l;imatd~ thr...... Ja~ s post.hatch. un mi..ro.zovplankton thai aro: must likd~ kss than

11)4)!Jm in \\iJth sin..:e at this lim... the [:ma... ar... un[~ about '::.7 mm in tOlal kngth.



Fig. 2.1. Digital image of fat snook larvae at hatch.



Da~ li\c:' marl..i I~ .:omm~n':c:'ment "f ~\\im hladder inrl:lIi"n. \\hi..:h l"nIuir~ lhat t~

lana.: ~\\im Illth.: sun~.:.::and ~ulp airttJ initiall~ inll:l.l.: (~ir hlaJJ.:rs. Thes.: \isuall~

;;uiJ..'\l LO\)pla.n!.:li\,lrous .:amh"r~s spenJ approximald~ ..lS Jays;lS bl"\a.: in Iheocc:lIl

and lh.:n mo\c:' inlll ri\.:rs. ,:sluarin.: and mangrlnc hahilals as ju\".:niks cC.:rquc:'irn Iqq::l.

:.1.':: lIi,;",~ \'1 r;ll ~n,"l!. .l'-lua..:ulture

ral ~n,,,)!. hale h..'en .:ultur..'\l lin l'\er ::OtJ y.::l.I'~ in eXI.:n~he gro\H,IUI p'...ods in

the ",'nh...a...;1 ,'I' Hruil IC"'l'\Iu.:ir.J. 1<loQ51. C'lmm,'nly calk.,J robalo in Bruil. I~I sn'lUk

has h<.....n r':':llgni/.<..,J a.~.l .:anJi.ialc:' ~f"c:'Ci<.'S ','r ~lU<:'uhu~.b..'Caus.:: ,}fits: tast gro\\1h.

high SUl"\i\3I,.mJ .:u~ffitline hahils. rho:- "hit.: lksh is also la\llun:d in lh.: culinat:

inJu:>l~ IR,.~n~ I'HN: C...ryu... ir.l I<N::: C... rqu... ir.l 1LNS: B...ujard. ,'/ ,If. 1'N71. In Ih...

\.iIJ anJ;l1 ,mull Si/"'S, (' /><lr,'lIdll_' i~ ""mm"nl~ mista!....n t"llr Ih..: mu..:h lar;;.:r

",'nsp.:"iri...... ,'mrnl'n sn,',,!. 1(' !lnd,·,·il/I<t!i..') hy spon tishcrs. \\hi"h rna!.: ..." rob:l.I,} an

<c'.\..:dknt ..:anJiJalc r,'r til.: ;;rll\\ing numr..:r uf"ray I,) ri~h p..<ndj- in Br.l7.il.

It ha.~ ,.nly t>......n in Ihe ra:;:t c,'upl.: uf J«:l.J...s lhat re:'~.lfCh has Il><:us..'\l,'n Ih.:

int...nsili..:aliun "f ..:ultun: 1..'Chniyws ll>r lal snOllk, and ,mJy at a hanJful "floxaliunj. The:'

main "l:>s[:1..:I ... h:J.,. t-n-n th~ inahility Il' ..:unsisle:'nlly proJu..:~ Ihe:' l:lfg~ numt>.:r ot"ju\c:'niks

r<:'l.:lu;r<.'\l Il' rna!. .." ,m-;;rl1\\ing 1::Kilili..'S rl>r Ihis sp.:cic:'s \iahk IC~rqudr.l IQQ51.



::.1._~ l.:tni..:ultur.:\\"rii.,){l fit SIII.><:'1o. w.bt.:

.·\S \\ithman~ r·sd~t.:.j m:uin.: tish S~i~l\\ithman~ small ~~};Sl. thc:small

:moJ "r-,l~ik 1:lr\:l.1 sta~~ has pr~S<."nt~J:I. t"oukn<.oclo. hI th~ production o"ju\~nil.:srSt.:pkn

10,)70: H0UJ..: anJ S..:h.:lo.h:r lQ80: Dh.:n.•'1 ul. IQQlh rh~ Jillkult~ has ~ocn in

\lbl:.lining ..:,"nsistcnI :.InJ pr.:Ji..:t:.lbl ... sun i\:.I1 throu;;h Ih... first 1~t:Jing slag..: up t,l

m.:tam'If'ph"sis Sd.:.:tin~ :Jppr\lpri:Jtc pr.:~ t~pt:s. siz<:s :JnJ ..:"n..:.:ntrati"ns is \ ital \\ith

r.:sp.:..:II'''lh... suni\al.lI':J !,!fO\\lh tl( small marin..: lal"\a..: (\an D.:r :'<ok'Cl\.·n anJ 'a.:ss

1<N.~1. With tho: introJu..:ti"n "frutil..:rs iBrtl,·IIj"ml.' r/ictllilll.\1 as :l.lirstl~-.Jiny.

NI,:::l.nism in th.: I:1t<.' "hti,:,; ll.utol..:ns. ,'f ul. 10,)1'1<) 1much hi~n.:r :mJ m,lt'\: c'lnsist.:m

"ur. hal \\as a.:hi,:\<.·J in th.: lal"\lcultuf': "lnurn.:r,lus nlano.: spo..-..:i..-s im:lu<.ling 1':11 sn,)o.)lo..

C ..·rqu.:ir-J 110,)<1::1 r':l"'lM.:<.Ilho: lirst su..:c<.'ss"ul inJu.:lillO 0 .... l~m:l.k lat sn,)o.)lo.

uSln:: Iluman Clwri'lni..: (;"n:.tJ"ln'pin h,'mwn<.' 111(.'(; L Sin..·... th ..·n rCS<.":ll'l:h ;11 tho:

:'<olann.: ~ ish L:lr..lr:lI"T:. h·J..:r-.!1 i ·ni\..:r~i~ ,,(S:l.nt:l. Cat:lrin:.t IL·\P:'to1.·\R. l'FSC) has

":~:l.mino:J \ari,'us issu.:" in..:luJin=;: rcarin~ salinil~ ":0n..:cntr:Jti'lns.lighting. anJ

nUlriti'lOal <lu.:llit~ ,l( 1~...JJ suppl~ 'llr 131\311at snwlo.. atlr:!":13nts us.:J in pdlct...d llx-.d.

JIlJ Ji.:t ,,:,'ml",siti,'n ti.lr ju\..:nik-s.;mJ \:u10US J.:tails ..:"n.: ...ming inJu..:.:.j sp:l\\ning su..:h

.IS ,"'I<;~IC SIL... ;b an inJi..:alor ,'t"I~m;lk rip.:nos anJ uS<." 'lflul~inizing honnoo.: rdo:asing

h,'nn.'n.: anal"g tLJIRHal as a li~uiJ inj,·..:tion .lr a sl,,\\ rdo:aso: pdl~t. IhJ\\~\<:r. to .btl'

SUni\3It" m<:tam,"rph'ISis has t«<n I.m. and insulli..:i.:nl s.:.N slock has t:><.~n produc.:d to

suppon \i:lbk ..:"mm.:r..:i3) :;,!.W\\ <JU( op.:ralions. :\:> pan <Jflho: 'lOgoing ro:S\:arch at

l.·\P\I:\R anJ linan..:~d b~ funJing from th<: Canadian Int.:malion3J Dl'\dlJpm~nt



.-\g...n.:~ relDAI PR)\ id...d Ihrou~h 11'1.: Br.lZilian ~I:lrkultun: Linbg.: Progr:un (B~lLPI_

Ihis ~:>o:an:h projo:l:l .. as:>o:t up as:l. l<.'\:hn..llo~~ tran"l<:r !:l.:t\\<xn Brazil and Canada.

.-\lkr :lSSo:ssin~ tto: 13f'\ i.:ultur... prolo.:ols al LAP~IAR_1\\0:m..-as \\o:ro: chos<:n as

jlOl.:nli:l.1 31''::1..<; t"r imprll\ em.:m. Pr.:\ ious Ian icultur.: ;1t th.: boor-uol) had l\.:o:n

p.:-rtorm.:d in n<.':l.r SI:.IIi.; s~sl.:ms I" 20 °0 .:x..::hang.: p.:rd:.l~ I \\111'1 nc\\ \\':l.lo::r ~ing :.Idd<."1J

\Ihcn :.I1!;:.Il' :.InJ rmikrs I\Cn: :.Iddcd w 11'10: tanks IS"illi:n. "I al. 2U01; L:.Ijon"h"rc 201111.

[t \\':L.S Idl Ihal gi\ o:n 11'10: hi!;h 100mp.:-r.1tur.:s :l.nd 11'1.: hi~h ..knsilio:s "f pn:~ oll".:n:d 10 Ih.:

1:lT\:I. Ih:l.l \\:llo:r '4ualil~ \\ould Jo:grnJo: rapidl~. Thcr.:lor.:. o:xp.:rim<.'Tlts \\Quld t.... ":::l.m<d

,'Ut in;( II,m Ihnlugh s~sl.:m.1:tI.:r1.1 ~ "::NTIpar<."1J in:l.n o:xp.:rimo:nt in\<."Stigaling Ihc

...n"''\:I,I''llo\\, rho: high rre~ Jensiti<."S US<.-d at I..-\P\I.-\R \\"re alSo,l hi~h.:r lhan lh<.lS<:

rwJucli.'n,:.Is m'::.IsurcJ h~ sun il:.ll ;mJ gro\\lh

rhi~ chapt<.'r J':lails 111<.' linJings .,f"n.: ..::xp.:rim<.'ntthal I\as plann<.'d as :.I

rro::limin.:l~ in\<.'sligali.lO intl'lh" minimal mtikr r<."I{uir.:mcntso(laT'lallat snl)Ok. rho::

"hkdi\o:: I'as to JO::lo::rminO::lho:l,m.:r limit oJfrulil<:r r<.~uir.:m.:nts lor I:l.nal l:tt snook_ It

\\as .:,p...'\:I<.-d that 11'1<.' Jo::nsil~ .,f r"til....rs in tho:: 13f'\:ll t3nks coulJ be: ro:duco:d loJ .,knsiti<."S

similar 10 th,'s<: US<d in Ih ... l3f'\icultur.: of l'lh<.'r marino: linlish t< 10 pr.:~ mil.



unde:r n.:llur.lllig.ht :mJ \\e:rc: :lppro..im:lld~ 1m J«p \\ilh:l gra\d NllOm. The:

Inl.!l':Jio:ms
l"ish\k:tJ

Fi::.h
=-''1uiJ

'hrirnp
\'iwmin Pf\.'mi:-.

\"ilamint

t)llI..' l,:rn:lk 1-:::11 g. ':11~ mml. \'h"sc:n t-as.,...J.on rip.:no:ss olth..• O\ari.."S lmo:an

in the: O::lrl~ morning. Ix'l\\<:e:n miJni~hl :md sunris.:



Th... buoyanl ...g~ ~\"'T\: r...tainai in an 0\ ('rtlo\\ colleclor atuch.:d to.:ll~ ouulo\\

ollh... ~p;lwnin]; lank. Afkr I':: twurs. mon: than~. ollh... eggs had bo.~n collecl.:d and

th.:~ \\ere mo\cd to a \(1) liln: c~ lindm-conicallibcrgla:>s im:ubation Ian". Temp.:r,lIun:

\\:is '::".:'0c. \\ith light a... ration and 10\\ \\ater exchan;;c, cggs hatched aricr

:lppmximatcl~ I:' h,Jurs. Wilhin I':: hllurs ofcommcnc.:m.:nt llfhalchinlO' 80"t>.>fth.:

cggs had hatch.:d, and Ihe lar-a.: \lcr.: tr.msti:m:d 10 I'::, black. 140 litre c~lindrical

lihcr;;1ass Ir.:atm..:m lan"S:l1 an initial s(o<;king d..:n.;il~ uf'::7 lar-ae p.:r lilr,'.

r1\;".nm..:m lanks ~\..:rc rnainlail\<,.'1J al '::b.d =1.:'°(" using Inil \\att3quarium hau..:rs

conn,,:cl,'\! III a ..:...nlr.ll th ...mloslatic cl'nlnll. from on... tll the Ja~s post-hatch tJphl tanks

n:main..:d slali..: \\ illl ll\) \\at..:r .::\chang.: except Ii.lr lh.: ll\ erllo\\ causa! b~ Ihe ;addilion llf

;alga.: :.md Tlltili:rs. '-.:nll\;at.:r ......:hang... liH th.: lirsllil': J;a~s is n..'C.."S~ du... III tl\.:

r.:l;ati\ I~ unJe\dllJl<:J st;at..: ,.flhe lan.:.Ie, ~lhich :.Ir unable tll s~\im :.Igainst e\en the

slight st cum:nt. Starting ,'n da~ li\ .......a...h tank r ci\.:J :.I ..."nstant inll,m or' 1l).j::'::0

011 r.:r minut.: c':: ...·.:chang.:s p.:r Ja~ luf lilh:r...J I~mJ-liltcrl :iCa'~at<:r. :\pproximal<:l~

Iluurt,.'SC.:nt hulf:>s. Tank \\;u...r \\a:> gnxn<:'J t\\ic... t.lail~ :>Ianing on J.a~ .:: l,ilh

.\"<ll/ll, ...·"',,'''p.~i, '...·/lI."u ;alga.:. grown in ..000 litre s.:mi"'llnlinuous outdoor cuItUR.-s.

rr.::llmcm tanks ~' ... r<: <:l4uipp.:J ~\ilh a surtace sl,.imm.:r to remo\.: oil~ dCpllsils

from Ih.: surlacc. C:lf.: \\;1."; t;akcn to cnsur... thai the surrac.: sl,.imm.:rs "en: tunctioning

propcrl~ and cleaned r.:gul:.lrl~ during s\\im bladJcr inllation I:' _l) Jphl. Each tank had

thr.:.: small :I"luarium st~1e porous air-ston...s through ~\hi.:h a 10\\ airllow "as mainuin.:d

tll k..~p Ih... pre~ "ell miwd throughout the lank. On... ot"tho:s.: air-stont:s \\as plac..-d



\~~re S\\~rl a\~a~ fmm this area h~ tl\c up\~ard .:utT~nl.

R<>lil~rs t Br..,d,im,".,' mtlmJi1ormj.~, \\ ilh a rn~an len};th and \\ idth of 17~ !Jrn and

II ~ !-1m rt.-sp.:cti\~l~. \~~r~ intruJUI..·..-..l I<> th~ Ire-.ltm~ntlank,; I\\ic<.' dail~ t "'~am and Qpml.

Prhn I" I~ addition 'If~\\ rolil~rs:lt ..':I<.:h I""<:'ding po:ri<>oJ. tn~ d~nsil~ ofpre~ rem:linin};

in Ih~ lank l\";)S ~slimat..'\l from Ii, ... S:lITlplo l:ak ...n at ti\ ... dille:r...nt k....ali"os in th~ tank.

fhe si,.~ "I" Ih... sampks \~as r~gulatcd su that ..."unts ~~crc bt:t\~ccn 5 and ..1-0 rlltile:l"S.

using 1 ~lr 5 ml gla.~s pifIClICS. From th... pre~ counts th .... numt-.:r "t'rotil~rs r...quir...d III

rctum thc lanlo,. to thc r':4uir...d pr.:~ J.:nsil~ \~as added. :\ s~cond S":I 'If samples \~as

I:lken I" ...nsur... Ihat thc nominal pr...~ d...nsit~ had b.: ...n achi~\" ...d. Rotile:ni and alg:.t ... I~crc

ah(,.· tl> pass thmugh Ih..: mcsh .:,,\..:ring th... u,..:rl1<>l\ Ih... rcri.m: an ...stimat..• ofthc Jur:ui,m

.,r' lim... th:.ll thc pr...~ r.:m:.lin...d in In... tank \\3..~ r"",-!uir...d. I)n 1\\0 'lI:c~ions pr.:~ ..:learanc..:

Ih,m lre:llm...nl tan!..s"~ monil"rt..,j h~ r.:po..'3ling Ih\' li\ ... rip<.'u<.' sampl...sc\.:~ hour

,'\ ...r:l I\\.:h.: ..h<>ur p.:ri\lo.I.

11 should ~ .,..t ...,j hcr<:.. thaI du... to failurt.'S in th ... production "r'algae and rulifo:rs

al L.-\P~1.-\R it \\3S nol pussibk 10 e<>mplel~ In... plann...,j ""J'<.·rim.:nls in\ ..'Stigaling th...

Experiment:l] D...sign

rhr...c r...plicah: lank!: .,t" ...ach .,t" 30.20. ]0 and 5 rolile:rs per ml \\ ...n: rnndoml~

:.Issign...d to t\~ ... l\e tr"::.Itm...nl tanks. Th... r....ur prc~ J~nsitics \\":1'''' chos..-n bas..-d on

pre\ ious lar-. iculture prolocols at Ih... L-\P\IAR. Succ.:ssfulrearing of tat snook lar'\"a...



h:lS ~..:n a..:complish.:d at this labor.1I0E;> for man~ ~~ars using pre~ d<:nsiti~ of

appro,imatd~ ;0 - -10 rOlil~rs p.:r ml from I • ~5 da~s posl h:u..:h_ anJ Ih~n s\\il..:hing 10

10 - 15 rotil"':rs p<:r ml:lS Arh'nfW nauplii~ slo\,I~ intmdocc:tl suning un J.:J.~ ~5

..\llh"u~h wtil",:rs at< ,H)",:r.."l.l for ::'5 da~s ptlSI hatch. m~ c:xp<:rim~nt W:lS t~rminat ...,j \'h.:n

th~ 1:11"\:1<: ..:omm~l\I;c:d m~umorphosis e16 Jphl. Th~ ran~~ o(pro:~ J<:nsiti<:s c:hoso:n for

Ihis c:x~rim..:nt ".:n:: mc::mt to c:ncompass Ih.: J.:nsiti ..'S pr.:\ i{lusl~ us<:d at l.-\P:'-I.-\R .IS

\\dl:b ;,(Jding hmc:r lc:\ds :lppro:l..:hing ehos<: us.:d in eh..: mass r..:aring ",""ther sp...-ci..:s

,uc:h as .-\tlamie: c:,lli 1(itldll" mor/IlIt/I'" pr..:~ ml. IPu\:lfl.:ndr,m:llld Bmwn IQt.lQ). ba~

:.mc:h.,\ ~ 1..l1l,·h"lI mild/illil 5 prc~ ml. 111"ud.: anJ S..:hc:ktcr 147M I. gudg.:on ((joh;"

.'.!"h/"l 55 prc~ ml. 1Kcs(emont:mJ :\\\Jiss 14841. ~dt.l\\'taill1ounJer (Lim,lIula

1,'rrt('.!III,'tllll pre~ mlcR:lt>.: anJ Br."'n ~OOOI.:mJ \\hit.: t'lass C,I/ormlt' ,·hr.,",,,,,'1 HI

pre~ ml.llNns<:nanJ:'milh I'NhI.

rhe Ja~ t'oo.:ll>n: 1:11'\;1.<: '\ere Iransl<:m:J 10 tho: Irc::ltment tan!'s (rom lho: il\l;ubalor.

tho: mitial knglhs ,'(t.:n 1:lI'\:J<: \\<:n:: m<::lSur..:J. Sampks'lft.:n lan.J<: from .:a..:h

tr<:alm...m ".:r..: -lIs.., ..:"lk-cI..-J lor m..::lSurc:m..:nts of stanJard lc:nl;lh anJ m~olom.: h.:ight

tJ..:pth o"~~ ..:xc:luding lin:lt the: ins<:nion point "fth.: anusl"n Ja~s 3_ 5. 8:md I~. On

Ih.: linal Ja~ "(Ih..: ..:xp..:rim.:nt (Ja~ 161.30 1al':J": from '::Jc:h t.:I.nk \\ ....rc: sampkd lor

kngth anJ m~0[Om..: h.:ight m.:asun:m..:nts. Da~ 16 \\as c:hos.:n as Ihe: linJI da~ since:

400
0 of the l:ll'\:le: in alllre:atmcnts \\..:re: Sh0\\ing signs of me:t:lffiorphosis 1notochord

llexion and Jis..:ontinu<)us linlolJI. :\kasur...me:nts "e:ro: made: from digital image:s



"::Jplun:J from :J s..ln~ CCD '::lfTl~1':1 moum<:d on:J JisS«ling SCl1JX'. using th~ D:u.zl~

\'iJcoC~:Jlorh:ud\\:t.to: son\\:1l'l.·ID:lZ7I~ \lultim.:di:J' I~l. ~ im:Jgo:slbitmapSI

\\('r(' th('n 0lXn<:'J in Ih.: $..:i,'n Imago: fr.."\:\\:t.t.: program IRd.::!S<: Ekt:J 3~. S..:ion Corp.

1<N81Ih:n \l:lS "::llitor:lto:J using :l.:alitor,l.Iion slide \\ith 1.0.1 and 0.0\ mm m:t.tkings.

1he '::llitol"3liun ro:sullc:d in :I num~r "'f pixds p.:r mill;mo:tr.: in tho: \C:l'lical and horizonlal

Jir.:..:t;on,; anJ ~a\.: an a":l'UI':1':~ 0":;:11.()1~8 mm ha..;o:d lln an error nf 1 pisd lor imago:

form:l!i"n :lnJ I ph.d I,'r kngth mo:;.L-.;urc:rnc:nlS.

Bo:ha\ioul':ll "hs.:..... alion,; '"o:n: m:Jdo: on da~s b. III 3nd l~ u,;ing The O~rwr

l'\c:nt I\.-..:\\rdin~ pn'gr:un t\'o:rs;,m ~.Il. ','ldus Inform:ltion Tl-..:hnulog~. \1Nl11.ln a

laphlp ..:ompUlO:r. On O::lch "bso:..... :It;on da~. lme tanl from ('aeh IrO::Itm.:nl ',as ..:hos<:n for

,'~I"l ali.'n \\ ilh"UI ro:p.:till<.n. ro:n 1:11"\:10: \\('1"(' r3nd'lml~ ,;o:IO:":lo:d and o:xh indil idual

,isuall~ ,,)11,,\,"'..1 in Iho: lanl. I,'r ,'n..' minut.: u,,;ng Ii'll' I'\.;al animallo:chni"luo: I.·\liman

1'1741. .\ s1n~ll' ll'~stflll.l' I\as prl'.a",sign...J (.J o:ach .lfsj." moJal a":li,m p:ltlo:ms I \!.-\PS)

(rahk ::.::: Bari"l\ 1'1-;'''1. rhis Jala '\as lata summari/.l'J inl,' Jur.niun ami (rl'<luo:n..:~

using In.: Ot-s.:I"lI'r progr.lm·,; anal~sb ..:apa~;litio:s.

