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Abstracl .  A Lasrangian t i rnc-steppinr  ntor lc l  t l r iven bv rvatcr  dcnsi t r , .  dat , t intc larval  lcecl i r rg und
su' inrnl ing.  l tnc l  bv concl i t ion-re lated lan 'a l  buovarrcv i las usccl  to t r i rck the vcr t ical  posi t ior i  ancl
cond i t i t r n t r f  i n c i i v i dua l  l un ' a l  coc l  (Ou t l u . sn r t r h t r i  L . ) i nas t ra t i f i e c lwa t c r co lumn .Jhcn ro t l e l  r c su l t s
can erpl l t in  thc I l t r ic tv o l  f rcquencics.  phrrscs and anrpl i tuc les of  vert ical  nr igrat ion ( inc lucl ing i1r 'crse
vcrt icul  nt iqrat ions arrd incrcasecl  d ispcrs ion at  l ) ight)  observccl  in l ic lc l  s tucl ies.  \ ,er t ical  c l is t i ibut ions
ancl  conci i t ions t l f  post-volk-sac lurvae.  c lcr ived f ronr the ntocle l  drrr ing c l l rv  ancl  n ight .  arc a lso
consistent  rv i th contparable l ie ld obsen,at ions.  Whcn r ,er t ical  shcar is  int rocluced intg the nt6cle l .  a
s i rnple loc l r l izccl  l i t rval  retent ion nrcchanisrn.  t l i rect lv  re latecl  to feecl ins.  condi t ion and buolancr ' .  is
r c \ r ' i l l r ' ( 1 .  J l l t  n t , , r l c l l r ' \ u l l \ i r l \ r r t l c n r o n s t l r l c i n . . r e ; , s c , l . h c t r r r l i r n e r s i . l t ( t l i l r r t i t , n ) ( r l p . . r 1 1 ) ' ( l i i i , r r t
l ; tnac re lat ivc to gt t t td-concl i t ion larv l rc.  anci  nral ' t re usecl  to expla in the rc lat ive pauci tv of
t tbscrvat ions of  c lv ing or  c lcr t l  l rn; re in lhc f ic l t l .  Vi r tual lv  a l l  of  t 'hc nrocle l  rcsul ts are t l i rect lv
testable in thc l ie lc l : tnr l /or  l r tboratorr .  ancl  u,c sho* hou thc f inc l ings nrav be t l i rccth rppl ic i rh lc t , r
larvac pt tsscssing funct ion:r l  sui r l  h l ; r r l t lcrs lut t l  perhaps 1o f reshivtr tcr  ancl  ntar ine invertebrate
zoop lank ton .

Introduction

ver t ica l  migrat ions of  mar ine larval  f ish (Heath e l  a/ . .  1988,  Stephenson and
Power.  l98t t .  1989) and zooplankton (Cushing.  l9-5 l ;  Longhurst .  l ( )7( t ;  zaret
and  Su f fe rn , l t ) 76 ;  Dodson ,  1990 ;  ohman ,  1990 ;  Bo l l ens  and  F ros t .  1991 )  a re
wel l  documented.  However,  af tcr  a lmost  a centurv of  invcst igat ion.  i r refutable
cvidencc for  c lear  and repeated d ic l  ver t ica l  migrat ions is  not  tc ' l  be founcl  in  the
larval  f ish l i terature.  Many authors repor t ing on larval  f ish ver t ica l  migrat ion
tend t t l  expand on a mul t i tude of  explanat ions of  how abiot ic  and b iot ic  factors
are responsib le for  departures f rom expccted d ie l  pat terns,  ancl  usual ly  arr ive at
conclus ions which are quant i ta t ive ly  weak (e.g.  Sel iverstov.  197i1;  Sameoto and
Lewis.  1980;  Sameoto,  l9 t t4) .  Fur ther ,  a number of  e laborate compl icated
schemes havc been devisecl  to  expla in the departures (e.g.  Bainbr idgc,  1961;
Hutchinson.  1967).  overal l .  these cxplanat ions have led to addi t ional .  and at
best ,  d i f f icu l t  to  test  hypotheses.  The f isher ies and zooplankton research
communi tv  remains at  a loss for  a mechanism that  s imply expla ins the observed
temporal  var iat ions in  ver t ica l  d is t r ibut ion and the in ferred migrat ion pat terns.

Somc c l f  the most  thorough studies on the ver t ica l  migrat ion of  larval  f ish havc
focused on the At lant ic  herr ing (Clupea harengus L.)and date to the ear ly  19(X)s
(e .g .  Johansen ,  1925 ,  Russe l l .  1926 ,  1928 ) .  Recen t l y ,  i t  has  become poss ib l c  t o
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sample c l iscrctc  c lepth in tervals  wi th h igh net  ef f ic icncies by us ing opcning and
clos ing mul t ip le-net  sampl ing svstems such as the BIONESS (Sameoto et  o l . .
I t )80)  ancl  MOCNESS (Wiebe et  u l . .  1976).  Stephenson ancl  Power (198t ' i )

s t rm l ' r l e t l  hc r r i r r g  l l r r v t r c  o l l  so r r l huc \ t  N ( ) \ i l  Sco l i i r  i r r  t \ \ ( )  c ( ) t t scc t l l i r c  \ c l t r s  us i t r u
thc BIONESS. In 19E7,  a c lear  d ic l  cvc le (up dur ing thc day and c lown at  n ight)
was obscrvcd (F igure la) .  However.  Stephenson and Power ( l9 l i8 .  1989) found
a semic l ic l  pat tern of  vcr t ica l  migrat ion for  herr ing larvae at  thc same s i te in  l9u-5
(Figurc lb) .  Both pat tL-rns werc rL.pL- t i t ive wi th in each study.  but  c lear lv
dcmonstrate var iabi l i ty  in  the f requency of  ver t ica l  migrat ion.  Nichols et  a/ .
(1986) show that  ver t ica l  migrat ion of  herr ing larvae c i in  be the nt i r ror  image of
thal  seen by Stephcnson and Pctrver  (1988) (F igure lc) .  Many other  exarnplcs in
the l i tcrature show vcr t ica l  migrat ions which have no pat tcrn at  a l l .  For
cxanrple,  Fossum et  u l .  (1987) found the ver t ica l  c l is t r ibut ion of  herr ing larvae to
be h ighly  var iable and wi thout  a wel l -def ined f rcc luency (F igure ld) .

In  general .  our  rev iew of  thc l i terature ( i l lust rated by mtt re than the few
examplcs of  herr ing larvac above) leads us to concluc le that  vcr t ica l  migrat ion
pat terns are h ighlv  var iable.  Evidcnce for  a c lear  anci  repet i t ive vcr t ica l
migrat ion pat tern wi th in and among larval  f ish species and rcgions.  basecl  on
cndogenous rhythms.  is  nt t t  convinc ing.  We recontmencl  Nei lson and Perry
(1990) for  a complete rev icw of  mar ine f ish ver t icer l  migrat ions.

Mcchanisms and adapt ive hypotheses f requent ly  found in the p lanktonic
ver t ica l  migrat ion l i tcrature i r " rc lude:  ( i )  organisms fo l lowing preferred l ight
levels  which change through t imc as a resul t  o f  var iat ions in  t ime of  da1' .  c loud
covcr  and moonl ight  (Woodhead and Woodhead.  195-5:  Blaxter .  1973;  Gl iwicz.
1986;  Hcath et  u l . .  1988);  ( i i )  l ight - re lated preclator  avoidancc (Zaret  and
Suf fcrn.  1976:  Bol lcns and Frost .  19,39) ;  ( i i i )  an imals fo l lowing opt imal  prey