SUI"\ i\al \\as ..:all:ulah.-d haso..-d on th... Jill....fl:n..:l' bo:l\\.xn tho: o:sl;malo:d slarting

num!:'<:r anJ tho: ar-sulu!<: final numho:r oflal"la~ ro:rnaining;n e:l..:h unJ... Otho:r

n..~an:h.:rs using ":01..1 ,\at.:r manfl(' spo..-..:i...s (Bm\\n and ra~ [or tQlJ~: Pu'an.:ndr.m and

Br\l\'" I<l'Q<.J I h:no: .:.;lk..:t.:J anJ ..:uunh.-J dead 1:11"\30: .:ach Ja~ in or~kr to ('slima!..: a

sun i'al ":Ul"l'" t-~ llad; ..:all:u!:l.\ing from th~ tina! sur-. i\al. This t~.:hniqu... was not

IX>ssil:>k gi\o:n th~ r,HO: at \\h;ch snook lal"lal .:orpscs J<:graJ('d at high \\ato:r



f;l,t"lk .:: ..::. ~loJal Aeli"n l':Il1c:ms l~t\PSI ,or l:lr\al fal snook adaph.'l1 (wm Pu\"anc:nJran
,1<J<NI.

~I.-\P [kscnption
S\\im IOf'\.arJ mo\emenl u(I:lr\;I,1t tI~ :KIf ~C:r1<.'r.1I..'l1 pwpulsiun \\ilh

,:auJ;I,1 ~,l.>f 1:ouJ~ J.nJ fins
PallS<: 13t'\a< m<lli.>nkss
Orkm 1=1I'\J.<:' ali~f"..s il:Klfhmlirsl t\)\.aN:i a pre~ it..'m
lun~1t lrun!.. .>flaf'\ac:assu~an S·stup.: (rom "hich the: 1:If'3C r-,lpiJI~

mo.'\e:s (,l",ard t<>"ardsaprc:~ itc:m
C;qllur.: rn:~ ilem is tal..c:n inl" mOUlh
rhT:lSh l:lr\al h<.>J~ unJul:llC:S from siJe tu siJe r:J.piJl~ r.:sullin~ in

Ne!..'l;I,rJsm<lti<ln

mt:"",l...unn~ Jr;. \\c:ighl. \\hkh 'las pmt"llc:malie in a humiJ o:n\ iwnmem and using small

1:If':1<:_ Duo: I" Ihe high Jegr<.~.>(a..:(Ur:J.":~ in m.:-.lSur...m...nts I~),1)1'::8 mm I of th... Jigital

imag..'S. 11 \\as pos:oihk hi "tllain c:stimal<:s ofl:lf'al robuSIn<.'SS ttut \\o:n: much mm...

,l..·..:urat... ttun \\oulJ ha\c: b•."c:n po.'lssihk \\ilh Ih... :l\ailatll... rolan.....-s. rhe: conJition ind...s

us..'d \\:IS the: r:ltio ofhoJ~ J.:pth (0 l'ooJ~ kngth. \\hieh is a fun.:tion '>ll:1f'-al \olume and

\\as us..-d b~ J..:.>sJO\\. ,'1 "I. 11~85 Ion ... ild ....oJ l:1f' a... , .. 7.U mml and lound 10 b..- th...

nlOst s.:nsiti\ ... inJ...s e" .... hangc:s in eh.: I~c:ding o:m ironm.:nl.

C'lOJiti'ln inJ....'\ .. m~lJlOmo: ho:ight standard knglh III



SGR'" il[nlL,I-lmL.11 t1" It)U

Wh~l\.' I... is Ih.: 1at\::11 kngth al timo: I. L is It\<: [en~lh ::11 the r..",- nning ll! time pc:ri.',d L

.mJ t I;: Ihe I~'nglh tll'lim.: rcrit"j I in J:1~;: IBl,ld..k~ ,'/ 011. 1liS; •.

Sun i\::11. lenglh sl"<:.:ilio; lOhm1h r:lIe:mJ rinal knglh JaI::1 ~\':l\.' <:('lm~J usin!!

,InC \\:!~ ::1nal~ sis ,'f \:!rt:!n.:e IP OS 1I.o5 I. Prior hl Jnal~Sls Ihc oJ;}la "cr..: I..:;:lcd rOT

n"rrn:.llil~ usin]i. thc ,,-,'lm,'g,'r," ·~mim," Icsl and ,.l'ls.:n ing V·l.) pltlts "t" TcsidU:.lls:md

c'l""--...:t~-J \all,lc;: ISPSS 1<N<l1. fh<: Jau '\..:r~· f"unJ It> o;,.mr[~ ,~ilh thc :lSsumrlio.>n ,.1'

nt'rrnaJII~ {"T Ih~' .\:'t()\":>.. an.al~,..,..

1~'unJ th.::l.l ,,"[~ JurJli,'":mJ irc'-lu<:n<:~ Jata {,'r s"im.mJ paus<: \1.-\P;: \\eT<: n.'rrn:.lll~

Jislrihuk>J. rhcse J:It::1 \\<:Tc Ih':Tcr"T~' l<:stcJ usin!! :!I\'".,,:!~ .·\;'\0\'.,\ 11,1" 11.051

Dill'crcn<:c:> ~t\'e<:" tTcalm.:n!:i "<:1"<: runher in\<:sti!!::1lcd \\Ith ~,"c·"a~ .-\;,\O\·.,\s '.m

e:a<:h Ja~. Urient:lllJ <:aptuTe lh:"iu~'n<:~ "~l\.' o;om~d i>o.:t\'~'\.'n Pl\.'~ densitic:; usin!; the

"'-rusJ...:lll-\\"allis 1~>jII;"T n...,".par.un~lrio;..bra ISt>l.aJ and R,'hJt" I%'h '\cithc-r [un!!c n~lr

Ihr:1Sh~ :l/l.:ll~ud h.:1\: t>c-<:a~ lung~ ":IS llnl~ pl\..-s<nl in Iho: tiNI o.>hs<:n:uio.>n Ja~.:mJ

thr:1sh Jala \\J.S .:nlkt:l~d lor am'lh~r c"p<:rim~nl. Th~~ au mo:ntion<:d hcr<: onl~ 10.>

.:,.mpkl~ lho: r.:p<:rt"ir<: "ft...:ha..-i"urs ,)hs<:n~d t'-'T Ian;}! {al snook.



::._~ R.:sults

::..:.\ Pr.:~ .:kar.1rK':

Th< r.l1<ofr<Tno\al'llrotil~r.i from th.: tre:lIm.:nl tanks \\asobs.:,,~ in 1\\0 tanl.s

t"'r<J.ch pr.:~ J.:nsil~. From the ck"ar.lnc( (une il \\as tounJ lhat 50000lthe initial pre~

J.:nsit~ r.:main.:J aft<r 10 hours. J.nJ >Ippm.'dmately ~l!°o remained b~ th.: n.:xtlc.."1Jing

p.:rioJ lri~. ::.::1.

::._~.:: SUl"i\al

rh.:r.: \\:IS n., ~ignili.:;uu Jill~ren.:.:: in SUI" i\al I,'r larva< in Iho: lour pr..-~ J<"-"iili.."S

It-'" 0.165. Jf'" ;. P ~ tl.~\7: Fig. ::._~I. Th< highesl SUI" i\:11 \\as 61J.8·. in on<." r<plieale

JI 5 pn:~ mL anJ th.: m..-.m "iu"i\al Inr this lreatm<nt lIhn:r tanks. \\as Ihe high<'St al

;8.X"~. \\hile the I,,\\ ..'si mean sUf\hall::qA"~1\\as in Ihe .~() mlilcrs per ml tr..'alm"n\.

\\hl..:h al",,' had the tank \\ith th..: [,l\\est sun hal at Q.,?,"o.

rh<f\: \\a$ no signili..ant Jill"..r..oce IF -" 1.15::_ JI-" 3. P -= 11.3861 in the m~

linal "'1:1nJard kngth J.1Thmg lish rJis.."1J at an~ "fth... lour pre~ densities lFig. ::Al.

Length-sp...-.:ili..: gn.l\\th rJt..." \\ef\: not signiti.:antl~ Ji,lcf\:nt t F " 1.1 ::~. Jr,. .:. p "

lJ..N~ I:un,'ng trealments. anJ J.\er.lg..-J 7.5_~ o. per J:1~ ,,\er the ..-ntir< <xpcrim<ntal

p...·rioJ. rh .., highest kngth·spcciti..: gro\\th rail: ":IS Juring the lirst Ii\e d:1~s. (1~.37::

0.60 0
0 p.:r Ja~ 1,l\er all treatments ITabh: ::3 f.



T:ll-I... :.3. L...ngth sp..'\:ill..: l:nl\\th roues lor lanallat sno.>k frum hatch 10 m.:umorphosis
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The: b<ha\ i"ur otlan.al 13t snook eonsisl<...... of a S<:'ric:s of shan swims and paus.:s

punelUated oceasilJnall~ b~ tor.lging .:\-.:ms (ori,,,"t. lunge. ;mJ eaplu~l. l.anae spent

most "fth.:ir tim... mOlionkss and appro:",imatd~ 10"6 IJf thc: tim.: swimming. Onl~ a

small p.:n:entage "fthe time ',as spent in on...nt. lung.... eaptur.:. and thr:l.Sh Ixh:l\ iours.

Prior to da~ III post-hatch Ih... lan-ac: \\en: obS<:n ....... 10 e:'l.hibit a lung... bo:ha\iour

Ihat \'as pr.: .:"k...... b~ Ih... lan:le assuming a s....un ... shap.:. The lung... and s....un ...

t-.:ha\iour \\ re SilO: rdato:d 3no.! \\erc: ,ml~ "bs..-n ..-d in Iaf\-ac: kss th:m 3.U mm in length

and I\as Ia.~t "i:lso:ned <In Ja~ 10. I,h...n th... mo:an siJ:O: uflaJ"\ae "a.~ ~A~ mm.

rhe me:.ln JurJliun uftimo: sp.:nt s"imming p.:r minuto: 1m all Ja~s comt<ineJ \\as

hAl s<--c min:.mJ \\as nut signilkanll~ JiIl....r.:nll F .. ~ ...q4. df t .'. p = I).llbl} amung an~

.,lth..: pro:~ JL'nsilks.. \s Ih... p-\aJuc \\as duS\' to r1" tl.l)5 huth a ruk ~·s IISD and a

SlUJ...nl-;-': ... \,man· "':: ...uls pust h'l<: anal~sis \\ ...rL' f'L'rlilnll...d and n.1 dill ro:ne \\as lounJ

h.:t\\ ..-cn ;In~ "llhL' trL'atm...nts. .\ t\\'I-\\a~ anaJ~ sis 0'- \ 3r;an..::... \\ ith pre~ J nsit~ anJ

J:J~S p,lst.h<llch IJph 1as tix..:u taCt,'n; anu an int..:r.l..:tion t..:nn t-.:l\\ ....:n pr...y ucnsil~ :.Inu

upn....xplain..:J .:::.;.7.... 111"1h..: \ariation in IhL' <.\;lIa. :\11 r~et"rs and the int<:r::I..:tiun l..:rm

\\..:ro: signili..::anl at u '" IIJ)5 tTabl..: .::: ... ,. When Ihe mo:an s\\im JurJtion of Ian ao: t'rom

each tr.:alm..-nt '\:b o:samin....... ,m ..-.lI:h o'-obs...T\:Jliun. it \\as tounJ that 1aJ"\ac: in Ih... 5

pr..:~ ml treatmo:n1 swam signiticanll~ long...r than lana.: in all oJt"lh... I.llh... r t~almc:nls un

Ja~ h IF" 5.58.\. Jf= 3. p '" 0.00':::1. \\hil.: on Ja~ 10 Iher<: \\ ... re noJ signiticant IF =- 1.5.\0.

Jt' a 3. p ,. Il.~ 131 Jin.... ren..::.:s bo.'t\\o:...n an~ ulth..: tr..::.Itments. On da~ 1.\ swim Juration



J,xre35<:d \\ilh in..:r~:lSing pr~~ J~nsit~ :llld I:llY~ at 5 pr.:~ ml S\\:lm signilkarlll~ 4F •

rabl~ ::A. Summ~ 'H't\\o-\\a~ ASO\'A results tor s\\im:llld paus.: JUr:Ui,1O 011:11
sno.loJk bnaL' ,'\~r tim~ .md l<:d::at ditkrent prL'~ J~nsili..:s.

Ikh::a\jtlur Soun:..: f·\::aluo: Jf

S" im Dur.niun Prt:'~ J.:nsit~ 3.65:: tl.ll14

R:"+ II.::." D::a~ 1~.0501 '.II.Utl!

Pr..:~ JL'nsit~ D::a~ 3,113 1l.II()f)

I'aus,' Dur:Jli,'n PrL'~ dL'nsit~ 2.iHN 1),037

R' = O.I'lX D;l~ 13A~5 "0.001

Pr..:~ d..:nsit~ Da~ IAR5 1I.18n

fh..:r~ \\a:, a sigmli.:ant..:ll'l:'Ct"rboth Ja~ and PrL'~ d..:nsit~ on lh.: duration ,II

rause. hUllhc lad. "I intO:l"a..:tion ho:t"-'«n th..: t\\O Ia.:WTS impli..-s thatlhL' ..:11....'1:1 ofprL'~

:.3411. Jf= 3. r ~ IUN!IIJill''..:n:nc..: in lXIUSC' Juration ;unon!; tho: pre~ J<nsilics.

Li\....:\\is.:. th<r..: \\<r.: nI' JiI1'..:r.:n.:cs ,10 Ja~ 10 IF" 11.631). Jf· 3. p " t151N1 post hatch.

On Ja~ 14. hu\'~\..:r. th":f": '\:b a tr<nd ofincn:asing paus..: Jur.lIion \\ilh incn:a.s..:d pr..:~

'" ILOI'lj than Jid th.: lar-a..: in both tho:: 5 and 10 pr~~ ml tn::llm.:nts I Fig. :.61.



The meJ.fl 1rc."4uel'k:~ ol<lrientlor 3.11 tre3.lmenlSO\.:r 3.11 ,b~s \\as O.5I~ orients

rer minut..: h1ri..:n:s minl3.l1J 3.ltk.....ugh th..:rc \\Cf(' signiti"::ll'1I Jill'c:ren..:t.'S t/ ""':.5Q8. Jr ..

there \\as no lineJ.r m:nJ in Ihe:- J3.la ill suppon 3. .:hJ.n~c Juc 10 pre~ Jensi~. Th<:r<: \\e~

no signili":3.nt Jitl<::r<:n..:o:s in ,)n..:nt lh."<.lue:-no.:~ t:o.:l\\t.-.:n trC3.tmo:nts lor o:ilha "lth.: <lth..:r

1\\<' •• t'>':":n3.li"n J3.~" IJa~ Ill. / .. 1.l':~. Jf ~ .'t. I" ... o. 770:.b~ 14. Z: ~ :'.<N4/. J!" '" .:.. I"

"'ll.ll::IIFig. ::.-l.

C.lptur..: fr":"lu..:"..:i..:~ \<d..: 1.1\\ Jt all rf":~ J..:nsili..:s JnJ J\..:r.l~..:J lUll I::

..:ar1ur..:s min l~.r Jlllfeatnl..:nts."..:r all Ja~s. rh..:r..: \\as ",1 signili..:anl Jitl<::~n..:t.· I Z:

\\ht.-n 1..,:<It.-J ...:rar:l.Id~ iJJ.~ n. Z:· 0.111/1. Jf i .'t. P .. UNlit: Ja~ 1Il. z= "~.Knt). J"" ::. P

i !I.ue: J::a~ 14. Z: "':'.15K. Jr",.'t. I'" 11.::t)SIIFi~.81.
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::.4 O;s.;ussi.:.n

fh.: !XloJr SUI" i\-al and hi!;h ':OSLS asso.:iah.-.J \\ ith tho: 13f'\-;t] S1a!;~ .:.f 131 srwt.lk h3\ 0:

limil.:J 11'0.: a\aibbi!it~ "fju\o:nik sc~'d siock r~-quin:d I.:J suppon comm.:n::ial.:.n-!;rowing

ta..:ililks in Br.l7.ilILajonch..:r.: ::0011. This rescan:h addr..:ss<d both th.: p.)Or sUl"i\'al and

hi~h cOStS h~ att.:mpting to optimize: tho: pro:y do:nsily us<d in tho: 13f'\'iculturo: of 13t snook.

Th", r.:sults inJkale thaI a mu.:h lo\\er pre~ J..:nsit~ (5 rotili:n; mll..:an b.: used to anain an

~"\jui\alcnt sUl"i\al tuthe pre\;I.usl~ high pre~ densil~ IJtli:l"\.-.J t"O - 41) ml;''''n; mil.

fhc USC ofbcha\ i.:.ur.lI 'lhscl"ati.:.ns has pre\ i\lusl~ ~"Cn useful in cxplain;ng how

-optimal" pre~ densities 1-'4111.11) Pl\:~ litrci. \\hkh I\:SUlh:J in highcr SUI" ;\al and gll.l\\lh.

sh\'\\~-J :I highcr fr~"\ju...n<:~ "f <lri ...nts pt.'r minut<:. ,:"mlXln:d 1\1 lal"ae n:arcd in suh

,'ptimal prc~ dcnsitics. From Ihc hch:l\i.:.urallJbs..:r'I :.Ilil'ns "n lal"'\all~t sn(k'1;, :lIthe: lour

prc~ J..:nsitks studi..:d h..:rc. Ih..: orknt I~qu~·n..:~ data d()~'s suppon the sun i\:J.1 and

;;r"\\thJata.

rn... la..:1. \11' Jini:r~·n..:..: in SUl"'\ i\ al and gto\\th a..:ross thc \\ iJc ran!;..: uf prc~

J~'nsili<c'S us..'\l herc SUgg~"Sts that we Jid 001 reach thc luwcr limil "rprc~ densit~ lhal can

hc uSo..'d I.,r laT'\al n:aring \\ith,Jut .:ompromising !aI\'al growth or sUl"i\al. .-\ wcl ~nJ

W\\anJs in..:rc:lSing SUf\ i\al \\ilh 11)\\.:r prc~ densili~'S inJica(~ that funh...r r.:rJuclions

ma~ impru\.: results. SuhSo.."\juent cxpcrime:nts W":fl: :lIlemptcrJ as part of this rescaIch and

although thc~ \\ere all t..:nninato:J due tl) la..:k .... f rOliti:rs anJ "r alga.:. some c1ue:s ma~

..:omc l"rom 11'0.: rough data that \\as coll~t~ prior tu their lerminalion. Onc ofthcsc



.:xperim.:nls us.:J lour Ir'::llm.:nl pr.:~ J ...nsilies ~l:lt 10. 5.~.5 and 0.5 rolil'O:rs per ml.

anJ 1~,unJ:llI as~mplol'" in Nth suni\al:lllJ gTU\\lh \\ilh:l. po:aL::lI~.5 pr~ p.:r 011.

111..' o\.:rJ.II high suni\al ollat\:lc lrom hal.. h 10 J:I.~ 16 \\3.." ,;om... ollh.. higho:st

suni\:ll achi<.'\ ...-..i al L.\P\IAR. D:I.~ 16 \\:IS ..hosc:n:lS Ih......nJ ollh... cxperi~nt sin..... :1.1

Ihis point il \\as d":lJ" thai m<umorphosis \\as \\0:11 unJ..:n\:l~ as th..: Jorsal tin \\as

..:ommdldng Ji\ ision anJ nOhxhord haJ o:ompkh.-..i 11..:xi\1O IFig. :::.~I. Un..: olth..:

p'-'ssit-k ..:xplanatil.n,; lor th..: high sun i':ll 'las Iho: us< of a rlll\\.through s~st..:m.

Pr.:\ ious Ian i<.'ullure ,11'1":.11 sm"lk :ll L:\P\L\R haJ b..:.:n J,ln.: in n ':lJ" stati.. s~st.:ms. \\ith

Olllst n..:\\ \\al.:r 'Inl~ t>.:ing adJ.:J "ilh :1Iga.: and li\e food. and " 3.... i.'n:lll~ to top up

~u...: ..."s and .:an rc:Ju..... melar..llil\·s. nllrng.:n as nilrat..:. nitrit..: anJ amm'lnia. anJ ino:r..:as<

th... Ji\.:rsit~ ot"ha... l.:ri..l Ih'm. \\hkh ha... he..-n sh\\\\n 1\1 in...n:as.: sun i\allor th..: lan:l ,II'

th..' ",'mm,ln "nl1<IK IK..:nn...J~. ,·IIJI. I<N~ I. <:1..:arl~ Ih.:r.: arc: .:onJillons in \\hi .. h a 110\\

Ihl\.lu;;tt s~sl"m \\<)uIJ n,llb..: aJ\:Jnlag.....lus par1i..u[at"I~ \lh..-n: Iho: in.:oming \\al..-r 'lualil~

i" o,{u..stiluuhk. <)r \\h.:n insullki..:nt \"lum..- ol'\\al..-r ..-xisls 10 p..-rmil a ...onlinuous 110\\

thn.\ugll 1\ldarJ. ," ,,/. ItNttl.

PlJSsihl~ th..- ml.lst ..rilic:ll "3<:lor lhal n.....-..is 10 b..: .:onsid..-Tl.."d in rdation to 110\\ is

Ih.. ",1"''1.:1 il has ,10 lho: durJ.t ....'n ofpr..:~ a\:lilahilit~ in tho: lan:ll rc::lfing tank. In this

.:xp.:rimo:nt wtl rs \\.:ro: ..-nri...h...d \\ilh alga.:... hi ...h \\as also :J,\31Iabk 10 rho: Nlili:rs

.\hik Ih..-~ \\o:r in th... r..aling tank. so Iho: rol.: or" 110\\ .Ihrough. h.:r..- \\as 10 impro\ ...



Fig. 2.9. Digital image of a 16 day old fat snooJ... larvae. \'0 hich has commenced metamorphosis.
evident b} the discoolinuous fin-fold. and notochord fle"ion. indicated by arTO\'o.

J2



\\al~·r~tmlil~. rh.:n: \\as a fairt~ slo\\ pr~~ dL':lt':1J\C~ rat~ 150". r~'main~ ati~r 10 hoursl

Ihat pf\)babl~ \\f,}uld nOI ha\~ ,Jitl':n:,J ~~atl~ frum a Slalic s~sl~m \\ith f\.'Sp...'C1 to ils

~n~..:t un th.: ["ra!!in!! h..-ha\ioun. oflho: laI'\3~. rhis asp...-..:t \\'Iuld ha\~ bo:..:n lL'StL"Ii if

funh..:r csp:rim~nl;.I\ion \\ilh 131'\31 fal snook had t-.:~n possihk. ho\\~\~r. il will b.:

:.tJdTcsso:d \\ilh b.nal o:od in:.t l:.tl~r so:clion of this th~sis.