concen t ra t i ons  (E , l l e r t sen  a t  a l  . . 1917 .1980 ;T i l se th  and  E l l e r t sen .  l 9u3 :  Munk  e /
c/ . .  1989);  ( iv)  animals synchroniz ing the phasc o l  thei r  migrat ion to the
ciominant  t ida l  s ignal  (For t ier  and Legget t .  1982.  l t )83) ;  (v)  anin la ls  migrat ing to
colder  rvater  af ter  fccding to l t twer  metabt t l ic  rates and conserve energy
(Mclaren,  1963):  (v i )  larvac migrat ing tc l  the warmer sur face watcrs to increase
growth (Wurstbaugh ancl  Ncvcrman.  1988);  (v i i )  abiot ic  factors such as wind
mix ing a l ter ing thc cx is t ing mignr t i t ' rn  pat tcrns (T i lseth ancl  El lcr tsen.  1983;
Heath era1. .  19t3t3)  and f ina l ly  (v i i i )changes in larvaldensi ty /buoyancy resul t ing
from yolk absorpt ion.  c levelc lpmcnt  ancl  condi t ion (Blaxtcr  and Ehr l ich,  197:1:
C o o m b s ,  l 9 8 l : H e n r i e r a / . .  l 9 l l - 5 ; N e i l s o n  e t u l . . 1 9 8 6 :  Y i n a n d B l a x t e r .  1 9 8 7 ) .  I t
is  the Iat ter  of  thcsc hvpotheses which wc exi imine here.  Thr t tughout  th is  paper.
densi tv  refers to the mass pcr  uni t  vo lume of  e i thcr  the larvae or  water .  Larval
buoyancy is  the force act ing on a larva that  resul ts  f rom thc densi ty  d i f ference
bctween the larva and thc surrounding watcr .

Proposing that  ver t ica l  movement is  d i rect ly  re lated to egg or  larval  buoyancy
i s  by  no  means  ncw  (e .g .  B lax te rand  Eh r l i ch .  1974 ;  Coombs .  1981 ;Henr i  e rd l . .
19lJ-5;  Nci ls t tn  et  a l . .  1c)86;  Frank and McRuer.  1989;  Page et  a l . ,  1989).
However.  in  th is  paper we invcst igate the ef fect  of  larval  condi t ion on larval
buoyancy between thc stages of  yo lk-sac absorpt ion and thc development  of  a
funct ional  swim blac lder .  We develop a s implc model .  based on documented
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Fig.  l .  T 'c l r rporal  changcs in the c lcpth t l is t r ibut iorr  of  lar . " 'a l  hcrr ing:  A und B.  averagecl  n l rx i r lunr
f a r v r t l  c t r n c c n t r a t i o n s ( S t c p h c n s o n a n d P o r v c r .  l 9 l J E .  I 9 E 9 ) : C a n c l I ) . c e n t r c s o f  n t a s s ( N i c h o l s e t  u l  . .
l9116:  Fossurn ct  u l . .1t )871.  Black ancl  wlr i te bars inc l icate nisht  and c lav per iocls in cach studr ' .
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behaviour  and physio logical  changcs in  larval  cod ( ( iar l r rs  r tu t rhua L.) .  to

e xanr ine ver t ica l  d is t r ibut ion pat terns ancl  thc in ferrec l  vcr t ica l  migrat i t tn .  Our
mocle l l ing appr<tach is  bascd on t rack ing thc ver t ica l  posi t ion of  ind iv idual  larvae

and a l lowing for  physio logical  changes in rcspt tnse to fecding success.  Wc

proposc a s imple ancl  rcadi ly  testablc  condi t ion-dr ivcn buoyancy hypothesis  t t l

expla in ver t ica l  migrat ior" r  pat tcrns dur ing thc ear ly  larval  s tages.  This papcr

places emphasis on larval  f ish.  However.  manv of  the f ind ings may be appl icable

to zooplankton.  as rv i l l  bc out l ined bc lorv.