.-\s Ihis is tho: lirs! known hl.'havioural study on Ih~ I3n3c of('.:mrflp"m/l.~

f'w(llIdll.•. it is iml"'<Jrt3nt IU atlcmpt 10 classil~ th~ t-.:h:1\ iour "flhis s~cks ["r future

To:l~To:nc~. rh..: lan:1I ht:ha\ iours can ht: JL'"SCrib.:d as short houlS "f suimming. lollo\.~

k~ 1,,"g.o:T p:ri,lJ.s <Jfpau.-..:. <)rio:nl;ltiun Ilm:uds pr~~ anJ caplUn:-; \\o:n: .:onsisl("ntl~

II'N~a anJ hI li,r th~' ho.:ha\ jour ,H·\,hit..: .:r-.,lppio: 11'1I.wmi.• '/Ill/llltlri.• ' and i,;uIJ..:n shin~r

1.\",,'/1/1'.:"/1/1.' \·r.noh'II\·<I.• I. and '\hich has ;ll""l reccnll~ t-.:cn us.:J f'H Ihc Ian 010: of

\llamic ':<JJ IPu\an.:ndr-Jn and Br,mn IIJ<NI. I"h.: ternl us.:d to dcs.:riht: Ihis pal1~rn i,,;l

s.:..lIlal'lr: s.::lTch pattcrn and il is inl~rmcdial~ 11IIhe sit and \\ail ur :1m hush l"'lr-J~ing

paU~rn. anJ Ihc :lcth ~ ,'T .:ruis.: [or;lgin~ p.!lI.:m IBn1\\ man and URri.:n I<W~a I.

.\lIh..ugh th~ sahalllr: S<.".lfCh pall~m :lppliL'S to the ~nl;n: lanai p.:rilld lor fat sntlOk.

Prior 1\1 atl:lining appru\:;matd~ 3.U mm in kngth. 1an.-all";Jt snook \\L'To: obsee-no:d

I'l lung~ hJ\\ards Ihcir pTl:~ prior 10 .:apluro:. Illc larv:l~ assumL.,j a sig.moid or s--cun'c

it~m. pr~ccJing Ih~ lungo:. Th~ s-cunc has bo:~n ubs<:n~d IlH othcr fish lan;}C

l~dlo\\lail. ,,;n1<:r [lounJ~r and .·\tlami.: halibut: p.:rsunal obsenatiunl and is do:scribo:d



'~'t tho: 1.11'\3.0: ,-'("hildi~h I(·"r.'g"nll.' I<urtm",mi, b~ BrJum 11%61. ~~I3. d~

h~ pt,tho:si:; \\as pr~s<:ml:d '~'t th~ 10S~~ 0t" tix3.t~. lunJ;O: and :;n3.p ~l:\Ps in 3. <:o:ntrar<:hiJ

,;p<:<:i~s"~ Bn",n and C"IJ;3.n 11qR~I. Tho:~ t~'und thall,Jss 0t"l>o:ha,·iouts t"1\'rn Ih.:

r.:po:n"ir.: .J("'ur ..:.::nlr.lrehiJ tish.:s \\3$ rdal.::J \<) sil< :md not a;;.:. In Ih.:: pr'::~nI

.::xr.:rim.:nt. ali.:r lh.:: !an 3': rea..:h.::J k'nglhs ,1\<:r ~.l' ffiffi. tht.' lungo: and ,;·<:un-~

~ha\ iuurs \'t.'rt.' 00.' l'In;!.::t "~T"~ . .mJ .::aplu~ .::\.::nls ~cam.:: mot Jilli.::ult III

Jistin;,!uish (l\'m Ih.: suJdt.'n I'lUr5I,'( s\\imming th.:!.1 in\:Lrial>l~ ,~\l1,l\\ J pa~ ...,.::ms

\.:ui"u.~ tl.'S<:'.m:lk:rs ha'~ u:,<:J .:apturo: t"n."l.lu..:ltI:~.InJ ":'JOsumplilln r:1t.: Jata 1<.)

"url'.n 1I.,lIin{::. 11%:'. h~p<'lh.:~is .,fa t"un..:ti,'nal ~sl"nS<.'" 1>,:t\''':l:n pr~Jat"r ;.tnJ pr.::~

J.:nsll~ li't \at\-al lish 111.'ude .mJ :"..:hd;k't IuKI): \\ I:m.:t and Bla.xll:r 1ulW: Pu\ano:ndr.ln

.Ind Bl\l\\ n I'-1'N I. H.,,\.::\~r. in this ... ,po:rim.:nt ..:arIUt~· fr":4u,,:",,:~ "as highJ~ \ariabl.:.

rh"re an: ,;.:\.::r.lll"-.s~il>l.: ':Xrlanali"ns ','t this: tirstl~ ":3.ptures \\..:ro: .'nl~ r~eotlkd iflh.:

rr<:~ il<:m \\a.~ ••I>sc:nt.'d I,. bo: '"Je"OSI,'J. ikha' l,'urs Ihal app.:an:J Il' !'lo: <:aptuto:s haseJ •.m

Ih........>J~ m"'.:m...nIS "fth.: I.lr';k \\h.:n In.: rr<~ it...m '-'as n"I ••bS<:t\~'d \, ...tt: nUl

induJ,..J. s.......''"Jl~.lh dur.l1ion "flho: ,'~nali0n p.:ri,lt.! \\:is 1,'1<.) soon hJ<:nsurc lh.:

.,,;cl1..,....n'·....,t"3 '::3plUt """:01. \ lun;;.:r ubsc:nation p.:ri,>d c,~uld h3'''' a..:..:ummOOat<."d

thl: 1,,\\ ..-arIUt.:: ttr:lju..:n.:i ...s. h0\\':'t.'r. it \.ould ha\'" mt.':lIlt ,;.acrilicing Iho: numlxtof

Iar.a....,bs.:n ...J ,Jr tho: numbo:t "fro:pJil;:lIO:S and It.:::um...nIS 0bS<.'"t\.:d sine.: tl.'Cording or

bt:h3\ ior.ll ,J(\St.'natiuns \\:1:> a lo:ngth~ arJd !aoori,lUS task. Tho:r':lor..:. in this and th..:



1l>11,,\,in~ ~x~rim('nl.i. I h:l\(' .:ho~n (0 lOCus on the tl"C'qU('nc~ ot"ri.:nl :as 3I'l inJi.:ator

II is nOI possihk trom th< ('x~rim.:nt .:onJU<.:t.:d h<n:. to :t<:o:uratd~ ,klin.: th.:

l,"'.:r limit otpn:~ J.:niit~ lhat "ill minimiz.: Ii,.: food ~uin:m.:nts "hik optimizing

g.ro"lh and sur-i\:!I. Ho\\.:'~r. I O:3I'l o:oncluJ.: trom this .:x~rimo:nt lhat lo\\('r pn:~

Jensitk-s 15 pn:~ mll.:an t-.: u~d III ro::u 1:J.I'\:l.It":1I snook than \\('ro: prc\ iousl~ h.:ing. us..'d

1:.'0 - -lll pro:~ mil. B~ ro:Judng pre~ r<:'\luir~m.:nls it \\ill t-.: I"tSsihk III J.:.:ro:as.: the custS

.lSso.:i;lteJ \\ith tho: I;ln ieullur.: ufthis sp...'cio:s. Th.: six-lillJ J.:cr.:as.: in rotil~r .J<:'manJ

\\ ill in.:ro:a~ the r':S<lurc~'S a\ailat-Ie t,l ensuro: Ihal back up .:ultur.:s ot"oolh alg:l': anJ

f\)til~rs an: :I\ail;lblo: Illr future l;lI"\alllwJu":li,ln:l1 L.·\P\I:\R. Funho:nnon.:. it all~ars

th:lt gi\..:n the hig.h \\al.:r qU:llit~ :lnJ high I.:mp.:ratur':l> at this lal'l. th.: us<: ofa 11u\\

thruug.h s~ Sl.:m \\ill ;;r'::.Itl~ impf\l\': ,1\ crall sun i\al ,,1" lan:.ll 1':11 sn<)Ok.



Ch:tpru3

B~ha"iourof Atlanrtc cod lan'u under ur~;ing feeding rondilions:
[xplorin~'" a~s to rtducc l"Orifu requiremenu (01'" lan·iculturr.

:>.1.1 ;'\3!urall-liswr: ,\1" .-\tlanti.: C0d Lana.:

In the \'ild..·\tbnli..:..:OO e:glcls 311:: rel.:as.:d int,) tho: oc~.:m in St::H:ral i:latche:s t'rom 3

tll,;.u in ..:,'ngn.'gati,>ns in the: upp.:r 51l m ulm.: \\at.:r Llllumn IElkrtXn. ,'I <II, 1<1841.;mJ

laSb i"l.:mp<:rJtul"~' Jq'.:nJenlll-ul,.uharJ 1<Ni1; .\1irJnJa, ,'/ <II. I'NOlanJ al lWC the

l"dsius. c.g, :.5 Ja~ SJt I"=C 1anJ in Ihe: "iIJ the: IJl"\a.: 1.......J ,'n mkru-"\>o.>planl,.lun

I::lk-nxn I~~.J: fho.'mpson:lJ1J 1I:lJTI.'p 1<N1: Grunl,.j~r anJ WidanJ jQQ71. During

:i.-aJing. thc lan:ac Jo n,'t a.s::.um.: a sigmuid ,-I" S-':UI"\ e: poslUr.: prillr 10 3tl.aCking 3 pre:~

it.:m at.Ln~ timc Juring Jc:\el<Jpm..:nIIElknsc:n. </ <11.14801. unlike: thc 1:lf'\3e: ",fsom.:

"th.:r spc:de:s su..h as h.:rring tualkgu IlN.J .. \,inter tlllunJ.:r. halibut and lat snook

l..:hapte:r '::1. LOsing Cushin{s ll<l8:::1 moo.:! <JrJ~ " ... ighl ul"fnud r.:quir.:J b~ gro\\ing

..oJ lanae:. and Ih.: siz.: ,,(lanal guts ..ont.:nts. Thompson c jQQllcstimated that in the:



Irish S~a.:OO must ~':1.I 150· 1% rOod it~ms IX'r J.3~ 10 mainuin th~ high l,!ro\\th r::ll~

nul incre~ their c'lllsumption r..Ltc III satisf~ thc incr\:asing r~l\uiremcnls lor

nourishm~nt. but r::llh.:r incr.:a.~.: thl." si7.1." ulprl."Y sclcct~d. Others ha\'1." sugg~stl."d thai in

'Jrd~r t" ael\uir\: thl." high number ~Jf llll-,J itl."ms. thl." prl."~ must be dl."nsd~ congrl."~ll."d in

doud·likl." I'lrmatil'ns "r ·micro-p3tch....,,·. ~d ,In thl." a\er::lge number '" Pr\:~ it...m:o

a\aibtJlc :l.SJ~termln..'I..Ilfllm \mous sampling t..'Chnil\u...,;'Elk~n. ~'f (II. 1~8~:

rhompson :md 'I3fTllp I<NI; Galle!,!'l 1¥l41. One of thl." .:ompli.:atiuns in this an-a ,If

research is Ihal the leehni4ues u:,.:J for sampling Imainl~ de,"iees \,hieh coll~ct ,;amples

fr"n1 a \eni.:al ,'r horil.'lOtal \later e"lumnl r...sult in ealculatiuns "fa\eT"..Lge Jensities

..L..:russ th..: \\at..:r c\)lumn clllk'Cted. "hi..h diminales the pat..h~ Jistrihution.

Funh..:rm\.r..:. th..: si/": •• rpr..:~ eat..:n h~ lana.: atlirst fi..~'\Jing ,30 - 1511 !-Imt is r::lrd~

retain...,J in the -.amplin!,! Je\ie...,; 1II,IUJ... Iq75; Fr::lJ1k. 1~861.

\lueh \lr','ur I..n\)\l 1..'<.Igl." urthe life hislO~ uf .·\tl:mtic cod has "nl~ h.:en aC4uir~d

in th... laSt ..:oupk ,)f Jc..:aJcs due III a sudJen inll."rest in respo.lnS\' to failing: wild ..:aplurc

han..:sts in Eurllpo:. lcdanu :IOU :'\,mh .·\merica. R.:s..-arch has be.:n aimo:J at predicting

~~ar dass ~tr\:ngth anJ SI".:I.. ass<ssmcnts in onkr to :1tt~mpt to pn:Ji..:t susuinabk

han CSt k\ds. R<:c<:ntl~. int ...r~ts hale bn'n shilting to thl." gnu\in:; al\u:k:"ultul'l: inJusu:

:mJ its p.lt...ntial rolc in r\:\ italizing the coo inJust~.



~.I.:: rho: ~1:lI..:h ~Iismal..:h H~poth...,.is R...\isil<:l! lCod Ex~rim...ntl)

A J ... raikd l<:;tll..;:tt thl.' ._ml<.l;;~n~ llflan.al :\llantk..:<.lI..I b~ \on H~rbing "'<11.

t 1'Nb1. iJ~nlili...s th... lanal sl:J.g~:IS Ih~ period Jurin~ \\hieh ..:,1<..1 und~rg"thc gr~.lt ...st

mlll1lhlllogical..:hang~s_ Based on Ihc d~\·~lopm...nl oflh..: Jig~sth~ traci and Ih~ origin of

nUlri ...nls. Ihe 1::11'\;1.1 pcri,'J ":;l.n b<: Ji\ iJ..:J into Ihn:... smg...s. Th..: tirsl is Ih... yolk sac or

endog\-nous r"..:eding stage. Juring \\ hieh Ih... 1:1.(\ a... :m: compkld~ J ...p.:ndent on th...

r..:S('l".",s Ih.:~ \\.:r..: pr,'\iJ..:J "ilh:iS eggs. Slag... 1\\0 is a Ir..lnSilion p..ori'll! ~I\\..:en

ha\ ... tlo.'\:n ":lImpkld~ uliliL.."li :lnJ the lal'\:le mu.-.t ing...,.t all ofth.:ir nUiritiolUl

r"'\luir.:mo:nls.

( ntil re..·..·ntl~.lhL' .:mire b .... :ll stag... \\a.'ilrc:ll\"li unil,,"nl~ "ith::t ....onstanl

r.......Jing ral.: up until m...tamorph,'sis IPu\an..:nJr,.tn ;l.nJ Bro\\n IQlNI. F...o:Jing "f

.-\II;l.nlk ":lId 1;1. .... a..: usuall~ ..','ntm..:n..:..:s at ah.'ut "n 1\) Ihre..: Ja~ s post-h::lld'i using

;l.ppro\im:lld~ ~ooo • ;,tHlll r\,til"..:rs p.:r liln: anJ Ih ~ ar... maintain...d at this pr..:~ d...nsil~

unlil th... la .... a..' rca..:h si.'\ 10 S('\ n millim...tres in kngth. \\h..-n Ih..:~ ar..: graduatl~ s"it..:h...d

10 .-In.'mitt nauplii. Ba....."li on Ih sugg",slions .,f olh.:r r...s..-an:h... rs ,J..":SCrib.."li bdo\\ I it

\\:lS ....on:.iJ... rcJ thatlo\\ ...ring th.: pn:~ J ...nsi~ 10\\anJS Ih... <:nd ofth... 131'\3J p.:rioJ ma~

h:J.\e link n.:gali\<: impa..:t ,>n th... gro\\Ih and suni\al ,,(Jan.-al coJ.

"': ...Sl mont and .-\\\::tiss 11\)S91 found Itwtl~...Jing roll... ..:hang"'s qukkl~ Juring Ih...

lirsl t.... \\ \\ ks ofli'.... '.'r laI'\a..: guJgcon. vol>io,l!ohi", in \\hi<:h lanac J ..:r...aS('J Ihdr

t.......Jing r..Il': from ~OUO o(th ir initial !lod~ \\eight on d3~ on... 10 1::u o in Ih lhird \\<:ek.

Houd... 114781 statL'S Ihal pr ~ J ...nsili ...s an: probabl~ onl~ limiting Juring th~ lirst 3 or ~



J::l~s \\hen 13l"\:11 se:m:-hing :l.hilil;~"S an: poor<:Sl. atIoJ lhal pr.:~ d.:nsi~·during Ih.: lirst 5

J:I.~S has th.: gr'::l.t~"S1 impact Iln sun i\":l.I. High pre~ J.:nsitic:s at th.: c::lt"1~ -crilic:l.!"· SL:Ig.:

in laJ"\al re:uing ha\.: hoxn l"unJ til t'C \ it:l.l til th.: sun. i\ al of Ian. al lisn..-s IFrank. and

I.c~l!cn 19Mb: \an Dcr ~k.:rcn :l.nd ,"a.:ss IOW:'I. High pr.:~ de:nsiti~""S at.: requir.:d 10

initial': rirst Ii:.:ding bt:for.: lan:l! .:nJ,'gc:nous rcs<:n.cs are: Jcpkl.:J. Pu\3TtcnJr,m

I I'N<)I \\'lrt..ing \,ith lan.al ..\t!:lntio: o:,loJ, sUl;go:sls 10\\cring pre~ dcnsit~ 1l:l\\:lrJs the .:nd

,'!"Ian.a! rcaring in l:lrder 10 rcducc the r'::'-Iuire:me:nls liM li,c t,)OJ in laniculture, S<:'.:r.JI

Juth,lrs SlalC lhat man~ spo.:.:ie:s ...11' Iat\at: ckarl~ sho\\ ;ncr':;1.,;..-J lor.lging al'!ilitie:s as Ihc~

Jc\d,'p lllla.... lcr :mJ Stainl.""S 19711: Ro~mhal and Ikmpd Iq7ll: Ilunl.:r Iq7~: H'luJC

atIoJ S..:hct..tcr I'1MIl: Bro\\man am.I O'Bricn 1'N~: Bn1\\man and O'Brie:n lOW:::: ~lilkr. .'1

,II. I<)l)::: ,. \\hich might sug:;c~lthat pre:~ I.:\..:b ma~ h.: kss imponant latcr in

J..:\.:!,'rmcnllx-.:aus.: lh.: !:In.ac aro: m'lre: ':Ili..:io:nl r',rJg..:rs lil,'uJ.: 1'178l.

rho: ;It>ilil~ I,'r 1;lf\;l": to sun. i\t: p.:ri,'dic d.:.:reas.:s in prc~ Je:nsil~ causcd h~

Icmp.Jr.Jlor spatial h.:t.:r"go:ne:it~ in 1:000planklon ahunJan,'c in rdali,m 1" Slag.: llf

J,,'\d.'pm..:nt ha... tx-..:n in\csligah:J in lidJ s(uJio:sIElkns.:n• •",,1.. I<l1l8 l. and in th..: lal'!

r"r lat"al.·\tlantic..:l)J l<.i.lto:dtasd <II. 19%1. ~"m..:\cr. il has not ~"'I b<.:n c.\amino:J in

the: .:om.:.... I,.f l'l.:Ju.:ing li\..: rOod l'l."\.juirem.:nts in aqua..:u[lure.

fh<.: oI:lJ<:\:li\o.' ...,flhis lirst .:.\p.:rim..:m \\as til in\.:stigat..: Ih.: .:11",\:1 oflo\\.:ring the:

pr.:~ d.:n~il~ .Illi:r.:d tu 1an.:I.': Juring '::l.Ch nfthc Ihre.... J:l.l"\al slag..:s las Jdinl.-d .:arli':rl un

Ih.: sun. i\:l.1. I:!ro\\th and h<:h:l.\ iour o.)f .-\tlaIllic o:oJ lan:l':.

;"



3.2 :\Ial..:rials and :\klhl>Js

3.2.1 Ucn..:ral m":lhoJolog~ liJrCoJ Exp.:rimem 1

[hc Ian. a..:~ in thiscxp.:rimcnl came trum ..:ggs ..:oll..-,;t<."l.i from :1duh ;\tlanti..:

coo broodSI,,:,,:k from th..: :".:\\ liJunJland 3PS stocl... Tn.: m:lIun: aduhs \\ere <l\er-

\\int~ in oc..:an p.:nsaod transl'crrnl to lhe tk..:an Sci..:n.:..:sC.:ntn:. in ..:arl~ April 19QQ.

:\ppruximald~ ~O iodi\ iJwls ranging in size: lrum ..W - 60 ..:m \\.:~ k..:pt in a .Ut 000 lilr,;:

iih.:rglass lank_ ~ m.:t..:rs high anJ. ~ m..:l.:rs in Jiam..:l<:r. In th..: ll<:..:an p.:n" anJ \\hik al

lhe (kean S.:ien..:..:s C..:ntr.: (h.: bn)oJslll<:k \\e:rc mainlain..'ll un a Ji":l <lfma.:k.:rd.

h.:rring. sljuiJ.anJ ..:ap.:lin.

rh..: malUrc cod spa\\n..:J nalur..!ll~ (\\ilh<lut induclion llr manipulation I in lh..:

m'lumeJ,1O Ih..: uUlsiJe ,'(lho: spa\\ning tailk..\ rclathd~ small halch of..:ggs (1850 mil

\\a.... cn..,,,,,,,n 10 in.:rcas.: lhe proN.ihilil~ ultho: .:ggs ..:oming lrom llnl~ on.: ur 1\\0 I<rna!.:s.

rh.: intenli"n h<:r\' "as t\' r.:Ju..e In.: \ariahilil~ in .:gg sil...'S and th..:rdOrc lhe \ariahilil~

in lanai si7<.'S_ III la..ilil;).(,· anal~sis olgru\\lh m......lSurcm..:nls. Halching ...vmm,·nc~ at

..:onsid":Tl.:d Ja~ I.