Method
'l'lte 

senerul tnotlel

In  i ts  s intp lest  fornt .  the ntoc le l  (F igure 2)  cc lns is ts  of  a two- la1"e rcd water  co lumn

with bot tom c lepth f t . ,  sur face (p1)  and sub-pycnocl ine (pr)  water  c lensi t ics
tvpical  of  weaklv s t rat i f iec l  areas around banks (c .g.  Buckley and Lough.  1987;
Taggart  er  c / . ,  1989).  Larval  food concentrat ion ( ,F)  is  assumecl  to  varv wi th

c lepth (z)  according to:

F - exp 1- e-J't '  I

Note that  thc foocl  conccntrat ion reachcs i ts  maximum of  uni tv  at  the pycnocl inc

n.,

h z

l ' ig .  2.  Thc phy's ical  and bio logical  col l l l lonents of  t l re condi t ion-dr i ren buovancv ntocle l  consist ing ot

i r  s t rat i f ied s,ater  column wi th uppcr depth ( / r r )  and c lensi t l ' ( i r r ) .  ancl  lou 'cr  c lcpth (1.)  ancl  c lensi tv
(p.) .  Thc fooci  ntar inrunt  is  c l is t r ibuted urouncl  the pvcnocl ine.  Opcn c i rc les rcprcscnl  lanal  f ish l rnd

t l re i r  potcnt ia l  davt intc move ments.  and sol ic l  c i rc lcs represcnt  the i r  potent in l  n ight- t ime n)ovcmcn1.
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(z  -  hr)  and has a stanclard deviat ion of  o about  th is  c lcpth.  Fooci  mar ima
around dcnsi ty  grac l icnts arc wel l  documentcd (e.g.  T i lscth ancl  El lcr tsen,  l9g3:
Bucklcy '  and Loush.  l9 t l7 :  Taggarr  cr  d l . .  l9 lJ9) .- l 'he 

mt ldel  is  Lagrangian in  that  we t rack the depth of  inc l iv idual  larvae
through t imc and cvaluate changes in thc i r  concl i t ion.  Our approach is  s imi lar .
for  example.  t t l  that  t t f  Wctocls  and Onken (19S2) rvho mocie l led the c l iurnal
var iat ion of  insolat ion and pr imarv product ion in  the upper ocean using,  rvhat
thel '  termcd.  thc 'Lagrangian-enscmblc '  

method.  woods and onkcn's  (19u2)
model  a l lowcd for  the in tegrat ion of  phytoplankton physio logv (shor t  t ime
scales)  at  each t imc step a long indiv idual  ce l l  t ra jector ies.  This Lagrangian
n.rethocl gavc rise to diffcrent cstimates of primary procluction whcn compared to
models cmploying the Euler ian f rame of  refercnce wherc c ievckrpmental
var iabi l i ty  in  ind iv idual  p lankters could not  bc assessed.  In our  modcl .  as an
inc l iv idual  larva moves through the water  co lumn. i ts  depth ( : )  and the ambicnt
food concentrat ion F(z)  wi l l  change.  l 'hus,  in  th is  Lagrangian f rame, F is  an
impl ic i t  funct ion of  t ime.

Larval  c t lnd i t ion (C) is  a lso a cont inuous var iat . r le  wi th normal izcc l  va lues
between 0 and L wc erssume that  condi t ion depends on the fecding success of  a
larva dur ing davl ight  hours according to:

dcl
dr

I

T t 6 - c ) (r)

whcre 1 is  t ime.  This is  a ' fad ing memorv '  model  for  condi t ion wi th an e- fo ld ing
t ime of  r . ;  thc average food concentrat ion cxper ienced by thc larva wi th in z .  of
thc prescnt  ( t )  esscnt ia l lv  determines i ts  condi t ion.  of  course the food
conccntrat ic ' rn expcr ienccd b1 ' the larva,  and hence i ts  concl i t ic ln ,  wi l l  change as i t
moves through thc water  co lumn. Thc f in i tc  d i f fcrencc form of  equat ion (2)  uscd
in our  t ime-stepping Lagrangian modcl  dur ing the day is :

C ( r  +  A r ) :  e  ( r " ' '  
C ( r )  +  [ l  - .  1 r ' r . t 1  F ( 1 )  ( 3 )

whcre C(r  + At)  is  the condi t ion at  the ncw t ime step.  Wc assume that  the larva
docs not  feed.  and i ts  concl i t ion does not  change at  n ight .  Notc that  th is
a lgor i thm for  Cl  ensures that  i t  wi l l  a lwal ,s  l ie  betwcen 0 and I  .  The densi ty  of  thc
larva is  assumcd to be proport ional  to  i ts  condi t ion,  which a l lows larval
buoyancy to be calculatcd as a funct i<tn of  t imc.