La"ae "..:rc Ir.J/lsl~".:d III lh..: trealm.:O( t:ml..s on da~ 1\\0 b~ \\hi..b point

balChinji. "as grealer than ~ll"~. L:m·a..: ".:r..: g.:ntl~ Sl:uop.:J out Oflb..: incubator and

..ar..:full~ J.:canl.:d inl<'..! bud•..::t. Th.: numr..:rofla"a..: in lh.: hu..:k.:t was l'slimatcd from

5 sampl.:s :1.I't.:r mixing. rhis pru..:cdun: \\:IS r.:p.:at..:d num.:rous timeS during tbe transr~r

pl"l)l:ess to incI"C:lS\: accur..!.:~ uf .:stimal"::s. Bas..'ll un the r..::sults of Ih.:SI: ..:ounts the



numt-o:r llf millililr~s ~uired to ,noXk c;)I;h ~~r<rim.:nt3113nk wilh I~UO Ian.~ l..w

lana.: lilr<1 ~\as th.:n tran"f.:m..'I.I.

tank wa.s ~quip~ ~~ilh ono: O\~rt'O\~ lUbe on~r which a ~-GJ.1m moesh was :lItachel.!: this

siz.: allll\\oed hOlh 3lga<: and rmif.:rs tll pass through in "Jrl.kr I..... J.:a~3sc t3nk t\Juling and

l"-' r..:rnl'\': r"'tit~rs prillr III 11'1.: .:xhaustion of enrichm.:nts. [\\0 air,slon.:s \\.:r.: us..:d. ",n..:

at ..:a\:h ..:nd ",1'(1'1..: lanl... On.... air-st\ln': ~\as l<,)I,;at..'I.I unJ..:r Ih.: o~oertlo\~ tu"-: su\:h thai 11'1..:

airllo\\ ..:r<ak'l.l an Up\\ aed 11H~\ 0" wat.:r ll\-~r Ih.: m..:sh SlKk to Jet.:r lan·a.: lrom

appma...:hing the drain. [nllo\\ .,f\~ah~r "a.~ initiall~ set t\) tl mls p.:r minut.: lor Ihe ticsi

Ii'll\.,\: Ja~l> It) r<Ju.:... JiSiurron...:...:. On Ja~ !',)ur 110\" \'...:r...: S<.'t ILl ~i1 ml min 11.~

l",\:h;mg..., Ja~ I. this \\as lat ...r in..:r<as.:J 10 Xl) ml min I~.K .:x\:hangl"S Ja~ Illn Ja~ l~ pllst

hal...:h. rh ... "'at..:r pm\ iJ...:J 1", Ih...: I:mks \Ias fill...:rl'tJ I~l-1m pap.:r lill....rl ,;.:a\\al.:r and \\as

pump...J I\l a h..::.ld .... r tank \\1'1 ....1\: il \"as gr.1\ il~ r....d hI th.: tan"s (l) ...nsur.: ":llnsist..:nt thl\\

rr<atrn.:nt tanks ro:..:.:i'...:d arpfl)ximatd~ 770 =~50 lu~ pm~iJ ..'tJ b~ 1"0 ~O "att

Jdu:\.: Ja~ light Iluuf\."Sl.:.:nl tutJ,.·s. ~~ h\lurs p.:r da~. T.:rnp.:r.ltur<."S "':r< maintain..>d at

II.s .:c I T h~ "'uhmersing th..: tan!"s in a "at.:r Nalh. "hi...:h ":lS th.:rmoslati\:all~.:ontrulk-J

b~ an .:xt.:rnal h....aling and ....ooling J..:~ i.:.:.

ran" "at.:r \~:lS gl\.'\:nl-J "itn mi....m alga.... tJ",.:hr.l".\i.,· spp.lt"i",.: per Ja~ just aft.:r

l~..:ding. Lana..: \'':r< I~d rolil~rs t Br<ld,i",w., "Iinlfifi,,· S·I~pel. "hi.... h \\.:r.: ..... n 3~.:rag.:

}I~ .um lung. b~ I}O!J.m \lid.: at Ih.: I\iJ"-SI point. t'd .....:!XT J:lY:l1 approxim:lldy 10 3.m.

anJ [() p.m. B.:r\Jr< I~..-ding. ':3"':1'1 tank \'as sampkd 4 timl'S ... ith a IOmI pipettl:: at four



1<lI:;lIi.,ms in th~ unk. rh~ sarnpks \\<:I'C: ukc:n such lhat an <:qU31 amount orall .kpths

\\c:n: sarnpIL'\l. Th... numb.:r 'lfl\llit'o:rs in C::l.:h pip.:n~ \\as .:oumL-d. .:J.Jld Ih~ \olum....u·

n":\l rl1likrs ;lJd...d t,1 :h... t:lJ\k \\as lh~n ..:akulat.:d basc:d .,n th~ J ...nsil~ ofth:lt Ja~ .s

..:ultur..:;mJ "h;.lt r..:main...J in th... tank.

In .lfdc:r l\l,kt...rmin... th.: I.:nglh of lim.: th31 pn:~ n:mainL'\l in th.: Ir.:31m.:nt unks

sampl..:s olrotil<:r JL'nsit~ \l..:n: t31....:n frum lanl..s l"'lr p.:riuds up 1,1 12 hours. Th.: hourl~

s.1.mpling "fpn:~ J ...nsit~ "as :l13ht'UriOUS;ln.! kngth~ lask;md ";IS th<:r... li.Jn: onl~

..:arri..:d ,'ut ",n 0 ,>I;"::lsi,)ns.; tim.:s \,hil ... tl",ws \\..:r"'';':1 at ~() 011 min. twie.: at lill ml min.

EX(l<:rim...ntal l'ksign

rh... Jur-Jti,m '-'fth ... ..:xp.:rim...nt m;.lteh..:d thc IanJ.1 p.:ri.}J lapproximah:l~ 28 days

1.1 th... ..:omm..:n.....m..:m ofm..:tamorphosisl and \\;lS Ji\id..:d inlo thr\~ stag..:s as pro:\iousl~

JL'S<.:rih..'\l. 1hl\:... pr...-:- J.:nsitiL'S \\.:n: ~d: high 14000 rotikrs mil. malium\2000

rutl,...·rs mil and 10\\ I~Oll rulil<rs mil. haso:d ,In Itl.: r\'Sultsofpn:\ious slUdi.:s:l1 our

lahtlrat<l~ \\hieh "'und Ihat ~1)l)U pr.:~ 011 oplimilL'\l gro\lth and sun i\a!. whik 500

pn:~ 011 r.:sull<.'1J in 11)4)". mortalit~ afkr 2-3 "c:.:ks IPu\anc:ndran Iqq'll. Th..: 10lal

numb<:r of .:ombinations ofthrc..: prc~ Jc:nsiliL's and Ii'll\:..: lar..-al stag..:s is j" " 27.

ho\\o:\.:r. as Jis.:ussc:J abo\..: prc:\ i"llS \lork had Sllj,;],;':Slo:d a Jo:crc:asing pn:~ d('nsi~ o\.:r



:iSsign<J t,)!\o: ,.II".:!\.: It.::um.:nts IFi;;. Y.II in \\hkh Iho: pre~ J.:nsi~ '\:lS ..:hango:J 31

.:ach ,;u,;.:. F"r o:xampk tn:3Im.:nl -I re.:e:ho:J high prc:~ Jc:nsil~ Juring st3~C: Icl-5 Jphl.

m.:Jium Juring ';13ge: 1115·1~ Jphl:l1lJ I" •• Jurinl!- ';\.31,;': lIlI12-':8 Jphl. Sp:1":'::l1ld time:

limite:d tho: lot31 numl1.;r"r'13nk,; 3\3il3hk for .::o.p.:rim.:nlali"n 10 100s,; than ':7.

"k:l..~ur.:m.:nls ,,1' "un';3,..J knglh ,knglh In'm lip 'If SlWUI tll Ih..-.:OO ,.1":3u&1

linl anJ m~,ll<>m.: h..-ighl IJ"'p1h ,.(t>.'o.l~ .::.duJing tin:1I Ih.: ins...ni,," f",inl,.r'thc: :l1lUSI

l·~h.:m"'li..:,;. IlNXI

I)n Ih... sam... J:.I~ Ih31 m,'rph"I,'gi..:a[ mC:3.~U~m...nIS "c:n: made: b.:h3' iuur.lI

,If:>!,.e:l''':.Ili''Ol- " ...n: :\[",. n:":'lnk,J. T...n 1:lT\a<." In'm e:3..:h unl.. .. ,'n: r.UlJ,'ml~ ~kct,-...I3Ild

inJhiJu:JlI~ ,.t-:>c:I""-...I in the lank r,'r ,'no: minul... using the: anim3.l1'lCal l....:hni<.lU<:

l_-\ltman l·F-I,. Rc:h.:t.i.lurs ,\I.-\p". Tark :.11 \\c:t'o: r«.'rd<l.J using Ihe: O~l"\o:r

pnlgr.un i\'.:rsi,'n ':.0. ".,Mus Inl"nnath.'m T~hn,,'l"gks, IQQOI t,)n;1 lapwp ":l>mpulo:r. as

J ..'s;:rih.:J in .:hapl.:r~.

\l,,"a[il~ \';.b ..:alculale:d t-~ sur.tr.l..:ting tho: .1r.SOIUle: tina! numb<:r oC 1:lT\3t:' from

tho: c:stim.1to:d stmin;; nwnt-..-r. A SUl"\ 1\-i1 ":Ur\ t:' \\ as e:Slimato:d raS<:d on the: start .:uld
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'Imln,.", 'lali'" "Iali" I. !-~ Jpn. ,13,:" II.!' I; Jpn. '[:1:;" III I; ;SJplll f"dllr'o:llm"m ";lS
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Tabl.: 3.1. :'-I~I _-\.:tion Pall ...mst:'-IAPSlli.>r Ian. 301 Atlantic .:od 3Japt..-d (rom
PUI3..fl<:ndran t IQQQI.

Sllim 1"I"\I3.rd rnol<m<nt ofl;lf\·a.: t-~ sdfg...n.:r::n<d propulsion \\ith
.:audal.U'...a,)(ho.xh and lins

Paus< I;lf\a.:m'ltion!o:ss·
Uri.:nt Ianao: ali!::n:> itsdfh<adlirSlt\lllards pr...~ itc:m
lung.: lrun!.. ,1r'I;lf\a... 3Ssum...s an S.sh3oP'-" from I\hkh Iho: lana...

r.lpiJI~ mOI",s fOl"\lard t\lllards a pr...~ it ...m
Captur... pr...~ it...m is tak...n into muuth
rhr.L~h [;If\ al hoJ~ undulalo.-s from sid... to sid... rapiJI~ rt:sulting in

t-3Ck\lardsm<ltion

P\"C tut>.: "ith a 1"lumo: "I' nOm!. rho: tut->o: \Ias hriskl~ dropp..-d throu!::h th... \I3oI<:r and

,,;..-.:ur.:d '101" a ..:al" Ihat had pr... \ i'lusl~ hoc.:n pla.:o:J ,," Ih ... tank bottom. Th... .:or.: \1 as

lan;.tc Ilcrt: tho:n r..-tumcd to th.: tan!... rho:sc .:ol'l:s ".-:n: uk..:n on Ja~s 6. 8 and I~ POSI-

tutl.:h..-\I'I\.'lh...r .mo.·mpt to .:ulk"l.:t O:t'r...s ..m Ja~ 16 "as unsucc.:ssful sine... b~ this ag... th...

3.~.-1 Data .-\nal~sis

Du..: Il' th... largo: numb.:r uf tr...atments it lIas nol pussible 10 rna].,; ... bo:hal-ioural

ub~natiuns and ~rl"mn rnurphulogical measur...m.:nls lor all tanks on th.: sam... Ja~.



For Ihis l'c::lSOn. all tanks in r~plieal<: A were monilored on on~ day and replicate B \'as

compleled on the 1011,"'in\: Ja~ . .-\nal~sis is ~rlonn,'l.1 on Ill.: meanof.-\ and B...\

conJilion index "as uS<.'l.1 to compare generallilrk."SS 011aI'\:k: bet\\een treatments. The

eondili.m indoex us.:d ht:r(' \'as Ihe ralio olhoJy J.:pth to btxI~ length. "hieh is a function

be Ihe mosl s.:nsili\ e in..ks 10 chang...,. in Ih.: t<:cJing en\ ironm.:nt.

l"IOJition inJ.:s '" m~lllom.: height slanJard kngth (.•. 11

L.:nglh-sp..:t:ilie gnl\\lh rate ll.-SGRI \\as cakulat.:J using the tol!.)\\ing ':4uati.m:

L-S<'iR=c[lntL,f-lntl."JltI" 100

\\·h.:rt: I., is Iht: kll"\all.:ngth ;.11 timt: t. I.• , is th .... Ienglh at tht: ht:ginning ,)1' timt:

pcri,1t.I t_ and t is th..: kngth .)(time pt:ri,lt.It in Ja~s IBuckk~ ,'1'1/. It.JR71.

-\nal~sis <.( linal SUf' i\al \\:1.~ pcrrormt:d "ith a .lne-<\a~ anal~sis of \-arianc.:

1..\:'\0\· ..\1. \\hik cumpariSt.n t>cl" ..~n ,;Uf'I,al":UI"\":S .l\t:r tim..: \\asJune \\Ilh a t\\t'

\'a~ .-\:'\0\·_-\ \\ith,Ja~ and pre~ dt:nsit~ as factors. r\",-"a~ .\:'\0\·.-\,; "t:rt.' alsu

cmplo~..oJ tor the ~lnal~sis<.f I.-StiR. tinal stanl.brd kngth and rinal..:ondition irl\ks. \\ilh

pn.:~ J..:nslt~ and time :1."; facl.)rs. SUf' i\;lI. knglh and ..:ondiliun inJex ".:re cn.:.:I.:..oJ lor

n!,)rmalil~ using In..' t.:..,lmogorll\ -Smimu\ kOSI 3tld pl!,)IS o'-residuals 3tld preJieted \ alues

\\ere obs<:f' ..oJ ISPSS 1t.J·~h

..\l! slatistical 3tlal~sis on the be:ha\iour.I1 data \\as p.:rtormcJ on the mean oftt:n

laf'a.... in .:ach replicalt: tan~. S\\im anJ paus.: Jata \'.:re nurmall~ Jistributcd. ho\\o:\ .... r

the orient anJ ..-apturo: data \\ert.' nOI nurmall~ Jislribut<,J and <,ould nol be: transIOrm<,d.

rho: assumption of normality h(I\\ ....«r. <,an ~ rda.wd \\hen the size olth.: sampk is



I:I.rg~ csampl~ siz~ ocro: n "" , ...... ;md I:; 18 lary;ae \\~~ oi:oSo:n-ed; Sob! and Rohlf !%Q).

A ro:p.:.Il<.-d m~:lSUT<"s .ksign \\:1:> ::appli~ 10 til<.' I\\o·wa~ an;ll~:iis .)f·\anan..:... lllr tho:

~ha\ ioural dau \\ h..:n O:llmpar~'d among tT<.':ltmo:nli and 1,)\ ~r tim....

.'.3 Ro:sults

:;._'_1 Pr..:~ U"::lr.,Ln":...

rho: ro:sults of num..:mus :;.ampling pcrio&; indical":: Ihal 11)0" ~ ofth..:: pro:~ \\::IS

n..::\..:r c"mpktd~ r...mu, ..-d r"r"m Ih..: Iro::umo:nt tanks. ..::\.:n;ll 8U ml min and lhe.- Ill\, ..'":>t

PT<:~ d..:nsit~ 151"111 pro:~ mil. R...mo'al rat...,; '\~r ... sU~lanti::all~ Jitl""'T<."n( at ttl.: 1\'<1 110\\

roll,,"';.1t ~u ml min 11.~ ..:"..:hang~"SJa~ 150". "1th..:: PT<:~ \\..:r... remo\.:J in apprm.imald~

ti'': h,lurs ::atic:r \\hi..:h l~\\ pr..:~ \\"'1\.' ro:m'l\~-d I Fig. :;.~ I..·\t 80 ml min 1:;.8

c",<:hango:s da~ 1511"" "flho: pn.:~ \\a.~ r..:m,'..-o:J ati<:r aT'T'r""imato:J~ Illur hours and pr..:~

<:'lntinu..:J hi l'>..: o:\a..:uat~·d until alm,'st ;tIl pr..:~ \\..:ro: ro:m\I .....J I Fig J ..')...\ ..:,'mpariS<.ln

l'>..:t .... ..::..:n tanl.s \dth :mJ \\iCh"ullanao: sho\\..:J nu JiIT... r... n<:c in r...mu\al iJto: ufpn.:~.

suggo:sling Ih:ll lan;:a..:: ,,"l~ ..:::It a r'iJ..:tiun "fth..: lot;:al 'lU:.Lnlit~ uf PT<:~ pro.. iJ.-d.

..\ suni\::al.,:un..: \\:LS ":,lnstru.:t.:J frum Ih~ Jauol:itain.:J from ..:un: sampl...'":>anJ

from initial anJ linal suni\::al",slimat...s. T\, simpli6 pr...s<:nution or tho: data onJ~

tro:atmc:nts I 1. "7. and 1~ I \\ ith .:..lOstant pr..:~ J ...nsit~ throughuut are pro\ id...d. rho:



TlME(hrs)



TIME(hrs)

r'g.;; \k:Jtlpr-:r.:malRln;;"'C1'llmcl:.:S_F.. I:lllhr<:o:J;IT......'tlI~..knsIlIt">.;KJ.11o.J"u(
~J ml m,n. I:. .lINIU pr,~ hll\:.•. .:nlMI pro:~ lim,,: O. ~l~ litr",-



:l\<:'f;l],:<:' lor :l1I":l'nsl:tnt pr<:'~ Ir~:ltm.::nts..:ombin~ shows th:ll: onl~ 15°001Ia1"':I<: had

Jied I:>~ J:I~ 6 mJ moro: dun OIl" 0 <H'lh~ l:lf\:k" Jio:J ..~ Ja~ 12 II hieh mc::tns that nearl~

:'00. "flh.: mon:llit~ Oo:<.:um:J "\.:r Ih..:: inilial g J3~S 1fig. 3Al

Final sunilal \I:b hi],:h':SII >I~·ol lor Ir<:,alm.:ntS Ih:ll n..'<.:.:i\cJ high pr.:~ J.:nsil~

I-WOO prc~ 11 Juring stag.: II anJ Ill. \Iilh th~ .:x..:<:'pli"n of tank 8-6 Ihal had 'lnl~ 10·0

suni\al al tho: .:nJ <.It'lh.: .:xp.:rim..:ntal p<:ril'.J. rh.: l,nl.:sl suni\al \Ias s.:.:n in lrealm.:n!

I::. \Ihkh r..:..:.:ih·d lOll pr..:~ J.:nsil~ 1:,1)l) p~~ II tor Ih.: .:ntir.: cxp.:rim..:nl' Fig. 3.5\.

B~ mullipl~ ing Ih.: numt-.:r ofJa~s b~ th..: ro:spo..'<.:li\.: pr..:~ J..:nsit~ "IT..:r.:d Juring Ihl>:>':

J.::a~s a t3clur "::llk-J rn.~ .J.a~s 11:b ':~:lll-J..-\ onC-\I:I~ .\;\0\·.·\ usin],: Ih.: l:,clllr pr.:~

Ja~s a.:....unt.:J l,>r ~b.2°o .,flh.: lariati.," in sun i\all F .. 0.8U5. J!"" II. P .. Il.t.ltlli.

.•..•..' (ir.Hllh

l..:ngth-sJ'I<:.:iti..: grlnlth ral.: 1l.-SliR I \1:lS n,ll signili"::lnlJ~ all':.:l.:J b~ Ilr.:~

J..:nsit~ IF .. 'Uof>. Jf" :. p .. 0.0'14l. rhcr.: "as:l signifi.:ant in..:rc~ in L-SGR 'l\Cr

lim..: If = 1-4.0114. Jf= 5. p. O.lItHl. Hll\\<:\..:r. th.: Jilli:r.:m:.: in l.·SGR is mosl :lpparcnt

\\h.:n ":1.mpan.oJ l"l:l"n.' mJ .JlicrJ.::a~ 10. \Ihi.:h "'lindJ.::> \Iith the s\\it..:h from

.:nd"g':Tk>US It, ,:xl'g.:n,,'u:> I""",-Jing. .-\ l-l~1 shll\\S thallh.:r.: I\:b:l signilic:tnl JilT.:~n<.:.:

H" -8.7'::. Jf .. 1-4::'. p" 0.0011 l><:1\\«n th.: l-SGR urlan!..s on th.: Ja~s b.:IOr.: Ih.: S\lilCh

laround III Jphl anJ J.rl..:n\;ards IFig. 3.61.
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TIME (d~ post-h~c;h)

ri;;.•: ..1. :'Ul"\I\:lI.:u!"\'· ror "'11~11': ~l>J Iaf\;l( "":I'(.l Jl Ihr.-..: Jirl"cr.:nl~ .knsitio.

, :. JllOO rr~ htr.:.•. :Oo.~l rN~ litr... : D. ~flll pr...~ IlIr",

51



'.0 4.1 S.I '.0 1.1 1.' '.0 10.0 11.' 12.0

o 1 2 3 • 5 6 7 8 9 10 11 12

TREATMENT

~i;,:_ ~_~_ Final .u.... l'al un J.1~ :b "f AII:lnli~.;1.l<J la....a~ lOr "'X~ "i'h", lrUlmtn~.as summ:lJ';~~J

txl"" lh~ "'· ....""s rrom F;;,:. .=.1 ",uli..! blad: ba~ r",pr..')~m r.:plical': A; ,lrip.:d ba~ r.:prC'S<'nl
r.:pli.al': Bl.



TIME (d~ post-hMch)

fi;:. 3 II. l",,~!h 'f".... IlM" ;,tl'U"lh ~I" r-:r .b~. <lu"· 11m" ldpl\ll~ .-\ll3l1lto: "O.J Ian."" r,,:lt'<'d
~llh.r«dill<.'1'CTllpr~ .kns,Un. Indi.,du.:tlpo.1inISl"o:p«">CIlttll<:m.::m<lI.:tJlll'<':wn<:nts:uth;n

pr~ .klb·~ "n til<: Ja~ ..po,.'I:,li......!. "rror bat' ""lu.:tl ~ ~ S. E. ,C. -UIOl1~ litr,,; ~. ~UIIO

~~ lit«:: o. ~HII pr..~ hlrl:l.



.;.:.1. B~ da~ Iq ptISI.tut.:h Ian a.: in thC' ~O()O p~ IllrC':lIm<."nts I. 6 and 101 anJ :000

pr..-~ I ,tr..":J.tm.:nb =. 3. 7:mJ III tr......ttm...nts \' ..on: si!:ffiili.:anll~ I,mg.:r IF:5.b05. Jf..::.

P.,.Il.Ot/..11 in stinJardl n];th lhan Iho.>S<.' in th... 500 pr.:~ IIr<alln.:ntsl~.5. 8. ~ ;mJ 1:1.

This Jill~r<."nc... \,iJ...n d tt1\\:ll"d th", ...nd o.>(lh.: .:xp.:rim..-nllF -50.::6. Jt" "'=. P<O.OtJII.

Lana<." thaI \\<."r<." raiS<."l.l in Ir.:almcntS thai ro:c.:i, ..-d 10\\ pr...~ d.:nsit~ ItankS"'. 5. 8 and ~l

Juring slag<."s II &; Ill. anJ Ill. \\ ... r.: signilir.:antl~ (F "'50.::b. Jf .. ::, P··O.UOll smalkr thm

lana... in J,ll ,'th.:r tr':;ltm.:nts. On.: ... ••.:..:.:plilln to.) this \\;l,; tr..-:ltm.:nt I:: II_m pr.:~ J<."nsit~

m.:dium pr.:~ J.:nsiti..-s f,lr th ... latr.:r 1\\<1 st;lg.:s I Fig. 3.7al.

I"h.: 1";ll.:h1r PT\.·~ -Ja~s \\;l.'; "ignili.:ant cf z 1-".7Ib. JI" = II. p' lJ.tltll. jugg.:sting

thaI th<.' .:umulali\.: anwunl ,,1" pr.:~ suppli<.'J 1\, .:a.:h tNalm.:nl had ;In r.:ll.....:t o.>f gro\\lh.

t-out Ih.: R: \alu.: \\asl_"\ tll.li:: •.

fh.: dl<.....ts 'lfpr<:~ J.:nsil~ and ag.: on .:o.>nJition ".:n: simil:ll" to th~ tiJr knglh.

B.,lth timo: p.:ri\l<.f anJ pro:~ J.:nsit~. had signili.:ant <ll<'-cLS on tho: o,;onJitlo.>n ol"la,,~ IFig.