At  n ight .  we assume that  larvae do not  swim and that  thc i r  ver t ica l  ve loc i ty  is
s imply detcrmined by buoyancy according to Stoke's  terminal  ve loc i ty  (e.s .
Ba tche lo r .  1  967 ) :

n':2s,r '  (el;_9r)

where g is  accclerat ion due to grav i ty ,  r  is  the radius of  an equivalent  larval
sphcroid,  p*  is  the densi ty  of  the surrounding seawater .  p1 is  thc densi ty  of  a

117
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larva anci  v  is  thc coef f ic icnt  of  v isct ts i tv  of  seawatcr  (

5 'C ancl  sa l in i tv  3-5%u: Dorsey,  19,1t ) ) .  Dur ing the dav.
trlr.varrcl the foocl maximum at spccd:

l . 6 l  x  l 0  r k g m r s r a t

we assurnc the larva swrnls

I  t r '  :  t t ' , , , . , .C '

u'herc r r ' , , , . , ,  is  thc maximum sr .v immin-e ratc ancl  C is  thc larval  condi t ion.  The

larval  depth ( ; )  a t  cach t inrc s tcp is  updatcd dur ing day anci  n ight  according to:

z  ( 1  r  1 1 )  -  z ( t )  I  1 4 ' 1 1  r  e

r .vhcrc  ̂u(r  + Ar)  is  the new let rval  c lepth.  n ' is  the ver t ica l  ve loc i ty  and € is  a

ranclc lm pcr turbat ion added to s imulate turbulcnce.  We assume that  e is

normal ly  d is t r ibuted wi th zero ntcan and standard deviat ion (2KI t ) -  (Pagc ct

a/ . .  l t )89) .  rvhere K is  the eddy d i f fus iv i t l ' .  A ref lect ion condi t ion is  usccl  at  the

top and bot tom bounclar ics to ensure that  larvae do not  ' leave'  t l . rc  mt ldel
(F ischer  et  u l  . .1979).  This  is  equivalent  to  a no- f lux boundary concl i t ion f<t r  the

equivalent  ac lvect ion-d i f fus ion concentrat ion cquat ion in  an Euler ian f rantc of

re lerencc.
In surnnrary.  dur ing thc dav the larva swims towards the f t t t td  nrax imum to

fccd.  at  a spccd c letermincd by i ts  condi t ion.  At  n ight  there is  no swimmin-ql  thc

larva e i thcr  I 'k tats  or  s inks,  depencl ing on i ts  buoyancy.  which is  dctcrminecl  bv

i ts  condi t ion ancl  hcnce feecl ing success dur ing previous dayl ight  ht lurs.  In

addi t ion to dayt i rne swintming and n ight- t ime f loat ing or  s ink ing.  random
perturbat ions havc been inc ludcd to s imulatc turbulence.

Bio I o gi co I p (t rum(te rs

The b io logical  va lues choscn for  thc model  s imulat ions come f rom f ie ld and

exper imenta l  data found in the l i tcrature.  Cod larvae were selccted for  th is

s imulat ion because of  the avai labi l i ty  of  buoyancy and behavioura l  data.  The