3.;~. '::'.8h: Ta~l ... '::'.::1. and 1;Il":!<.' in ITl:atm...nts "ilh Ill" pr...~ J ...nsil~ in St:lg<."S II &. III.

and Ill. ".:r... in signlli..:antl~ p....ur..:r ..:unditiun IF'" ItJ,·r30. Jt'=::. p < 0.0011 b~ da~ Iq

..trlJ Ih... Jitr...r.:n..:... remain<."d signilkant until th..: last m...:tSur..-m<."nt on da~ ::5 IF =

IU::.6-I.Jf=::. p" 1J.c)l}ll.



TIME Cd,,-ys post-hatch)

TIME (d.post-hatchl

F;;; : - Chan!:1~ In m~Jn I' ; S.E.l <If: l31 iI3m,!;lr\llcn;;lh. and lbl ~on\l;lion inde'\ '01011 o,er
time IJ3~> p..:>~I-h3l~h I.,f c\ll:uuk ~od ""a,,:\1 311hrc.: prc~ den.il'C'), Indi,i\lualp<Jinls
repre;cm lhe mean "fJlllre3Imem,; ~llhal p""~ d.:nsi~ on the Ja~ >~cifi~oi <,rror ba~ equal =
; S. E. "~. Jl)I)I) pre~ HIre: •. ;Q<)() pr,,~ lilre; O. ~()() p""~ tilrel.



I
T

+ T

F,;; ;,1': Finall..-n!:'lh ':ll:l.lld .:,'ndil,on LI1d..-~ ,1:',.:; S.E.• "t -\11:1.11I1C cod IM'a..- r..-ar..-d in
l\\cl'..- Ji,rcrcn! IrC:llmcnIS:lS .umm;arizcd h"r" ITom Fill:, ; 1. 'blad.• J(j()() prt~ ml.;,T.I~ ~

;l)Qc) prt~ ml. .~ hi,.: • ~OO pr.:~ ml,. n • 60 la......... per tr.:alm.:nl ,.



rakh: 3..=!. R...-sults <.)( a t\\o·\\a~ :-\;-';OV.-\ on tho: slandard kngth and condition indo:x lor
.-\Ilami,; <:lid (an-a..: at Jitli:n:nt pr..:~ Jcnsiti..:s <.)\cr lim..:.

.\I..::l..~ur..: S,lurc,; Jf F·\alu,;

STanJard l...:nl,!th Tim..: 1:'3:'.:'3 <0.001

Pn:~ Jcnsit~ ~.lN3 __ O.O(JI

rim..: • Pn:~ J~nsit~ " lL~11 <tUlUl

C.mJiliun Ind..:' rim...• .N3.71~ -'O.llt)l

Pr..:~ J..:nsil~ ~~.q..al -0.11411

rim..: • Prt:~ J..:nsil~ " I·U~'1 .::0.001



~ignili ..-anl Jit)"crenc.::" in th... ,mim Jur:lIi'ln. pause Jur:lIi'ln, .'ri...nt tr~u.::n.:~ .lr captur...

lr'::'-lu... n..:~ t>c:l"e.'e.'n tr.:::ltm.::nb. t<ut JiJ sho\\ a signiti..::u\I clrc.'<:I.'ftimo: l"t all f"ur

ho.:ha\ i,'un; !Tat<1e: 3.,~ I. In 'IrJo:r t" simrli~ th.:: r.::suhs l,lr a g.:ne.'r.tl und..:r~landing "fthc

ttcnJ" .'~s.:I"\.:d. md ho.:"::l.us..: th... r..: ".:re n,' signitkam din....r..:m:<."S h,:n• .:cn tr..:,ltm.:nl;;.

all dala ha\ ... t-c.·n ':'lmt<in..:d h' sh,'" th.' ..:11"..:..:t "flim....

r ...sl.I\;n..:h I Fig. ,~.\);Il. H,l\'c.'h'T. Ih... dur.lli.'n "(Iim..: s('II:nt in paus.: did nOi sh.,,, :l

.:"n..:"mlt:ml In,'re:.l.--': :L~ ""uIJ ho.: ":'('II:C"I.'\.I. in r':lellh., Jur-..IIi.ln ,l( pau~ J«r~..1Sc.'J :.I.~

\\<:11 rr"m 5If.,~1l s..'1.: min ,In Ja~ 3 1,1 ..!t I (j ""-". min ,10 da~ :5 t Fig. 3.~t<1. Th.: r.:maining

tim.:: I\as ,-.:.:urkJ l'-~ In.:n:a:-<:,. in to..'lh th.: rr':l.!u.:n..:~ :tfId dur:lti.ln ,.,. ,In.:nt:1IlJ ..:aplun::

':'..:nts J!> th..: lar-a.:: J<.'\d"f"'.·J. l)ri<.'nt rrc<lu...n..:~ im:re.':lS<:u from 1.55 ,.ri.::nIS min ,In J:J~

,~ II' 5... 1 ,.ricnts min t-~ Ja~ ::'5. \\hi..:h r.:sulkoJ in tho: Jur-Hi"n "l" ori<.'nt in.:r.:asing from

1.11 ""-...·1" 5.-5 s.:..:. Irig 3.ltlal. !.iJ.. ...\\is.: (r<''l.lU<.'n.:~ .,i.:aplure in..:r~ Irumt)

..:apturo.':> min ,'n Ja~ 3 I" ll.15q ..:aptuI.'S min ~~ J.:t~ ::'5. also n:sulling in a 'e.'f) small

in.:r"::L'<:: in tho: Jur:ui"n ,.f ...aplur.... tr..\rn 0.00 so:..: to tl.07 S<X I Fig ".IOt-I.

rn.:r,,: l~ a ..:kJ.f palh:m ,.f Ji. isi..,n t>.;:1\.«n th... "ri ...nt :J.nd ..:aptutc.' fr<.-qu.:nci.:s

M..:f,'r... anJ an.:r the.' s"it..:h from .:n,h'g...nous III c.'''I'gc.'n,'us I"c<.'ding v.hich occurrc.'d

;1tllunJ Ja~ s IV - 1::'. Pri,.r 1<' th ... S\\ itch. oJrio:nt u ....7.308. df" 1.. 16. P 0( Cl.ODIl and



capluro: II '" .7.155. Jr .. \I)-w.n. p <: 0.0011 fr.:qUl:l\I;ies \\.:re signitio.:aml~ l.:t\\.:rtbas<.-d

on Iho: ro:suhs ofa I-IO:SI for un..:qual \ari:lJlO:\.'Sllhan a!'t':T\\ards lFig. 3.IOai and t-il.

Wh..:n th.: m.:an uri.:nt T'r.:qu.:no.:~ <10 Jay::5 (Ih.: linal Ja~ <>!<>!:>s.:T\alinnsl is

pl<l1I..:J for '::l.:h Ir.:alm.:nl th.:r.: is a d.:ar lrend \\iln or;.:nt IT<:qu.:no:y b.:ing in\·.:~I~

pr<>purtional to th.: Jcnsit~ 'lfpre~ 011i:r<.."J durin~ stago: III tFi~ }.III. This trend was

s;gnilicant \\ho:n Iro:atmo:nls an: :.;mupcd t-~ pr.:~ J.:nsit~ llITo:r\.-J Juring SI:lgo: 1111 F ..

5.1 U. Jf=~. P "0.11161. Liko:\\is.:. .:apture !r<.."\.Iu.:Ill:~ sho\\.:J a similar in\o:~

rdati,mship I<llh..: pn:y Jcnsity olli:r..-J at stag..- III IFig 3.1 ~l. «hieh \\as :lIS<) signili"::lJl1

IF" !Ctl~. Jf=~. P '" l).tlO~).



fabt..· :<.:<. Results ~lft\~'l-\\3~ ...I,,;t.;O'·A wilh n:pc3t~d m~:llur~s d~si~n on th~ \!APs l)f
13T'\al .·\llami.:.;<}tj al 12 Jit1;"r~nt Ir':3tm~nts \\ith \;u:in!: pr<."~ J~nsil~ :Ilthr~<." sta~~s llf
bnaiJ..:\dupm.:m.

\I.·\P Stlur..: ... Jf F·\~lu.:

~\\imJU;.1til'n rim.: IbAI ... o.OtJ\"

frt::l.tm...nt II 2.5~ 11.1>62

fim~ • 1"1'l::l.tm....m .:;.:; I.JQ 11.258

P3us<J:JI"".Iti.'n fim... 2.81 t).tC4·

rr..:~tm.... nl II 2.:<5 [1.H7Q

lim... • rn:~lm ....nt .:;.:; 1.IK 0.'::(,11

I lri..:nt t"r.... "lu..:n.;~ rim .... ::OJN 0.001°

l"l'l:atm.... nt II ::.15 iI.IID

rim.... • rr...~tm .... nt .:;.:; u.87 n.M7

(aplur.: t"n'4u.:n.;~ rim... 15Atl '11.001°

Ir.:alm<."nl II L8Q Il.I~5

rim.:· rn'3tm~m .:;.:; J.5Q 1).040. 0

·Si~iri.;anll~ Jirl"'n:nt cp·Il.tl51
•• Arlext.:d t-~ :111 L<."W \alu.:s t,'r thO;" tirst 1\\0 J.::l~s "I' sampling.



TIME(d.tyspost-n.tt~t'I)

TIME {days post-n.tt~t'lJ

F,;,; ; Q \kan JUr,llam 'K~' <.'('3' ;"1'" anJ ,b, !JaUX \1A?', ,=: S E,! ,Jf .... llanllC COO Iar.a~

,,\~r Ja~,._ ,n - : ..1) p.-r ,.;ampk,
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l'c:llm",nts:1, 'iumm:m~cd here from Fiy. ":.1 1bl""l. • ~ooo Pl'<'~ I. <lr.l~ '':000 pr,,~ I.
"hil'" ~f)() pr<,~ II n - lllla"a<: p.:r tre:1lm<:nl
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Fi~.; l~_ \I<"3ll''''O:n1in:~~'=S.E.hm..b.~ :~.r<>rLJI"':Il.'\lbnlic.:<>dn:~in1;,JitTcn:nl
tn::llm",nIS.IS >llmm3nJ:~ he'" from Fi\!_ 3.11bl~1.. .1000 P"':~ I. ~~ :000 pr.:~ l.
"hit,,· 500 pr,,~ lIn 10 b.1"'~ ~rlr":llm"lll



jA Discussion

Th~ r~u1ts of this ~xp.:-rimo:nt ro:-conlinn tho: 'match mismmch' hypoth.:sis

pro.:nl~ b~ Cushinl: I \':n~l. that a lo\\.:r pr.:~ do:nsit~ or mismatch .:arl~ in lan;al

d~\.:[opm~nt is kssJ~trim.:nl3l to ~l\l\\th and sun.i\al than a mismalch lat.:r in th.: I:lr\al

p.:-ri0<J. SUr'\ i\-al and ~ronth in this .:xpo:rim.:m \\cr~ much lo\\~r for Irc:::um.:nt:; lhal

rc:.:.:i\.:d 10\\ pr.:~ do:nsili.:s I~OOO:mJ 500 pre~ II Jurin~ tho: 1:llcr 1\\0 :il3g.:s o(l;1(\.al

de\e!llpmenl. rho: im:r.:as.:d grunth ;md sUr\i\al ".:r.: not support.:.:! b~ con..:umitant

incro::l.so:s in lor,lgin~ h.:h;l\ i"ur lspo:eili.:all~ or;enl and capturc) a.~ has b<..~n pre\ i"usl~

"t>Sl:T\ed Illr _·\llanli..: ..:.ki unJer ~im;lar experimcntal ctJmlit;"n~ l Pu\"ancndran anJ

Br.,,\n ['N'l). In lu.:1 tho: llpptlSilO: tro:nJ was u/:'lscr\'.:d. at higher pre~ densities n..lth

_>r;enl ,lnd captur.: fro:",uene~ Jeo:rc:.:L~ed. rhe pussibk reasons lor Ih.:SI: finding arc

Jis.:u."s..-J h.:[o".

rh..- sUr\;\al cUr\e ,1"lained;n thisexpcrimo:nt f'lund Ihat lor all trealment:; bO""

"fthe mon:llil~ uo:cum:J b~ Ja~ I~ pust-halch whi..:h cu;neido:s \\;th tho: end uftho:

tr,ln."itiun from ....nJU~ ....n..1U"" tu o:x.to,:o:nous I.....-ding. I-Ian and Wo:mo:r 119K71 sugg"oslthal

tho:so: sudd.:n int':f\"als ,,"monalit~ and ..:hang..." in bo:ha\ iour lalso ohsc:n.:..J h.:rO:I

.::uim:ido: wilh major :k.hano:ements in d...\.:!opm...m. Similar monalil~ n.-sults "o:ro:

o"'l3in...d b~ Elkns.:n <!I <II. I 19KOI \\ho found that tho: ~oll.. sa.: nas depklcl b~ 10 - I~

Jph:l.l b C" :\llh'lugh tho: ell"-cI oflh.: ~olk ma~ la:'1 'lcll h..:~ond Iho: s\\itch to o::.;og.:nous

ri:.:ding. a \isual inspt.'clion ,If the Sile ur"the ~lll['; S:lC ;ndil.:aled th:lt it was entircl~

depkt.:d o:xto:mall~ h~ 7 - q da~s post-hatch under tho: cundil;ons used ho:ro:.

"



rhe c,'ring Jr:\ kr: uSt:'J in this r:xpr:rime:m p..-rmin.:J an estimate: .,(the p.>pul,:lti~'n

in ca.:h unk Juring thr: r:~pr:rimr:nt \\lth minimal disturb3ncr: tu thr: l:lJ'ar:. When

cum~inr:J. \\ ilh initi:l1 .,ltlJ tirul .:uunts. the J:J.u .:ull"''Ch.'d ("'-1m the.- .:ores: pro\ idcJ

rdati\d~ x.::ur..lh: :>Uf"\ i\al ..:Uf"\ ...'S Ii>r cxh prr:~ Jr:nsit~. fhc ':Uf"\CS ~cnr:ratr:J suppun

Lhe.- tinal sUf"\i\al ~sults. \\hi.::h l~unJ that trr:alm.:nl 10. \\hi.::h had a lo\~ pr.:~ Jr:nsil~ lor

the t'irstlho: Ja~s;lflJ th.::n s\\itch.::.:! tn hi~h pro:~ Jo:nsit~ I,'r the rcmaining limo:. had th.::

higho:slsuni\al.

rhr: mnnalit~ r"N tho: lirst 6 Ja~" \\;is Im\cSI r"ur lanar: in tr.:almcnts with l,l\~

rr.:~ d.::nsit~. ,.hik t"1'<'m Ja~ s I ~ In ~~: lana.:: in thr: hi~h rrr:~ J.::nsit~ tr.:atmr:nlS had the

I.>\• ..:st m.Jnalit~, It is 0,'1 fJ'.'ssihk tn as..:.:nain \\h~ lanai sUf"\i\al \~a:, hi~hr:st in th..: lu\\

pr..:~ J.::nsit~ Juring ,tal,;"" I. hn"..:\ r:r. th..: l:lJ'al ~t'l<.:'}"ing Jr:nsil~ ..:umhincJ \\ilh high rrr:~

J.:nsit~ m:.t~ ha\..: r:~.:...'CJ..:J ~'m..: thn..'Sh"IJ 1.:\.:1. su..:h that JisSoJI\.:J ,I.\~g.::n \\;1."

limiting. M sum..: m<:ta~'lk \~:asl ...' lo\\r:rcd \\at....r '4ualit~. in th<: high anJ m...'\.Iium pr<:~

J.:n·.iti<:s..-.\lth"ugh 1:1f\:l.I..:vJ ha\r:- t..........n rC:l.r...-J:l.t stoo.:I.ing J<:nsiti ...'S as high:b .'I)!J litrr:

I B:I.-"}..':I"\ ilk BriJges anJ Kling ~t,llllll. tho: 110\\ ratr:s. \\hi ...·h \\crr: rdati\d~ 10\\ Juring

Stagr: I in this r:xp..-rim<:nl. ma~ ha\..: CLluntcr..l":t<.oJ lho:- 1••\\ stll..:king Jt'nsilies..-\noth<:r

[".ssihili~ i~ tht' pr....".,:n..:r: \'falgar:. \\hi.:h might h;.L\<: bo..'Cn in grr:-:1\r:-r ':oJnc<:ntratioJn,. in

thc 1•••\ prc~ Jr:-nsit~ tanb sin..:c th<:rc \\e~ l<\\r:r rotiti:rs hi rt:'>Ju..:r: ttl.: standing ..:rop of

:l.lga..:. Thi~ is unlil..:l~ h,mr:\cr. sincr: fIXr:-nt rr:s.:an:h has shoJ\\n that Iar<al cod can bot:

rr:arr:J in thr: cl'mpkt..: at>sr:nr:..: ,,( algar:. althuugh. sur< i\al \~as nOl rr:pon...-d Iabstract

,,"j~ II Baskr:-f"\ ilk BriJg..:s I'NQ I.



Thoe l1t'1j~'(:ti\o: "t'thi,. c:xpo:nmoent was t,l in\c:,.lil::.:lte: the: e:tTect ,'I' lo\\.:rin!,! th.,: pre:~

Je:nsil~ ,'Ili:rt.'d 1<) 1~31 AII:lrltie ~"~' This oexpo:rimo:nl \\as Jc:;;igned I<l oex:lltllne til.: ide3

th:l.Il,m pre:~ Je:nsilie"e:lrl~ in 1:11"\31 J.:\oe!.'pmoenl ane m<)1"(' ,klrimenl:ll than 1,'\, pn:~

Jensili...." laler I R",;c:ndul :mJ ~kmr.:1 1470; U,}uJo: IQ78: 11,'uJ.: :U1J So:ll.:l.:t~ IQ81);

PU\:lrlendr:m IQ<)Q I. The :l.t'lilit~ lort,)lder larger I~;le t")3l:o:,,mmoJate lo\\er pl"('~

J ...n;;ilie:s h:l.s t>c:.:n juslilied t'I~ the: (3<:1 th3t 1:1I"\3e: h3\<: imprC'\¢d IOr::lging at'lilities rebl¢d

Il': in..:r'::l.s...-d siI.:. m,uph"I,'gk:l.1 J\.'\d,'pme:nL 3nJ in..:re:l...;.c:o,j ..:",perkn.::e: tBI:l.."'I.::r:lrld

:-'l:l.in...·,.. 1~7l); Or,'''1 141\7: BTll\,m:l.n :l.nJ O'Brien 144~.J1. ll.)\\<:\..:r, tho: ro:~uh" "t'lhis

laf\:lO: \lilh 1,1\, pr<:~ J..:n"il~ ,'lli:ro:d .:arl~ in l:J1"\:lI,mt"g<:n~.

Tho: Tt:"ult",,1'lho: r...:h.J\i,'ur::lJ .,t'I:<I"\:lli,,",,J,, n,'1 arr.::l.rll' sUpp.JTt lh..: SUf\i\;.!1

.mJ gTl'\lth J:lI.J, II \\;L~ •.mti.:i~lo:J Ihat iocTt::ls...·J "ul"\i\:l.I.1nJ j,tTl1\\th:LS ut'l,;c:n.:J in Ih.:

tl\::llm.:nt:- tlut h:l.J high ,'r m...-.Jium rr..:~ J~'n"itl..." Junn;; st:l.g..·s II anJ III. \\llulJ l'<:

r<:lk..:t.:d h~ in..:re::1.......-.J ,'rient:mJ ..:arlun: t'n:'lo{uen.:i..-s:1..'" h.a.... ~....n ,'hsd\c:d in pl"('\'i"u:;

e\("<:rimo:nlS IPU\;.mc:nJT:Ul.1nJ Bnl\\n IqqQl. H,'\le\er. higher "ri~·nt:U1J<:aptul"('

Ih:lll:lt'::te: in Ill.: I••" pr.:~ J.:n:-it~ <:,tnJiti.'ns \\.:T<: S<::lt\:hing md <:aplunng mlln: li.w

Juring lh.: .'t'I,....f\alllln f'<:ri,~, \\hi.:h \\:0 imme:Ji':lld~ :l.lt.:r l<:-.:ding.. This is the exxi

,.ppt.'Sile: ,.1' \l hal Pu\::tfI.:nJr:m and Bn'\\TlI I loNQ I l,'und using:l similar melh,ldolog~.

Thi" Jis..:n:pan.:~ I<:J !lo':I.rI in\.:"tig:l.ti,'n ,.1' the: .:lTe.:t ll1' lh}\\ rolle: ;md !.lng-te:m1

"t'lsel"\:lti ••:ms "r" br.:I.~· :lri..:r ti:.:Jing. These result:; o(\\hkh .:xplain lhe Jis.::repam.:~



~I~\ ..~n m~ \~ork:md pn:~ iQUS \~ork:1I this laoor::llor;. :md will re pn)\ id..-d in ..:hapl":rs ~

3Ild5.

pi":lur..: ,It' Ihc ..:hang~s thai ,lI.:..:ur in th... bcha~ iour of Ian al ..:oJ 3S Ih..:~ gl) through th~

..:han~... s in 3lm'lSI all "flh..: ~h:l\'i(lursnh~f\~d as \<oulJ tlI.: ..:.'\p..:cl..:d Juring 3 p..:rioo uf

i..LpiJ J..:\dOpm..:ntIHan 3M \\· ...fIl<.'r 1<;1871. Ofparti<.'ul:1r inl.:r,,:st \\as th.:i\\'l10 thr..~

.b~ 13~ in Ih..· in.:ras.: in .:aplur.: fl'<l.lu.:m:~ lhal 1-""l1u\~~ Ih..: in..:r~~ in .,ri..:nl "r<qu.:n..:~

Ih31 'lI.:.:um:J :mlUM J3~ III posl.hat..:h. [his m3~ 1"('11':":1:1 k:lIT\ing p.:-rk,J and .,r Iho:

l·,lmpans.m ,l(lh... r.::.ult:. .llihis .:.'\p..:rim..:ntl'llh.: pr..:\i'lUS "ork ofPu~an.:nJr::m

I ]4<N1 (,lunJ thai man~ ..flh.: \ :1lu..-s I~'r frL-qu..:nc~ anJ Jur,1Iiun ,If tlI.:ha\ iour'S I,ll" 1:If\;l':

r<::lr...J at th... sam.: pr.:~ J.:nsiti.:s Jitl.... r...J suhslantiall~. F,lr L':\;lmpk. tho.' in':T<:3SL' in

"ri.:nt f!"\,''''1u.:n.:~ r'nlm [." .,ri ...nls min w..l,5-5.5 ,1ri ...ntS min 3lt.:r \\<,<:k ~ \\a..; also S('.:n in

PU\:lI\.:nJr,1J\·:>,lnlug.:n.:ti.: "hS<l"'\ati\Jn "n Ianal.:uJ, \\hi.:h in.:r..::1S<J from 1-~

,1n.:nIS min!<l 0-8 ,>ri..:nts min in Ih..: s<.:oTlL! \~..:d:. HI)\\c\cr. Pu\an..:mJran's 1:If\3<."

':tlntinu..-d!<l in.:r"::l-"<: Ih.:ir I)n.:nl (r..:qu<:n.:~ to highi 1)( IU-I':: ,In.:nts min h~ \~..:d,-I,

1.:\ <Is lhat "..:n: fl\ll SL't:n in this.>r lhe." lollo"ing cxp..:nm..:ms. Lik':\'is.:, Ih..: tf<'qu..:n.:~ of

.:aplur..: in Ihis SluJ~ "as onl~ 3 fr::Klion of lhal r...ponL-d in PU\ an...nJran' s t1 qqq I \~ork .

..\ Ihor,>ugh .:\>mpanS<.Jn oflh... m...lhodologi.:s .:oulJ lind f... \, JiI1i:-r<'nc...s b.:1\\..:...n

this .:xp.:rim.:nt anJ Pu\an.:nJi,1J\'S IIQQ~1. On.: dill~r...n.:... \\as th..: 11o\~ ral...s. In m~

....'\p<nm...nt 110\< r::ll...s \~':f<' ;;.:1 at -10 and Ih.:n 80 011 min. \\ hieh is "'1.Iui~ al..:nl 10

..



FI\'m th.: J:I.\:J. .:nll.:.:tc,J in Ih.: pr.:~ d~ar.mc.:- m,mit..ring, it is P'lssihlc III plot th ...

JurJti,'n "I' lim.: th:lt :tOo 0 'It"th.:- initial pr... ~ .J,:nsit~ lJur.ni,'n ,It" pr.:~ a\aibr.ili~ <'''OJ

n.:mains in th.: tan!..s \<.'rs.;,. t1.1\\ r.u.: IFig 3.131. rh.: pl\'1 :L""um.:s that 31 an inlini(d~

11.1\\ I,. ~1\l\\':,J I<l\\:ln.b 1 ...1\ '.:han;;.:s per Ja~. (h... Jur.l.li.'n 3ppru:t..:h.:s I~ ho.1Urs. Fmm

(hi" it:" J"'''''II:>I..- I., ...,.:timal th3llho.: Jur.ni<.n \'t"pr.:~ :l\3i1al:>ilil~ ..... is :lppru"ma(d~

ltinJ thai Pu'an.:nJran·~ lana... musl h:J.l': l"><:en ':3pluring p~~ 31 3 I':lt.: .,t'3pproxim:J.(d~

I.J:t f(,lil ....n; min. ;:i''''n t\\"Ii:.:Jinl,'s f,,:r Ja~.

DUl':lli.'n""pr...~ 3\:libt-o;lil~ ""·lminl

Th.: sam.: .:akul:lIi,'n,. finJ m~ lana.: Ic,·.,jing .11 a r:lt... Of31'!o.'UI \).5 rotil~rs minut....

Thus. gi\ ...n th... '.:r;- 1,,\\ .:aptur... rJt.: in this ...xp.:rimo:nl. it is n..'t surprising iliat ili... on...•

minUl': ,'l:>so:nati"lO p.:riod "::IS unal:>l ... to r<sull in :iignilic3Ilt Jitl~r.:ncl."S bo:m.:en
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trl::llm.:nls lor th.: obs.:l"\.:d .:aptun: Ir""'lu.:n<:~ 0 Thi:> .:Xpl3lUlion for th.: Jill<:r~n<:.:

bot't\\oXn th~ ohSt:l"\ ..-J loraging fn:qu.:ncy in Ihis stuJ~ and thaI ot"Pu\"3n<:ndran t IQCNI

sugy.:SlS Ih:n lana! <:oJ ..:an aJjusl th.:ir foraging :>tr.u.:g~ to a..:commoJalO: a \:lrio:t~ of

pro:~ conditions. an id.:a that is t.:sted in th.: S<.'\:ond s<:1 of cod o:xpo:rimo:nls tChapto:r ~Jo

Th.: n:sulls "fthis <:o-.:p.:rim.:nt r.:confinn th~ °matl,:hmism:ltch' h~pothcsis

I(Oushing 149lll. \\hil,:h \\as ro:o:.:ntl~ IcSI.:J lor 0:0<1 hll"\a.: b~ G"I':o:ltas ,'f "/0 t !'N61: Ihal

lal"\al.:uJ ar.: kss all"..-.:I ..'1J b~ a mismalo:h tlo\\ 1""x1 n:Sllurwsl.:art~ in J<:\Od"pm.:nt.

\\ilh r.:sp...-.:II,l sUl"\i\at ~J gro\\lh. From a lar"'io:ultun: p.:rsp.xti\".: this m.:~s lhat

RJtil<:r n."\luir.:m.:nlS ..-an t-.: r..'1JUI:..·J b~ oll<:ring k'Ss li\.: lilOd Jurin:; slag.: [\\ilh no

aJ\.:rs.: dli.'l:ts on g.ru\\lh ,lr SUr"' i\al. Tho: aJ\antay..'S 'lI·n.'<.!u.:ing th.: numt'l.:r ofrutil<:rs

uS<.'<.! in tar"' io:ullur.: inl,:tuJ.:. J"'l:r.:asing inputs into Ih.: I~k thus impru\ in!,! \\al.:r <lualit~.

and J':l,:r.:asing J.:mand \10 'i\..: 1...... 11.1. \\hid'! n:duc..:s lar..lur:mJ <:OSIS a:_S<lCial..:tl \\ith

prnJuO:li"n 0r'laf\ac

I"h.: JiSl,:m.:r: "fa p..1t..-:ntial rdationship b.:[\\.:.:n loraging r.ll': "flanal o:nd and

th..• Jur..ltiun uf pr.:~ ;l\ail;lbilil~ o:karl~ no:o:ds to bo: in\.:stiyat.:d mon: doSt:I~. Th.:rdOn:.

th.: dl<:l,:[ ,11" dur..ltiun "fpn."~ a\ailabi!it~ on lor.lging b.:h:n iours. sur"' i\:11 and gru\\th is

tho: Ii>o.:us ofth.: s.:.:"nJ St:1 ofcxpo:rimcnts po:rtonn<'d \\ith cOl1lan-ao: tExpo:rimcntlll.

\\hich ..:ompriS<.'S Itl.: lilunh and lilth .:hapt.:rs ufm~ th..'Sis.



Cbaptu.l

Effects of tht dur.. lion of prt~· a~'aillibili~'on Iht gro,",lh. sun'i~'allind

bthniour orlllnlli Atlanli~ ~od. ([~~rimtnlll)

4.1 IntroJu.:tion

Larval r.::lfing prOioXols and research mo:!hodolo~io:s frequo:ntly consider the

dl~t 'lfpre~ densil~.:L~ I\dl :asmho:r panm.:h:l"i. such:as pro.~ si7.<: and nutritional

...ualit~ . .:t.:.. hUI iJ.rd~ d,) Ihe:~ take: inw a.:.:ounlthe: Jur:ltinn of lime: thai pr.:~ is

a\ailahk to Ih.: lar...ae: 11-1.IUJe: and S.:he:kte:r 1<.l7K!. Pre:~ a\ailahilil} is an impon:lnt issue:

in lal"\'al re:arin:;.:ls Ihe: l'lre:sc:n.:e: ,1fa suilahk '-luantil~ ofpre:y will hdp in the: iniliali,)n Ill'

lirsl Ice:Jing I HtluJ.: 197M I. 1111II.:\e:r. fre:que:nlly. pre:~ d,-nsity :lnJ Ihe: Juration urprc:~

alailahilil~ are: Ir'::ll"d inJe:p.:nJe:nll~. This dissu.:ialiun e:xists bt:.:aui<: pre:~ Jcnsil~ is

a':lile:l~ ':1>ntmlkJ :It th.: lim,' "f 1\:e:Jin;;. bUI the: duralil1n orprc:~ :l\aibbilit~ is nUl

n"nnall~ .:ontrulkd l\lr diro.'Ctl~. hUI ralhcr it is e:ontrulkd inJit'l.-':ll~ Ihnmgh Ih.:

fro."iue:n.:~ "I' 1....."I..iing:lnJ tho.' llu\\ J';lh: hJ Ih.: rl.."arin;; tanl...

K,:stcmunl anJ .·\\\ais,; tlQg411l1unJ that in':f\:as.."I..i 1i...."I..iing In."iu.:nc~ Ilith lh.:

wlil\:1"i fNm on.:.: .:\.:~ 1\10 da~s: to on,'. t\\O and lour lirJlCS p.:r Ja~ in.:r.:aso."I..i gn)\\lh

r:1tc,; in Ih.: EUNpo.'".ln .:~prinid.gudgl..'On ,(joM" gohi"l. In a ro."\.'Cnl ';Iud~ usin],! ~dlul\lail

lluunJ... r, P1,'lImll,·,"", "'rrllgil/"II.~llal"\a... Rab.: anti Brol\n I~OOOII{)undthai '\:,oding

Th.:ir \Iork indudl.."I..i :I pi,)! uf pre:~ .:karanc.: rates. Ilhi.:h gi\,:s:l mu.:h .:karc:r pl.:lur.: of

Ihe: dynamie:s ollhe: e:xp.:rime:ntal conJitions and mak...s the: Ilork .:~i.:r 10 repeat.



rh.: "bjo:cti\~ o.}lth~ .:x~rim.:nt in this cllapl<:r \\as to in\.:stiIPte tho: .:If<<LS oJ!

\:It;-ing th.: Jur:lIioJn o.}"PI\:~ :1\:1i1ahilit~ ",nih.: SUI"\ i\al. ~ro\\thand bella\ iour.:ll lanai

.-\t1antic cod. irom Mtl;h to th.: .:nJ oJ! le.eding \\ith rotil<:rs. B:lS<.-d ",n tn.: r<:sulLS in

Chapl.:r; it \\as hypothesiz.:d that ",rio:::nt and captur.: iro:::quo:::ncio:::s \\oJuld increas<: as th.:

Jur.uiun "ipre~ :I\ail:1bilil~ Jecr'::ls.:J. This \\\luld PW\ id.: an .:xplanati.:ln inr th.:

Jilli.:r~·nc.:s in results bo..'t\h....·n Ch:lpt.:r};,mJ a stud~ b~ Pu\an..:ndran :lnJ Bnn\n Il~'N).

~ ..:'..1 (i..:n.:ral ;'kth<>J",I"g~

lana.: \\o:::re hateh~-J TRIm <ggs colkclo."d !rum bmodsl<xk maintainc:d al tho:

OC~'an s.:i<nc<:s ('.:ntl\:. llusbanJ~ :llld .:gg cull..'..:li.:ln \\.:r.: as n.:pon..-d in Chapl<:f 3.

\\it:, a Ii.:\\ min,'r Jill<:r~·nceS..\Jdili<lnal brf'.:lo.lslllck \\.:n.: :lJd.:d 1<1 ,h.: spa\\ning tank in

<.'arl~ sprin!! I,l" .:'.000. rho: \ "lumc "I' .:ggs ..:ollcct<.'d \\as ':800 m!. anJ th.: c\igs

..:,'mm.:nccJ halching :It ~..f dcgro:::c·da~; and \\cr<.' mor<.' lh:ln l(lloo halch....d h~ ~l ..; dcgr~'c.

Ja~s 1J3~ II. rho: sam.... ;O litr<.' ,'ra4uo: ;;Ias~ tn.:atm...nllanks and"...1 up \\ ...r<.' ... mplo.}~o:::d

.lS in li~t .:\lo.l ...x~rim.:nt lCh:lpt...r .'1.

·c.:: b.p.:rim.:ntal Iksign

~'\lUal':s loJ 3pproximat..:l~ ':0 .:x.:hang.:s Ja~ and \\as chos<:n to approximate the now

k\ds u"...J in a pre\ious .:xperiment b~ Pu\.:nanJr.m (IQQQ, \\ith coo lana.: in th.: sam.:



unks. tOf \\hich Jaucould Ix compared. Funh~rmore:1Ith~ high 110ws il W3S 1,:1t th:1I

pn:~ "oulJ ~ r.:m,n<:J in kss ttun:in hour 3S predictOO, in Chapt<:'r 3. thus possib[~

causingl3f'\'a<:' to increax their liJr.1g.ing r;u.:. The miJ I':lJ1ge tlo\\so(80:ltllJ ~o ml min

"':1\: chos..:n to h.: consistent \\ith pr<:,\ il)us \\ork ,Chapler 3 l:in.! resulted in

appf\)Xim:.lld~ -l anJ 2 exchanges Ja~ respecti\ d~. Th.: 10\\ 110" r.lle o! 10 ml min

c4uat<.'s 11) 0.5 cxchanges Ja~ and :lpproaches th<: 11.,\\ ratcs used in thc 3000 litrc

comm..:rcial s.:alc t;.lciliti.:s at the OSl". fhis \\3S ..:ho~n \lilh Ihe int..:nt othl:ing ank to

Jra\\ Jir..:ct C,'mparlSllnS wth.: prOl.:<:,S:kS Ihat might hi: \lC..:urring in commercial

pmducti'>nta..:ilities.

F,lur aJJili'>nallanl..s \lerc u",;:J liJr tho: 10ng-tenn llb:;.:r.ation.... f\\o ,,(th.:~

tanb had a t10" .,f III ml min JnJ t\\O "..:rc at ~2t) ml min. On~nalions "el\: mad..: ,10

da~s 22-2-lp..1st hat..:h.

StarlJ:lrJ knglh and m~olome height 13S Jes.:rit...oJ in s«ti'>n 2.2.31 "ere

m~.lSun..oJ \In len 13f'\ Je t}U per trc-.'um..:ntl on Ja~ 1.:-. 12. IQ :mJ 27 p..lst-h;)t..:h.

\kasur..:mcms "<:r..: mad<:' from digital imagl.'S I:IS J<:'scribeJ in s«tions 2.2.31. Sun i\'al

"as l.";Ikulat\"\J lrom the linal :If:>solute l."Uunt ot [an';)c len in !:'xh lank on J;)~ 27 and

(rom init;al sIOl.:king\·stimat<:,s.

l3<:ha\ ;oural ....bs.:nalions \\cn: conducted on da~ s -l. 8. 16.20.23 :in.! 26.

lollo\\ing th..: same riJrmat us.:d in tir.;1 cod ..:xperim..:nt l:>cction 3.2AI. Ho\\..:\cr. in

additi,," I" Ih..: .)O<:-minute obs.:nations olt.:n Imac 10-20 minul<:S 3tt.:r Ic..:ding. "ne-



minut~ <)t-s.:r'\:lIi~lnS ~\c:r~ :1lS<l mad~ on I~n lan':»C pri<)( 10 t~ing.:mJ at h<)url~ int<:f'\als

tor six twurs .1I't~r '~ing. Th...·ot-j.xli\c: ...,(Ih...>s<: long-t.:nn ot-S<:r'\alion S<:IS \\:lS I...,

JetL'\:I:1lI~ Ilu..:tuali...,ns in ',mlging r.:1l.: \1\.:r t;m.: as pre~ \\er.: r.:;n...,\·cd (rom th.: lank Ju<.'

f:mks at <.'aeh ,'Ithe Ill'\ r.l1.:S "~I\: randoml~ ..:h\ls<:n ,or m~asurl.'m~nto(\\al..:(

'4ual;t~ parameters. Three .-ater par.lrtlet<:rs \\.:rL· eunsider.:d impona", t<) ..:ornpan: as an

:tis<:ssment ,'(\~a":r '4ualil~; arnrn,lnl:1. pU. and J;sSo.:lhed "s~gcn. Dissol\ed ox~gen :md

"ith.l t;t'.lti"n tL'\:hni<.l.Ut: "ll1o\\ed t-~ an c:k'\:troni..: ":~ll,'urimc:tri..: ,,:,'rnpat'i:iOn I..., a s<:t...,(

sundards Ipo:rI,'nn~-J at tho: (>":.:;1.1\ S..:i...ncL"S C.:nlr.:l.

':.'::04 l);.lIa.\nal~sis

C",nJili,'n inJc" anJ kng.lh ~PL'cilic l;r''''lh r.llc II.-SGRI ,,<.'r... ..:akul:lt.:d as in th.:

prc\ i.,us ",xr.:rim.:nll s.:cti"'ns ; ..::.:; I. A n:p<:al ...J rn...asurcs I\\O·\\;J~ .-\'"0\·.-\ \\ith Ja~

:lnJ rre~ J.:ns;t~ :1." li.xeJ l::actors :md:m int<.'r.lcti,lO t-o.'t\\c...n th<.' 1\\0 \\ ... r.: uS<.'t.i l"r

sunJarJ kng.lh. .md ..:onJit;ons inJ.:~ J:iu. FrL"4u.:nc~ and JUr.;lIi~lO"f tl.:h:l\ i'lUTS ".:rc

mal~./.L"I.i (bin;.! a ~steJ I\HH\:l~ .\,"0\·.-\ mlld.:!. .lIld Jitl<:n:TlCL'S t-o.'t\\~'\:n pre:and p.>st-

'"...-Jing ot-~r'\:lti~'ns".:ro: lurth...r .:splorcl using. inJ ...po:nd('nt :>ampk HO:S1S. A I"('p.:ato:d

m.:asur...s J..:s;gn \\as not uS<.oJ l,'r the: ~h:I\ i~lUr:ll J:lIa bL"Caus<: J;ll~re:nt r.:pli..:al~ \\.:r.:

USL-d,m su..:..:.:sS;\e:o[lS<:r'\ation Ja~s.



saturation in :111 tanks. Tho: pll 01;111 tanks \\as no:utraltor marin~ \\al~r at 8.1. :md did

11<m Illl ml minI t~atm.:nts 10 c).I101 mg.1 in th.: hi~h 110\\ I~~O ml minI tr':;ltm.:nts

1rabk~.II.

rabk -4.1 ..-\mlThmia .:.lO.:~ntl';ltion in me Ilor':;l\;h tkl\\ rat.:. Wh<n: mo~ lhan
"n.: tank \\as :lSs<:ss...-.J. a m.:-.l!l \;llu~ lor ~hall'O\\ rat... is pN\id..~.

fl.m Iml minI r:lIll.. num~r Conc.:ntr.1tionof3.ffimoniatmell
III 1 tl.61~

Itl (J.5~-4

III I~ (1.425
III \kan 0.527

'l' 15 n.I:'3

'" 11.085

-420 0.017
·ell ,n 1).017
·';:0 \I.:an 0.017



·LL~ P("('~ Ck:lr.1nc~

A:i 11<:1\' r.ll~ in..:r~:lS<'S lh<: JUr.J.lion of pr~~ :J...ailabili~ J~("(':J..S<s ~spono:nliall~

For th~ 110\\ r.J.I.::i in thi:i <:sp.:rim~nL th~ P("('~ <:1~:lt3J1<:0: \alu..'S conlinn<'d llut th.: shap.:

of th~ <:un.: pn:S<:nlo:d in li~ur.: 3.1 ~ ICh:.lpl~r 3) \\as CO",,-"I:II Fig ~.I). Th.: ~st lit IR: "'-

O.'HOQIIO Iho: shape: olthis ..:un~ was an .:xpon.:nlial cun'~ with the lollowin~ equalion:

In I~)" -IUllIIIK77:;St.· _'I: - ~ ...HI~038 (~.ll

Final sun i'al \\as 10\\ in ;III U'~:ltm.:nIS 1< It)".I. hUI \\as hi~h.:sl at lo\\<:r 110\\s

\\ilh:l m.::.In .... ' ..'.7"" in Iho: III ml min tn:almo:nl :md 3.~ ". in Ih.: ~Il ml min tr.:alm.:nt.

fur Iho: KO m[ min Iro:atmo:nt mO::ln sun;\al \\:.IS ~.6·~:mJ \\as 10\\':';110.'1',,) 31 a 110\\ of

..CIl 011 min IFig. ~.~I.. \ sirail:hliino: pr\l\id.:J Iho: t'Io:st lit. ho\\<:\..:r. il p..lOrl~ d<:scri~J

Ih..: Jala 1R~ = 11.15101 Tho: high mllnalil~ in Sl)mo: lanks \Ias ..:aus<:d b~ an uniJo:nlili.:d

mU":llus·"lim.: (rl.lssit-l~ a ba':lo:ria .lr fungus!. \\hi.:h tr.lppo:d lana.: ro:suhing in do:alh.

Th... mu":ou:i':ilim~' :.Ilso tr.lpp...'1J rot;t'<:rs r~sul1ing in J'::.Ilh. \\hi..:h S<."I:undaril~ r.:du..:.:J th~

pro:~ J.:n:iil~ in Ih<::>< t:lIlk:i.lunh...r Ill\\~ring sun i\ al I)f Ian a.:. For this r~:1S(m a plot of

sun i\:.I1 in tan"s "ilhoul this un;Jo:nlili...J p:llhog.:n ro:sult..-d in a Jilli:ro:nl shapcl trend

lino: t Fig ~.31. rh.: .....sl-lillino: 10 th..~ Ianks is a log <:qu~lIion t ..t~1 \\ilh:an R; \alu.: of

tl.'~316. Ho\\o:\",r. t'l.:..:aus<: th..: o:spon<:ntial .:quation lIas tho: bl:st lit

y z: ":::.()O:::ooq..j51 • In IS I - 13...1~ 170~:' 1..j.21
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l~lr th..: Jut'3tio.ln ~l(p£~ :J.\:J.ibhilil~ <, ... .ul:t.. :an ..:xpon..:nlial tn::nd \\:IS also t<:stcl. :\n

,,:xpo.lnc:nlial .."t.!u:llion 1-i.31 \\:IS still a Slnmg lil (lJ l~ J:llatR: '" 0.73q()I.

-iAI. OnJa~ 5 lh..:r..' '-\:IS n,' si!:nilkanl Jill<:r..:n..·..:sIF '" 1.127. JI,. 3. P -O.;.lq\ in

l..:ngth ~,i'ana.: in Ih..: Jitl"":l\:nlll\:alm..:nts IFi!: -i.51..\1 J:1~ 12 POSI ha.lch Ih..:r... \\<:1\: no

signili.:::ml Jil1i:r..:m:,,:sIF'" '::.2-i3. J( '" .'. p" 0.0881 in l<:nglh ;unon!: Ir..::llm...ms. hut a

Ja~ Iq th..: laf\;.ll: in th... ·ell ml min tr..:alm...m \\ere si~nilic:In[[~ (F '" 16,5b. Jf '" 3. P "-

1I.11111 1sh",nerin Icn;;th (han lal'\:Ic in all ,lth..·r 11,,\\ (r...alnlemslrig-i.51. On thctinaJ

-;amplin:; J:I~ (2 7Jphllhe lenglh "flaf\ac in (hc hi!:h 11,)\\ tre:ltmcnll-i211 ml min) \\:is

signiti..:antl~ smaller than all \>lh..:r Ir...:Ilm..:nIS IF'" I-iA2. Jf: 3. p 'lI.ooll. anJ lanae

from Ihc nC'llast ...stll~l\\ r.lIc IlW ml mini \\o:n: :lISt) signili..:antl~ small<:rtP - O.O-iO

ru"...~·s HSDllh:an l.:J!\a... lJflh..: 1,,\\o:sI11,,\\ 1111 ml minllFig. -i.5I. fho:n: '-\:IS:lO

(Tar-k -i.":: I. Th..: ..:hang..: ap~:1I"S I" ~ an in..:re3S<: in th..: ... ,li:..:llJrlh)\\:IS Iho:lana...'