El lcr tsen et  u l  .  ( l9 t i0)  c lata on cod larval  c lensi ty  were used because of  thc shor t

santp l ing in tervals  ( l  day) .  Data f rc tm the two scparate exper iments by E, l lcr tsen

ct  u l  .  (1980) wcre averagcd (Figurc 3)  ancl  the or ig inal  sa l in i ty-based uni ts  of

densi ty  were convertec l  to  densi ty  (kg m r)  us ing the UNESCO tables for  5 'C

water  (Knauss,  1978).  On the basis  of  these data.  larval  densi t l '  a t  yo lk-sac

absorpt ion ( -5 c lays af tcr  hatching)  was set  at  l l )17.5 kg.  'and considercd to be

t .vp ical  of  a larva in  i ts 'bcst 'possib lc  concl i t ion (F igurc 3) .  Larval  densi ty  iust
befcrrc  mor ibuncl  ( l -5  days post-hatch;  El ler tsen et  a l . .1980) was sct  at  102:1.0 kg

nt  3 and considered t1 'p ica l  of  a s tarvecl  larva in  i ts 'poorest 'concl i t ion.  Thc

decrcase in larval  densi ty  dur ing th is  l0  day per ioc l  had an e- fo ld ing scale ( I . )  o f
-3 days (F igure 3) .  Rcsul ts  f rom s imi lar  s tudies (Nci lson et  u l  . .1986:  Yin and

Blaxter .  1987) for  s tarved cod larvae arc consistent  wi th those of  E, l ler tson eta l .

(1980) and show a gencral  decreasc in  larval  densi ty  af ter  y i t lk-sac abst t rpt i t tn .

The radius,  ( r ) ,  used in cquat ion (4)  for  the terminal  vc loc i ty  was calculated

us lng :

:l l lJ

(s)

( b )
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assuming that  the bocly  of  a larval  cocl  (heaci  and gut)  is  bcst  represented by the
equivalent  spher ica l  d iamctcr  of  an oblate spheroid.  where 1u ancl  /1 ,  are the gut
lengths (mouth to anus)  and head depth (poster ior  of  the e1 'e) .  rcspcct ive lv .  A
5.7-5 rnm cod larva has an average lu of2.1 x l0  I  m ancl  1, ,  o f  E.0 x l0  + rn
( ' l ' .Mi l lcr .  personal  conrmunicat i t rn,  McGi l l  Univcrs i ty .  Montreal .  PQ, H3A
iB l ) .  Fo r  examp le .  assuming  a  wa tc r  dens i t v  (p , , )  o f  1026 . -5  kg  m  ' an t l  a ' bes t '
condi t ion larva wi th densi ty  (p ' )  o f  1021 .5 kg nr  ' ,  the terrn inal  ve loc i t , ' -  (n ' )  is
- 1 . 8 7 x 1 0 r m s r .

Evidcncc to support  feeding of  cod larvae only dur ing thc day '  is  prov ic lec l  b1 '
both laboratory and f ie lc l  exper i rnents.  T i lseth and E, l ler tsen ( l9 t i . l )  show that
cod.  l ike most  mar inc larval  f ishes.  are v isual  feeders wi th morc prcy captures at
h igh l ight  in ter . rs i t ies and fewer prey capturcs at  low l ight  levels .  F ie ld ev idcncc
from' l ' i lsc th and El ler tson (1983) shows more naupl i i  pcr  larval  cod gut  c lur ing
thc c lay rc lat ive to n ight .  which is  consistent  wi th dayt ime feecl ing.

Increascd d ispers ion of  the larvac at  n i -eht  (e.g.  Hcath er  c / . ,  l98 l t )  supports
our  assumpt ion of  passive f loat ing/s ink ing at  n ight .  More convinc ing cv idence is
providecl  bv El ler tscn et  u l  .  (1980) where larval  cod swimming act iv i tv  was shown
to be h igher  dur ing the dayt ime.