Jo:\dllp. FllJ\\ and Ja~. anJ tho: inl":r.1ction. a,,:clJunto:d for IN.':;°o ofth..: \analilJn in

standard Io:nl,;th ofl:lr\:IO: in this ('xpo:rim(,n1.

"



Th.: sam.: 1\1U-\la~ I tim.: and 1101\1 modd lorcondili,,>n indo:s was nOI as

\'Ompro:ho:nsil': as Ih.: mood lor standard I.:nglh. bUI still a,,:cQunt.:d lor -II.SO. urth.:

lanation IT::Ibk -1.2: Fig. -I.61.fho:n: was an into:ra..:tion ~t\\o:<n 11011 and tim.:.

hOII.:\O:r. tho: tro:nJ is not as ..:kar. and Ih.: .:I1'\,\:t 01'11011 on ..:ondition is not the same as il

1\3$ tllr slandard lenglh. rho:n: I\.:n: n.> signilkant dill\:ro:nc~ in condition indo:x lalu.:s

lln Ja~ 5 tF '" 1.1-1:<. dt':.'. p: 0..'8-11. orJa~ I:: tf: 0.-186. JI'- 3. P'" 0.6931. On Ja~

Iq posl-hal..:h Ih.: o::onJilion ,,!'!arne in Ih.: high 11011 t-l20ml minI \Ias signilkanll~ (F

12.1)8<). ...If: .'. p..; OJI4111101\t:r Ihan lar--at: in all otht:r Irt:atm.:nts. B~ th.: tinal da~ ur

mo:asurcm.:nts t27 Jphllhc -I211 ml min trealmt:nl haJ the IO\lest ..:ondition inde:". and Ihe

III ml min tre:.ltmt:nt haJ a higher ..:ondili"n inde:" Ih:.ln the -10 ml min trc:.ltment lF :

:i.07.'.df: 3. p ... 0.114111.

Lenglh-sp..-ci lic gnm th mho'S rang\'l.l t-.:I\\een 1l.75 0 II and 3.:: •• po:r da~. and

lar-ae r\'ar\'l.l.:lt IO\lcr !l01\ f".lt\-S tcnd\'l.l to h':1\e hi~h.:r length.sp.:cilic gnl\\lh ratt:s t Fig.

-1.71. (ire\1 Ih r.Jt\"S \I<re high<r:n all 11,,\\ ral\-s t-.:t\I\'Cn J.:J~ s 5 and I<) post hal,h. and

then d\-cn:as...-..t t<manJs the end ,'(Ih.: .:xpoerim..-nlal p.:rioJ. Lana.: in the higher 110\\5

had higher L·SliR·s O\er tho: lirst lh.: Ja~s. \Ihil.: tr.....Jtments \Iith lOll floll had higho:r

L·SGR lllr rn<lst ofthc Jur.Jliu" "ftheexpo:rim..:nt. Aillrealrnents had a similar L·SGR at

the.:nJo(tht:.:xpo:riment.
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rat-l.: ...:. Results 'lfl\\(l'\\J~ .·\SO\·,,~,"s \\ith repC'JleJ measures .1esign 1,1r stJnJard
lcn!:th :mJ \·,m.1iti,m in.1e," "fl:ll"\aIAtlanlic ":0.1 reared :lll,)ur ll.m r.J.k'S.

\.\c:;l.~ureml:m :O;,'uJ'{:c M

:O;1:lllJar.1 LL·ngth D:l~ 1::::5Q.::'<J ·,II.tlOI

F1\,,\ 8.1J4' 1l.t)()8

DJ~ " 1'1,,\\ ::'.<J7Q' 1: O.lkN

<'''>nJiti"n InJc\ D:l~ -::'A4b 11.1101

FI,',\ IUll5 O.tllJl

D:l~ " Fl,'" :.1..:::: U.o::::o

• rh,_ J~l~ JIJ n.'1 m""llh" ~_"~m:"ll,,n ,ll·,ph"n.·,~ JnJ lhereT;.r" the V. ill....· 1"'1 ":I> u~eJ "h\Ch ,1 ....'
prl'"Je'JnJppru"m:llef .,Iue
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.4.3.5 Ikha\ iour

Th~ dl<:":t olth~ Ih\\~ t~tm~nt \\as signilicantlor s\~im dur.uion IF = 8.670. df

.. 3. p..:n.UOII. paus.:duralionIF: 7.7Qq.df'" 3. p<U.t)()II.andorkntlr~u.:nc~ IF =

~.76:'. df = 3. p .. U.ooll. but nOi tor capture frequenc~ IF .. 3.3QI. df: 3. p .. 0.077:

farole ooi_31. Ttl< el1«t ,,(110\\ on s\\;m duration does not (0110\\ a trend wilh inc~ing.

lhl\\ t3.1': or 0\ ...1' lime tFi~. ·t81. fh...x \\as a d..'Cre~ in pause duration as 110\\ r:Ue

increas..'1.J. \\ilh the c:xception oflhe.w and 80 ml min lreatments lhal \~<."I'\: Ixl\\<:c:n lh~

10 and ~:.() m[ min tn:atmenlS rout \\ere rc\crs..-d in ord.:r l~.~l. Ori...nt frcquency shm\ed

th ... in\ ... rs... o(the ... ll~et ohse........d for JXlus... durOltion. \\ ilh iner"':lsing Ir..."t.lu...nc~ or' <.Irienl

1\ ilh incr"':lSing 1101' 1"".((... 1rig. ".Itl). Thcre "as nn nh\'jIlUs lrend in C:lptur~ frc:l.\uenc~

;lcr,ISS the 110" rat,,·s ,Fig. J.lll. Tim... ldphl h:lJ a signilicant .:11<:..:t on all of the abm ...•

m,'nti,'n"oJ hcha\ i,IUrs. :mJ Ihere \1 as a signilicant inter-.Icti,m hcl\I ......n time anJ nO\\ lor

~\\ im Jur:uion and orienl lr.."u.:n..:~.

fh...re \\"'1'\: signilicant Jill...l'\:oco:s in s\\im Juration. P'lUS<.: duration. uri...nt

Furth...rmore. there '\as a signilic:mt int.:raction bcl\\~n pre and post f<,,,,,O\.!ing.:rnd 110\\

"u.: lor J':lu:.c Juralion:l.nd ori.:nt ITc4uenc~. Th...sc moJds I~ere at'ok to .:xplain some of

the \ariation in the data tdur-.Ition ,\r's\\im. R="'" l).3:':;: Juration ofp:luSC R=" U.~3~:

r'r""\lUenC~ oJf orienl. R: .. tJ..~3:': lr"'4uenc~ ,ll" caplure. R: .. IUW"; Table ...31.

Wh.:n oJnl~ pllSt.li.:eding. d:l.la is eonsiJ... r...d. 1\ hid mako:s the Jata set wrnpar.1ble

10 Expo:riment [ (Chaph:r 31 and all trO::lIments are combincJ as ~~a.s Jone in the pr",\·iou.s

.:xpcrim...nt. comp:lrisons can ~ dra\~n bl.'tl\o:en this exp..-rim...nt and E.xpo:riment [



T3bl~~.:;. R..'Sulls "(I\\".\\3~ n..osl<:\! .-\:'\0\'.-\':> lor bdta..-iour "f _·\t1:a.ntic \,:oJ. l:ll'~

r~d:lIlourll"\\r:lt~:>.

lkha\i"ur Soure.: J(

Our.lIi"n,,(s\\im Pr.: postld.,Jin~ ..U13 Il.t)::~

rimetdphl ~6.76-! <:0.001

R:" 0.3~5 FIll\\ 8.670 <:0.001

Pre ~):>t· Film \.l48 O.3~l.)

rim.:· Flll\\ 5.350 ,. <ll.OOI

Dur.ni\,}n ll(paus.: Pr.: POSlIO:\..,Jinl!- ~O.606 "'0.001

rim.:tdphl 11.133 ....0.001

R:·II.2.;2 FIll\\ 7.7IN -.11.001

Pre po.lsl· Flll\\ 3.517 O.t>15

Time· Flo\\ 1.50~ ,. 0_105

Fr.:'lu.:n..:~ llt" \Jri..:nt Pr..:p..htlO:\..,Jin;; 37.~3l.) -,0.1)01

rim.:ldphl 1·l.t)~7 <.0.0111

R: "IU3~ Fl.,\\, 5.76~ l).lk)l

Pc<: post· Fl\J\\ 7.6~4 <:fl.OOI

rim..:" Fl\J\\ ~.380 ,. 0.003

Fr..."\lu':l\1:~ of ..:aplUr.: Pr...' post Id"l!in~ 8."3" t1.tJO.l

fim<:ldphl ~.718 O.O~O

R: zO.lN-l F10\\ ~.2QI 0.077

Pr", posl • Flo\\ ll.IS7 0.905

Tim.."· Flo\\ l."Q~ ,. 0.110



TIM! Id,h)

Fi;:.. ~ S. \k.1II JI,lI'"lI..., ,,( ,"'m I 0 : S.E.' "WI" 11m< .Jpl.. '......-\lbnlK: ..<>tJ boa.:~ 31'...... r
:1"" r.u.." 10. III ml mIn. ". ~ll ml min: .). SO ml mln:;lIlo! •. ~:O ml mIni.



TIME (dph)

F'g_ .!.'l \kan JurJII,'n "fp3Usc., < : S.E.j ,,'~r lime''''''' -\tl3nll.. ~0ll13n3C reare.i 31 four 110"
l'31n'O. I'lml min: •. JI) ml min: :.80 ml min. JnJ •. J:O ml mini



TIME (dpPl)



~
. ! .

TIME (dphl

ti;;. ..1.11. \1<:an T'r~q""n~~ "f~ap!"r", = ~ S.E.',""rllm" (or "'lIOlnt;'; "o.lIJ.l"\"" l"<:areJJ.1 tilur
;1.", rat". ,0.10 ml min .•. ..III ml min: :. SO ml mln;;lJld •. -1:0 ml min,



tCnapter .;1. The Jur:Jtion "I tim..: spent swimming Jid not sho\\ the same decreasing

t~nd \\ith time as \\as o~T'l.cd in Experiment I. Ho\\e\er. there is t~ same sharp

JL'\:re~.>nme last da~ ,II \ll:>sc:n. ations 12b Jpn I as was :>«n on da~ 25'>1 t~ lirst

..:,perim.:-nt t Fig. -4.1 ::::11. Duration ofpaus< like\\i~ sho\\s nt.'IlrenJ o\er lime IFig.

-4.I~~"I. Orient f~uem::~ in..:n:axd from a me-an ofapproximatel~ .3 orients min on da~s

-l 3I\d K post·halch to m<:an \-alu.:-s I":1J\ging trom 5 to 7 orients min lor da~s 16 through :::6

p.r.;t·hat..:h. Fig. -l.I::c I. fh..:fC' is :.11"":1 ..:kar Jh ision ~t\\..:cn the nriem frL'I.\u..:n..:~ nn the

tl\O J:.I~ s ~lore Ih..: sll;t.:h from o:ndogcnous Ln c:..ogcnous t~\'ding 110·1:: Jphl .:umpar.:J

It' th..: t,'ur <Jr.s..:n. ati,'n Ja~ s ari..:r Lhc s\\ il..:h t Fig -l.I:::.: I.

One "fth..: gll;lls ,.(this cxp.:rim..:nt \\as 1" atlempl 'I' Jl'l..:rmin..: \\hat tho: laf'\ac

.,rieot II '" ·o.7"Q:::. Jf .. 5tlKA. p' UJMl1, ami capture II'" -::.608. Jf .. -l45.~. p" t1,t)(WI

Ir..:~u..:nci.:s \\..:r.: signili..:antl~ high.:r JTkr Ii......'\!ing. \\'hil..: p:1u:..: dur:ltion signili.:antl~ l(

'" J.Q:'l>. Jf '" ~ lIt p' IlJMI\ I JL'Cr..::l...;.,:d ati.:-r I«ding. anJ s\\im dur:lIi,1O \\as un.:hangL.,J

11 - 1.::5::. JI': :'18. p -1I.::IIHFig:.afl...,.-I.i3a-dl.

Th< 10nliA..:rm u~.:n.:ltions \'ere inle::nded 10 hdp in th..: ..:akulation ol'total Pf\:~

..:onsumpti'ln b~ laT\al.:,xl"~ ::.h..ming Ih..: J..:.:a~ in lora\,1ing r:Jt..: o\..:r time::. a1l0\\in\,110r

-I mor..: a..:,·urat..: ..:akul:ni.lO ut" pre~ consumption. Du.: 10 Ih..: 10\\ ..:aptun: rales in all

trc;ltments this .,I'oje-.:t;\..: \'as Jitlil:ult h) n::aliz..:. Ho\\..:\..:r. using ori.:m rfl:qu.:nl:~ it is

po.'ssihk to g..:t a sens..: or' th..: r:1I..: or' tOf'"..I\,1ing or ie\ d ofhung..:r C'Xp.:ri..:nced b~ lh...

13f":le. T\\o tanks \\..:fl: ob~f\..:d b.:lon: r«ding. 10 m;nut~s al"l..:r l<:"-ding and again L.:!.
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TIME (elp") TIME (elp")

TIME (elp")



3.~. and 6 OOUTS :ln~r mominl! Ic.:dinl!S lor thrc.: d3~s. Th~ m<:3n ollh~ da~s of

o~n :llions \\ ilh t~n 1:In a..: ohS<.'n.:d lor ~:lch Ja~. for e.l<.:h 01 th~ high and lu\\ 11u\\

U\~:llm~nt:>, sh~m s thai 1:lI'\:I': in th~ hi~h 110\\ ori~nl.:d mol'.: lreq~ntl~ Ihen I:lr":1~ in Ih~

10\\ 110\\ al all lim.: p.:riods IFij,!, ~.I~l. Th.: ~'Ihc:r m:l.jM dill~r~n<:.: b.:t\\«n the ori':n!

Ir~qu.:n<:~ of I:lf\a~ in Ih.: hi~h anJ 10\\ llu\\s i::. th.: sudd.:n incl"('as~ in uri.:nt r.lt.: Ih:l.t

O<:CUTT.:J imm.::Jiald~ ali.::r 1~.::Jing (Ill minsl in th.:: high 110\\ I~~n ml min) t1'.::alm~nl.

This in.:1''::as.: \\as sh,)ft [ast..',j and J .."\:r~3S<.-t.I b.:1"lr~ th~ n~xl ohS<:f\;:Iti,}n po:riud:lt un.::

hour posi ri:aJing. fh.:: J~R:3.""" in 'lri':n! in:qu.:n<:~ \\;:IS synchronous \\ilh Ih.: d~l"(':lS<:

in pr~'~ J.:nsit~ that Jroppo:J to :lpprm:imald~ I~Utl pr..~ liln: un.: hour ;:Ili..:r Ic..~ing.

l",n\..:rsd~ th..:I:lI'\:I~ in Ih..:lo\\ 11,,\\ f'"Jk·tlll ml minllR::ltm..:nt soo\\cd:l much mon.'

grJdual in.::r.:3...... in ,.ri..:nt I':IIC :lIi..:1' 1<'''\:ding.;mJ a moch slll"":1' JO:C1''':3.i<: afl..:r about t\\O

t"thr..:.: h,IUr.; p..ISt I~...,jing.

rh.: n:"ults ot' (his .:xpcrim.:nt ar~ I\\""'pan, and d.::m"nstral~ tirstl~. Ihallaf\:ll

.-\l1ami\: cud sho\\ in..-:n:as...-d gro\\ 1h and sun i\-:l1 in .:n\ ironm..:nt:> thaI oller :I. gr~t.:r

dur.ali,ln \.fpr.:~ a\ail:lhilit~ Ir.:gul:llt."\l h~ llu\\ r.ah: in this .:xpo:rim.:no. ~'\:ondly. that

Ihis incr.:as...'J gf\\\\1h and suni\31 aT(' n"l th...· resull olincn.~ lor.aging 1r.:'4u.:nc~ but

rath.:1' ar..: du.: to 3n .:xt.:nJ.:d toraging p.:riod. Th... 3bilit~ 10 inl~rpr.:l th.: im:r~:lSed

gro\\th and sun i\ al is 3!lo1'J.:J b~ lh~ us< 01" th.: long-tc:nn b.:ha..-ioura[ obsC:f\·ati"ns.

-\[th"ugh. long-t.::nn "bs.::n'aliuns.:leo,: tim.:: .::onsuming lh.::~ pro\'idc a mor.: compkl':

und('rstandinl,; of Ih.:: J~ namics of Ian al b.:ha\'illurs.



~I
, , , , " I

TIME (hrl)

~II>. ';.1-1 Lun:,t-l"nn ,*"",r.3IW'h r'<K n1C:lII rT"q"",",~ .J1'.Kl"nll' .: S.E.I a.'''r.1::~".cr ttlm:
.b~~ l~ -\II;u>C1'; ",,,J Qro."" n<:>r.N .JII\I;;.h,&no.! 10" II...... 10...... 1'1..." - 10 ml m~n: •. hi;;.h flu"

..I;tlmlminlOn· :-lh

0'



Th.: stafldard knglh :and su~ i\":al dab :allion lh:at lal\."a.: r~arro in 'ow~r 110\1

po:rfonn h.:1l~r th::tn !:J.t\:ae in high 1101\ tr~almcnIS. Condition im!.:x r..-suILS on lho: linal

Ja~ did nol suppon th.."S<: lindings lor the 80 ml. min t~tment. 1-lol\clcr. knol\in;; that

.:ondilion is:a hi;,:hl~ scnsith~ inJic:Jtor of prc~ conditions I","OS!,,'\I. ct ",I. 1~8511cJ m~

10 ~xplorc lhc:sc resulls more Ihoroughl~. What I found 113..S th::tlthc su~-i\"al was 1011~r

in the 80 ml min trcatm..:nl than the 4t1 ml min ltc:al,n..:nl. so on~ possihility is th:III~I\~r

lan3e \Iere """1.lmpcling fllr the ;jl·ailahlc Pf\::~. and sin..:~ lanai ":00 h:l\c a high gnl\\lh

potenli31 irr..:spc..:tl,,,, ,If prel i\)us loraging ..:onJitions II·an Der \kercn and :"acss 1<N31.

Ih... 1<\\\ lan31 J ...nsil~ ';lIulJ aJc4uat<.'l~ explain the sudd...n inercase in condition index.

Ilo\le'er. a:,Jis..:uss.:J in the pr":lious..:hapl.:rtF..xpo:rimcnl [I thc pr.:scnc<:ollan-ac II ere

:lS$umeJ 1\, h;j'e liuk elk.;t ,In st3nJing crop ofrotil;':ts• ..:omp:lted tIl the ell;':cl of \\ah:r

ex..:hang..:. I his argum..·nt :,h,)uIJ he tcsteJ in 3 labor.. to!;, selling lor lanai ';00. Ihe

r..-suILS "f \\hi..:h \\ould hc lIt' gr~.. t hcnclit 10 Iu.ture sh,...~ing 3M pr~ dcnsil~ stuJi..-s.

Inc length-"p..'\:ili..: yro\\Ih rat..-s I\ere in Ihe sam.: range as thos.:: rcpon..-d in tl1.::

pre' ioos chapter and h~ PUlancnJron :md 8m\\n IlqqQ, in their \lork on lan·a..: ..\tlanlic

":00. \Ihieh \\3..S prclOnno.::J. in the sam~ tanks and at similar lempo:rotu!\.'S. 1n:lll thrC\" of

Ih..osc sludi..-s th"'l"1: is a d..,\:!\.';lSC in grol\lh r:lIe around ~8·35 da~s. \\hich [sp..'\:ulah: m:l~

indieate:l reduction in gTOI\lh role 3S Ihc 1:J.t\-3.: ..:ommene..: melanwrphosis.

Th..: rcsults 01 the pr..: 3nJ post l<xding obscl".-:uions "ere nOI as anticipatcJ. It

\\3S .:xpcct..:d Ihall:ll"\ac in the 10\\ 11011 treatments would shOll an increased ori.:nt

frequcnc~ in the pre I"i: ...ding obs<:nalion IX'rioJs sin..:e they would still han: prt:~

r.:maining in the t3nks. Con\t:rsd~.l preJi..:t.:d thatl:lr'\a~ in th.: high Ilow trealm.:nlS



\hluld tu\o: ..O::boo-d "rio:ntin~ ~~ tho: no:Xt t~ing.;lS tho:re \\ould h.: no pro:~ kit. In i3.:t

tlk- 0:"3..:t 'lpposito: "35 :i<..'\.'n on ""mo: \'~f"\3tion J3~:i, Th.: o:xpl3lt3lion li:lrth..:

po:rsl~to:nco: ,)rtho: orio:nt.:lIi.'n h.:tu\ i"ur "hen tOoo.l \\35 no lon!!.o:r pn:s.:nt i~ th3t tho:

I:l.f"\ 30: in Iho:s.: unks h:ld nOI 0:310:n tor :10:\ 0:r::l.1 hours :l.rId \\o:re tho:n:iun: hun!!.~, Tho:s.:

hun!'!r: 13f"\::l0: \\o:ro: urio:ntin!,! to\\:u-ds sm311 suspo:nd..-d panido:s 3drirt in tho: l:l.rll.:. Tho:

Iat\a..: IIXlk .)n an o:rrati..: palt..:m <)I' s\\immin!!.. going frum un..: pi\'Co: of su,;p..:nd.:d m3ter

It.) anolh..:r:l.rld ori..:nting:1I .:ach muhipl..: tim..:~.

rh<: results ,,(ttl<: I"ng-to:rm ,1hsc-f"\3Ii'lns pro' ido::l.J\ o:xplanation li.,r ,\h~ I:lf\:k;: in

tho: hi!,!h tl,", Ifc:1tm<:nL'O sht.'''.:d increa..'Oo:d "rient aM ..:ap{ure in:t:juen.:i<."S but not 3

'':'In..:omiuot in..:r..:a..;;,: in sUl"';\al and ;;ru\\th;lS "as otos...'1"'<.'\l b~ tPu\:l.fIo:ndr::l.ll:l.rlJ

Bn",n 1tN<J1. m<., ><ri..:,. .,i"snapsht.'ts·· ,,~uin..:J (wm th.: Jon!!.-to:rm "~I"'3tions

d..:m,'nstI'""JI..:J Ih:1I :h..-s..: incrt::lSl:s in IOl'"".Iging t"rO:4u..:nc~ t3.~I ..-d .'nl~ ;I. shon tim.: intcf\aJ

in the high 11"., Ire:llm.:nts 1l..''':3u,;,: rrt.·~ "as rcm,"..:d 'luickl~. rho: results 31so su;;!!..:,;t

Ih3t..:.,J l:.tna..: ..:an 4ui..:kl~ Jd:lpllt) ..:hanging pr('~ ..:.mditiuns. 3.~ s..:.:n b~ tho: suddo:n

in..:rt::l.St: lspik':l in llri..:nt r.ll..: 'lilh in..:ro:a--<d prt:~ do:nsit~ 13t t«.Jingl. and that th..·~

adjust thdr,'no:nt r.lIc \lith Pl'\.~ Jo:nsit'!- luri..:nt tr..'qUt..'nc,!- d<.'CTI.':l.S<.'d as tho: pn::~ \\<.~

":\3":U3tc:J iTl.'nl th..: un"l. On..: pt.'sslbk imO:~T\:t3ti"n is thall3f"\3e Uut:lfo: hWlgri..:r \\;11

,'rio:nt m,lr.: ir':"l.uo:ml~, c\em at n<\n·p~ it..:ms in S<.":lfCh lor fOod. \\'ith thi~ in mind. it

l><x,'m.::. appar..:ntthat tho: long.l..:rm obsc:n3lions \\o:r.: \ iul in o:xplaining ,\h~ lan3.: in

tho: lo\\o:r 11,,\\ trC:3Imo:nt~ .:xpo:rienc.:d high..:r gro\,'h and SUf'\·i,:U. Tho: [3t\:lO: in Ihese:

["'l..:r 11<)\\ IrO::ltmo:nlS \\~r.: ~xpos.:d 1\) pr",~ Ii.>r I,mg.:r po:ri0ds. and thus spr~3d th..:ir

r\lraging o:lrortS OUI ..)\~r tim.:. Whit..: tho: lanae in tho: high t1(>\\ treatm.:nt. n3d either



Mom~ 3d:I.p1L-d to ttl<: pre~ t-eing :l\J.iI:d:'k for shon p.:riods and thus inc~wir

1;'T:l.gin}; r:n ... imm...di;Jld~ :lI't~r f.....-Jing. L'r ltl<:~ "en: \':1') hung\";' tait.:r IlOI lc...-ding tor

S<;'\.:T:l.1 h,'Ursl:mJ thu.~ in.:r\.'as.:d their l;,raging r:ate:lS::I re,;ull 01" hunger.

Ahh\'ugh I,... Il,l'\ in.:r...:J.S<:d Ih... JUT:l.tion..,1" pl\.'~ ::I\:l.ibhili~. il :l.1S<.l reJul: ...d th...

r...mo\al"fmet:l.lx>li..: \\a.~Il:S anJ incT<"3..,,~d Ih... r...sid.:nco: lime: "fp:l.thClgens in Ih... l:mks.

rho: I,l\\ .;un I\J.I in I\\" ,'l" lh~ 1.,\\ 11,,\\ IJ.fIks \\:IS likd~ :1Ss.t.1o\:i:lt~d wilh th... high

.:on.:...nll'"..Lli,'n ,ll" ..Lmm,'nia in th IJ.fIl..S. Th.: pre:;.:n...... ,ll·th... uniJ ...nliliL-d mu.::oll.~-s[imL·

p:uhllg.:n inn......L......-J;J.~ 11,'" T:l.t J ..:rl..3...;.:d. alth"'ugh it \\35 nOI possit'tl ... W t{u:lnti6 this

FTI'm J. .:•..,j IJ.T'\it:ulture ~rsp..-.:ti\.:. the rrsulb ..,fthis study suggest tMI not ..,nl~

is Ih.: J ...nsil~ ,'frr...~ :l'J.ibt-k !.' I:lt"\.:le: imronJ.flI t'tUI als".' lhal th... dUT:l.li'ln I"r "hi.:h

pr...~ is :J\al[al'tk .:an L·')~':ll'<o.'lh suni\al 3.nd gro\\th:as a r...su[1 "t".:h3J1g...s in lh.: IOT:l.ging

pau...m "fth... lana.... Th...~ results supf'l'n lh... linding ,,( RJ.h.: :md Bruwn c'::f)f)Ul. \\ho

1,'unJ Lhat in.:rt.'a~J ' ....L-JinlO fl\.'tlu.:n.:~ a[s..' impru\ l:d ;:TI"'\Llh and ~Ul"\ i\J.1 lor ~ []o\\t.:I.il

1l,'unJ...r Irlt'ur'm.·•.,..' l,-rr/lcill,·u.' I [:IT\;l<:. rn... Jill~n:n.: ...s in t"TI."qu...n.:~ .,rori nl J.nd

.:artur... t'o<t"L"C'n PU\ enandran anJ Bnm n' s t IQQQ I slUJ~ :mJ th:u n:pono:d in Chapler :'

.:an :11"", no" ~ expLJino:d h~ Jill~ren.:L'S in 110" T:l.h:. Firu1I~. it is lil..d~ thai Ih~

TI.'Sults J.ppl~ I"r .'Ih...r Sp..-.:iL'S ,'I LisuaJl~ pl:mklh orous 1:lT\:le. therel;,ro: fUIUrt:

1:lT\ i..:uhuf\: pr'(\I\'>t:L,ls shoulJ ...onsiJer Nih prt:~ e\ac:uJ.lion r:l1e:mJ \Laler t{ualit~ \\-hen



CHAPTERS

GE~ER-\LSr'I'IARY :\:\0 FrTl·RE DIRECTIO:\S

rh.: '1bjlXli,,~s ullh.:: .::xperim.:nls in this th.::sis. \\.:r.: to in\.:stigat.: :1lt.::m:1I1\.::

I".:t:ding strat.:yi...s in an att.::mpt to redue... the li\ ... lood n:quirem.:nls during th... Ian al

stag.: 'lr' ,at snook and Allami.:..:oo lor aLjuacultur.:. \\ithout signilicamly decr.:asing

lanaI J:nl\\th <lr SUI"\ i\al. Ob~nationsnr'th... b.:h3\iours or'lar..-a... in th.:: di'l'.:r.:nt

tn.-.1Im.:nIS "'::rt,' us..-d w .::xplain Ih.: m~hanisms Ih;1I a..:count 'llr dini:n:IlI:.:s in gru\\th

and SUI"\ i\al. ~d h> in..:r.:as..- our und... rstanding ofth... 1\;ltur-.I.1 hislUt;- urm.: sp.:o:io:s.

fur tat ~noJo.)k lat\.a<.'. Ih.: in\ ...stigation hqtan \\ilh iJ.:ntil~ing th.: optimal pn:~

J.::nsit~. \\hi.:h is Ih.: IU\\'::SI pr...~ d...nsit~ Ihat prO\ id.::s Ih... high",sl growth :lJ'Id sun·i\al .

.\ simpk ",xf'<.'rimo:nt c,lmparing r,lur pr...~ J ...nsitks r.l.nging fr,lm SIlOt} to 30 000

pr... ~ litro: \\as J",·sign.:d. rho: r.:sulls uo:m,mstr.l.te that th..:re \\..:re no signilicant

Jill'.::ro:n..:o:s III gru\\th ,Ir sun i\al \\ ithin this pr.:~ d.:nsit~ range. Ensuing .::xp.:rim.:nls

.::xploring lo\\.:r prt,'~ J<:nsiti...s. \\<."n: :IIt.::mpt.:d un four sepat::l.t.: lXo:asions. OO\\.::\.:r. all

".::r.:: ..:uTlaikd du... to ..:r-J.Sho:s ofth... rolil;,:r or alga.: ..:uhul'\.'S.

L:Il'\al 'at Si\I,)Ok \\0.:11: sho\\n 10 ha\o.: a saltalu~ 1000ging slrat<.1:~. \\hio:h is

.:har.u.:I.::tiL<.'<.i ~ shun bursts 1,)1" S\\imming lol[u\\<.'d b~ pallS<: .:\.:nts during \\hieh Ih.:

[3l"\ao: ,;,:an.:h lor pr.:~ IBro\\ffian and O'Bri ...n I~:!a. IQQ::bl. Fal snook l:ll'\ae \\~e also

r'uund tl,) us..- a sigmoid positi,)n prior 10 a lungo: to\\aN,. a pn:~ it...m as p;ln ur'their

ro:pcn<Jir<." ut'bo:h,l\ iours. hu\\.::\o:r. Nth the sigmoid or s...,,;UI"\'.... and lunge \\ere ro:mu\·...d

from tho: loraging pan...m uncel:ll'\ac ....... c.:<:tJ.:d ':.0 mm in standard Ienglh.



Th~ Ian 31 sun h:lI in Ih... l:lt snook ~x~rim~nl was som... of th... high.:st ...\ ~r

3luin.:d .\ith this sp«i~. [I is possit>l~ Ihallh~ use ofa 11"•• Ihrough s~st...m ma~ ~ in

pan rc.."SpO,lnsihk lor this suo:o:...ss. th)\\ \.:r. futUTl:' studi...'S arc~.:d 10 in\~tilPl~ this

possibilit~. and 31so to inh"Slig3t( furth r poI.:nli31 n."\fuctions in t~ pr.:~ r..-quir.:m...nls

fllr r:1I snook 13n:k:.

f"r Ih... ..:llJ ..:xpo:rim.:nls. mu..:h mor... intorm3li"n \.:1:> a.ailabk ro:garding Ihc

optimal ..:ulturo: ..:ondilitlns. Pr(\ illUS o:xpo:rimcnts. had 3lrcad~ ddin...d tho: lJplimal

li;;htin;;. as toeing J,!rcatcr than 11lUt) lux (Pu. 3nt:ndran 1~<NI. a.nJ Ih.: optimal pr...~ d<:nsil~

at arounJ ~1l00 prc~ litre cPu. :mendran and Brown IQQ\)1. An in\,<:stigation into thc

abilit~ "flanal.:oJ tn t'llo:",\<: a misma"h lsub....lptimallur..lging e,mditi.lnSl o:arl~ in

Jc\dopm.:m had :lIs... toecn ..:arrkJ ,lut ICiOI.:cit:l.S. ,,:t til. I\)l)6 I. Furtho:rmor.:.

Pu\anl:'nJr..ln' ~ II \)'NI",'rt.. had .:xt(nsi.d~ 10l)1..~"\f :11 th.: ontog.:n~ ..,f li.lr:J.ging

b<ha\ ivu~. anJ tho: (,isten..:.: ,If a t'un..:tional rc..-sponso: in rdalilJn 10 pn:~ J<"nsit~,

rh.:n:luro:. mu..:h "flh.: IlJunJau,m l~lr Ih.:..:od \\on.. alrl:".1J~ o:xisl<."\f unlikc thl:' lat SO(k)k

rc:.o:an.:h. For this n::b'.In il ":1.'-; J!'Jssillll:' to l>.:gin Jil\.'Ctl~ in'~liJ,!ating Ih.: possibilil~ ,,(

tin.:.tuning th<.' 1aT\ io:uhuro: pr"IOI:ul to m:l.'\imiz.: gro'\lh and sun'i\'a] and minimil': Ii ....

rhel:ln:lI..-uJ c.'\p.:rim...nls looked:l.t 1\\0 \\a~s ..,fmoJil~ing th"'loraging

..:"nditions. Th.: tiNI .:xpo:rim.:nllollo•• <.'li th.: ·mat.:h. mismat.::h· Jesign and looked:l.t th...

rok ..,llhr.:.: Jill....r.:nt pr.:~ J.:nsit!.:s at Jill".:ro:nt stag.:s in 1at'\31 J .... dopm.:nt. Th.: ro:sults

'::31Ilx summarizcd as lollo\\s: a lower prey d...nsit~ (500 pro:y lim:) resu]t...d in the

high.:st sun i\ 31 lJ' cr thc lirst 5 Ja~ s. and th.:n:aft.:r a high pro:~ dl:nsil~- c~ooo prl:~ lilro: I
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result.:d in tho: highcsi sun h :11. Tho: lxsl gTO\lth ISl3lld3l'"d l.:ngth I and 131"\-31 condition

\1~Tl: a.:hi.:, -d 3t a pre~ J.:nsit~ t.l1~OOO pre~ litre all tho: \\a~ through. HO\IO:lo:r. at tho:

It.lll 11t.l11 rat -s us.."\.l . .:'000 pro:~ Iitr.: Jid nol r...-sult in signilicantl~ It.lllo:r gm'\lh or

su",i,;!!. In .:t.lntrast to pn:\ious t-.:halioural studi.:s Ilith l:lI'\al.:oo at I,)ut lab

'Pu'an.:nJran and Brown 1"N8: PUI"an<:ndran 199~: Pu\·an<:nuran and Bmwn 19QQI

uri.:m frcqu.:n.:y was nO! found tl,) incn::L.~': \Iith pr<y d.:nsity. in (acllhe t.lpposit<: Ir<nd

\I;}S uI:>1lo:t\.:d. Cumparison t,) th.: pr.:' ious works found thaI nUI\ rat...s JitT...r..-d. Thus an

in\ .."Sli~:lIi ..," ufth... ..:1).:.:1 ,}f!lUI\ 1".111: \las und...rtak...n.

Th... -so..'Ctlnd .::-.po:rim...nt m:mipul.at<.-d li}raginl,; conditions h~ r...-duo:ing 11'1.: duration

_.ftim.: lhat pr...~ \I;}S a\ailahk in Ihc tank h...'11\ ..-..:n '.....'dings. rhis 1\ a...; accI,)mplish...-d h~

inl.Tcasing the tlu\I "'t... I I\hi.:h also had eons.:quen.:.:s un \laler qualil~ I. rt..... l\."Sults of

th.: llCe,'nd experiment shn\l that Ian al sun i\al and !,;!Uwth ar.: iner<as..'1J at lOller 1101'

ral':s. t.....:eausc lana.: hal.: I,'n!,;... r t,1 ..,Jr.!:;.... rhe behal luural uhs.:n:ltiuns suppon....d

Ihese lindings and I...>d hllhc dis.:ul.:r; thaI un.:nt "n...quen... ~ lIas most inllu.:ne..'1J h~

hung.:r "Iat.... It lias als", ul:>scn.:d thai hungr; lan:31 cud \I.:r.: abl ... 10 dramaticall~

ino.:ro:aso.: lheir orient "'Ie land ...:aplur.... i.lt.... IIO inerdSC cunsumption \lh...n 1000.1 is firsl

intruJu..:..'\.I to th... tlnl... ;md lhat Ih... ir on.:nl rale J<.'CR.:"..l.S<.'S as Ih.: pn:~ d.:nsil~ d..'Cr...~ t is

el:ll,;wt<.-d from th.:t3nkl.

A r<lali ...'nship \las lounJ. bl:t\l<:t:n tho: "r"'\lu...nc~ uf uri.:nl and 11'1... Juralion <)(

paus.: in 11'1.: s<:cund .:xp..:riment. Th .... rd31ionship is d.... lin<:d by Iho: <:quiltion:

Ori.:n! fr.:qu.:ney .. j 7.07 - -0.06 • PiluS< duralion (5.1)



an.! a..:..:ount~d I~r 700 D "I Ihe \ arialion in Ih.:~ beha\ iows. When:lll <:00 ~xp.."rim~nlal

J:U.:l \\3S comt>inuJ \\hich ino:lu~kJ 2Q75 ob5c:l"\:ltion:>. the cqu.:uion \-:ui~ onl~ :>Iightl~

Imm that found in b.p.:rim<nt II:

3tIJ still :ll;"(Ount.N I~'r ()l~~ ,)1 the \-arlation in th\: d:lt.J IFig. 5.1\. Gi\"~n the s..:Jlt:uor;.

~:ltch ~ha\i"ur "I 1at'\:l1 cod. this e'lU.1tion has <:<:010gic31 signilkanc~. LlI'...ae incre3S<:

their r"r.:qu.:m;~ ,,1' ,.ri.:nt in rdati,," w hung.:r: :is tht: ori.:nt Ire'lU~nc~ incrc3S<::> thc~

spend m,lrc tim.: ~archin~ and l<:ss time in p:!U:>O:. From thc cxp<rim~nter"s point oJl \'ie'\

,'ri~'nt Ire4ucl'!c~ is much moJr,' dillicullltl ,1r.~1"\': than Jur:uioJn of pau:><. th.:",.'l""rc.

I..n'\\'in;; thai th.:r.: C'\lsts a stwng relatiunship I'>.:I\\cen tht:S<: h.:ha' iuurs could la..:ilitat.:

luturc t-.:ha\ i,'ur.!l stuJics "I' this sp..-.:i.:s.

()nc ,,( the ptu..lk'l> "I' Iat'\ al r<SC'.1fCh is the .:xtremcl~ high monalil~ that occur.;

.lI\\unJ the IIrnc "f lir~;t 1~...oJing. Ro:so.-.:.rch.:rs attribute Ih<: hull.. "I' this rnorulit~ to

stat" all"n and pruJati,m ,D.:khnll... ,'I <.II. Iqm: Hunter I47~: Cu:>hing IQ76: Houde and

So.:hel..ler 1478: Bu~·l..k~ .•'/ \/1. 1~871. Ho\\':'er. Sdkn 114861 has an inter<.-sting

lntcrpret.:uinn "flh.: pr<:dati"n th.:ur;.. He suggests thallhe 3d,antage afhigh l«undit~

t~'r r-sc],,:..:lcJ Nn~ li"h. is :hatlhe~ ha,e 3lb.pt.:d 10 nourish th.:ms<!\<:'S through their

,'ll"spring. In lal:'>~)r.llur;. scttings th.: el1".:..:1S "fpredati"n are diminated and ~et the

m\'rtalit~ is high. Tu gain a ~lI.:r undcr.;landing of this monaljt~ r<quir<:s being :lbk to
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qu;lI\ti~ it. S<J lhat dl"':o:ts oft~atm.:n(5 c:a.n ~ obs<:n·ed. This pos<s a probkm du.: 10

Ih~ ...xt~md~ sm::tll size ot"r-,.d..'C!<.'lIlish lan-a<:. Th.:: unk-':<Jring do:' ice us.:d in the lirst

..-00 <:xp.:rimo:nt was an attempt to O\'ercomo: this probkm. and pro\"id,oo a fairly ~ood

picture oflh.:: mOn.:l.lity cune for the tirst I~ d.3.ys tor lar...al codo LOnfonunatdy. after

approximato:l~ 14 days post.hat.::h th ... lan·a... ~cam~ too last and \.....~ abk to a\uid th...

c'Jring J~\ ic..... \ solutiun III th~ probkm of ,"uunting tin~ lana~ in Ih... wato:r culumn of

small and large l::anks ma~ nOl ~ l":.Ir ;l\\a~. Whik p.:rl\lnning tho:,;,: sludio:s a sonar

s~sl...m \.. as l\lunJ I~lt is abk tl' Jilli:~ntiate panidr:s ufll,3 mOl. :\llhough Ih<.'~ haxo:

not ~.:t h...-..:n {..-st..'\! .\n 131"-31 lish 31:uger \o:rsion nfth~ Dynamically Rr:spondin~

I hr.lsonic \Ialri:< S~st ...ml" IORIO\ISI pnxluc...d ~ (iui~n': Inc ha\~ bt.-..:n USI,.'t1 to

~num... rat and "i/.... tish 1.. ...1'1 in Ilt'3ling ...age p.:ns. and th... sm31l... r \ ... rsion ma~ ~ a

uSl,.·fult..• hnulo~~ fllr lanai fish r...s..:art:h.

rh... us<: ,I(b...ha .. j,\ural ops.:nali,ms in Ih ... o:xp..-rim.:nts des.:rib.:d in this Ih...sis

pro\ id ...J an und...rl~ ing m.....:hanism tll ..:xpl::ain th ..· j1TO\\th ;lnJ sun i al results. oo\lthou~h

al tirsl il ....as n.1t d.:ar \.. h~ lan·a..: in high..:r pr...y J..:nsiti..:s \.....1"<.' ori nting t..-s:> frequ..:ntly

tu\.. arJs pr<.'~. il ~am ... appan:nl ::alkr3 s<:ri ..-s of hourly <Jbso:n-atiun. that fn.'quenc~ l,)f

ori ...nt is go\~m...'\! b~ hung...r:b .... .::11 as til<.' density ofpr...~ it...ms around Iho: 13I"-ao:o This

\\as tn.: lirst 11m... that such a long St:ri..-sofhl,)url~ ubs.:n:uions has b.......n mad~ <In lar;al

.:odo and it Joo.:um...nls In.: sudd.:n o:hango: in liJraging l'3t... as 13T'\31 o:ad adapt to no\<:\

prc:~ O:'lOJiti<Jns \\I\.:n th y ...n...ountc:r a palch t>f pr... ~ in Ih... lo:mpol'311y and spaliall~

h...l...rugo:n...uusc:O\ironm nt in \\hich th ...y ha\'e ... \"ul\o:d.
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Appendix: A

Implic:loIionJi for "'tlllnlic cud llqullculturt-

rho: results lJfthe lanai cod csp.::rimems pro\ide \"alU3hk information lor

impnl\o:mo:nts 10 the lan-icullUrt.: protocols for this specks.md possihl~ for otho:r species

as \\;;,11. Tho: disco\ery that decreased pre~ densit~ during tho: endogenous l<:eding stage

actuall~ inereasr..-..J su" hal me:mS that not unl~ can a reduction in li\e 1'ooJ t-c m;l,de

Juring this stage hut also it \\ill n:suh in impro\o:J production.

s.:.:ondl~. that ino:r.:as..'\l Jur.llion ofpn.~ a\3ilabilit~ results in in.:rc~d gro\\lh

and suf\i\al. rhis mo:ans that pn:~ d.:nsit~ :If'Id 110\\ rate should 1101 t-c ..onsid..rcd

ind..p.:nJentl~. Lan i..ulturiSIS sh,)tlld h..: a\\ar...11' th.. kngth of tim.. that pr..~ are

rcmaining in the ..ultun: ta.nl.s at densities that arc suitable tor lanalloraging, PI"uing a

simple pr.:~ de:.lr.lllce cu"e fur dill"crem llow rates lor e3ch ta.nk and nuulow do:sign \\ill

greatl~ impw\'e the understand in;; \11 pre~ d~ namics in culture lanks.

rhe n.'Commendations that c,lme from this re~areh are that a 10\\ prey d...nsit~

(51)() pre~ litrel shoulJ b.: appli\-..J lor tho: lirsl li\ ... Ja~s. anJ tho:n rapidl~ ino:rC'"~J to a

higher pre~ Jo:nsit~ t~1I0() pn:~ litn:1 untilthc: s\\iteh 10 .-Irt..",;" naupli..-\ mooerate 110\\

r.ue should h..: emplo~\-..J. suo:h that ammonia k\ds:ll"<: ko:ptlo\\. :md approsimatd~ 50-

75"" of pl\.'~ is rcml)\\'\.1 b.:t\\\-.:n Ii.-nlings. \I.....st imponantl~. ho\\<:\<:r. is that the

duration olpre~ a\ailahilit~ is cunsiJcro:d \\hen ••ktennining lhe 110\\. IfnecessaJ;.

im:r.:ased '"ceJing 1l"CI.juo:ncy as 'lpposed to in.. ro:aS\.-d pre~ Jcnsit~ is re..ommo:nded to

compenSOlte it"iner.:ased 110\\ is l'l:I.juir.:d to impro\e W3to:rqU3lilY.
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