The swimming rates of  cod larvae are usual lv  determincd wi th the bod;-
a l igned in the hor izonta l  d i rect ion (e.g.  Bishai .  1960).  However.  in  our  modcl  i t
is  assumcd that  the swimming ratcs are equal ly  va l id  in  the vcr t ica l  d i rect ion.
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Burst  spcccls  foru r l  6  mm cocl  larvacan reach :1. -5 -5.0 x l0  I  m s I  (Blar ter .
l9 t l6 ;  Bai lcy ancl  Houdc.  1989).  and cru is ing speecis for  a var ic ty  of  mar ine
larvac in  th is  s ize rangc are -5.0 x l0  '  m s '  (B laxter ,  19,36) .  Therefore.  i t  is  not
unreasonablc to assume that  a -good-concl i t ion larvae wi l l  mainta in an average
sw imming  speed  o f  1 .0  x  l 0  ' n l  s  '  du r i ng  t he  day  (12  h ) .  The  sw imming
speed of  cod larvae was assumccl  to  be proport ional  to  condi t ion.  Ski f tesv ik  and
Huse (19E7) have shorvn that  s tarved cod larvac quick ly  lose thc i r  swimming and
feeding abi l i t ies,  whi le  l 'ceding larvac rcadi ly  mainta in or  increase thei r
sr" , imming act iv i ty  and prey searching.  Frank ancl  Leggct t  (1982) have shown
that  s tarved capcl in  (Mal lc t tus v, i l losu.s Mt i l ler )  larvae typ ical ly  d isp lay sporadic
and uncl i rectec l  swimming re lat ive to those which are wcl l  fec i .

Mocle l  s imulat ions wers in i t ia tec l  wi th thc larvae seeded around the
pvcnocl ine ancl  the maximum food concentrat ion ( / r r ) .  This  depth of  in i t ia l iz-
at ion was chosen bccause:  ( i )  the avcrage c iepths of  centres of  mass for  ear lv
yolk-sac larvae c ler ived f rom a numbcr of  s tudies wcre 30-40 m (Sclafani .  1992);
( i i )  Pagc et  u l  .  (1989) havc uscd a model  and f ic ld  compar isons to show that
haddock (.Melunogruntmu.s aegleJ'inus L.) eggs. just prior to hatching. wil l be
concentratcd near the pycnocl ine;  ( i i i )  for  some species,  such as At lant ic
nrackerel  (Scontber  s tombrus L. ) .  i t  has been shown that  immediate ly  af tcr
hatching thc re lat ive ly  h igh-dcnsi ty  yolk-sac larvae are found in thc pycnocl ine

region and the zone of  maximum food ct lncentrat ion (deLafonta ine and

Gascon.  1989):  ancl  ( iv)  the larvae of  Amer ican p la ice (Hlppoglossoides

Stlutessoides) . ycllowtail f lounder (l, imnado Jerrugineu) and witch flounder
(Glt 'ptocephulus cvnoglo.r.su.s) arc also known to be more concentratccl in the
region of  the pycnocl ine (Frank et  u l  . . lL)92) .

Larval  morta l i ty  was not  inc luc lcd in  the rnodel .  I f  a  larva is  in  pc ' ror  condi t ion
i ts  probabi l i t l '  o f  swirnrn ing toward the prcy maximum decreases and i ts
condi t ion tends toward zcro.  resul t ing in  no swimming abi l i ty .  S ize-re lated
changes in larval  swimming (e.g.  Bai ley and Houde.  1989) and s ink ing veloc i t ies
(e.g.  Hoss et  u l  . ,1989) were a lso not  inc luc led becausc of  the l imi ted t imc span
for  growth in  our  model  (10 days) .  Averagc growth between the per iod of  yo lk
absorpt ion and up to 16 days af ter  hatching is  0.2 mm f i t r  s tarvcd larvae
(El ler tserr  et  u l . .1980) and 0.-5 mm for  fcd larvae (Solberg and Ti lseth.  1987).
which t rzrns lates to l imi ted increase in cru is ing speed (Blaxter ,  1986).  Thus,
growth ef fects on swimming and s ink ing rates wi th in the model  are negl ig ib le.
but  we recognize that  i t  may p lay an important  ro le wi th other  species and i f
longer pcriods are ci 'rnsidered.

Physicol purlmcters

The densi ty  of  the sur face layer  (p1)  was choscn to be 1026.0 kg m I  and the

lower layer  densi ty  (p2)  was set  at  1026.-5 kg t  t  These densi t ies were selected

to represent  thc approximatc values of  El lcr tsen et  a l  .  (1980) for  l i i rv i t l  c t td

rear ing condi t ions.  Thc model  pycnocl ine was centred at  40 m and bot tom ( / r1)

was set  at  100 m. The food concentrat ion was normal ly  d is t r ibuted at  an average
depth of  40 m wi th one standard deviat ion of  10 m. The s ize of  the random
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pcr turbat i t lns inc ludecl  t t t  s imulatc turbulcnce f rom rv inc l  nt ix ing 'uvas chosen to
reprcscnt  a typ ical  upper occan edclv  c l i f fus iv i t ) , (2.0 x l0  I  mr s  ' :  Locler  c /a/ . .
1988).  A ct lmplete l is t  o f  paranreters ancl  the valucs usecl  in  the s inru lat ions is
providcc l  in  Tablc I .

Motlel restrlts
- fhree 

s imulat ions.  us ing the parameters in  
- rable 

I .  are c leta i lcc l  below and
i l lust rate thc tentpor i t l  var iat ions in  c lepth ancl  concl i t ion of :  ( i )  t rvo indiv ic lual
cod larvaet  ( i i )  a  populat ion of  2(X)  cod larvae:  and ( i i i )  a  populat ion of  2(X)  cod
larvae in a vcr t ica l lv  shcared f low.  Dur ing the s i rnulat ions.  we col lapsecl  the
conci i t ion in to threc c lasses:  I  > ( .> 2/3.  good condi t ion:  213 > C > l /3 .
avcrage condi t ion:  113 > C > 0.  poor  condi t ion.

Thc f i rs t  s imulat ion is  prov ic led to s imply,  c lemonstrate how larval  condi t ion
and depth change through t imc.- fwo larvae were in i t ia l ly  in t roc lucecl  at  a c lepth
o f  20  m.  Onc  began  i n  gooc l  cond i t i on  (C ' : 0 .7 -5 )  and  the  o the r  i n  poo r
cond i t i on  (C ' -  0 .2 -5 ) .  A f t e r  t hc  f i r s t ' n i gh t ' ,  i t  i s  c l ca r  t ha r  t hc  l a r vac  a re  a t
d i f lercnt  c lepths c lue to thc i r  condi t ion-rc latec l  buoyancv (F igure , la) . ' l 'hc poor-
ct lnc l i t ion larva is  posi t ive lv  buovant  ancl  in i t ia l lv  f loats towarc ls  the sur l 'acc.
whi le  the m<trc dense.  got td-condi t ion larva s inks out  of  the sur facc laver  dur ing
the n isht .  The h igh- f requencv ( tens of 'minutes)  dcpth var iat ions arc c lue to
tu rbu l cnce .

Dur ing thc day ' .  b<t th larvae srv int  torvarc i  the food nraximum. Howevcr ,
d i f fercnces in  condi t ion resul t  in  d i f fercnces in  srv intming abi l i tv  ancl  in  icec l ing
success.  The poor-condi t ion larva,  a re lat ive l l ,  weak swimmer,  does not  reach
the foocl  maximum as quick lv  and eats less.  Thc good-concl i t ion larva swims
faster .  rcaches the food maximum more rapic l ly  and cats more.  As condi t ion is  a
funct ion of  larval  fecding dur ing the day.  the concl i t ic ' rn  of  the sood larva
increases s l ight l l ' .  whi lc  that  of  thc pt ' ror-condi t ion larva decreases (F igure - la) .
This becornes ntorc apparcnt  as t ime pr( rgresses.  wi th the por t r -condi t ion larva
being found progressively  h igher  in  the water  co lumn, par t icu lar ly  at  n ight . ' l 'hc
good-condi t ion larva remains re lat ive lv  cktse to thc food maximunt .  The
important  rcsul t  is  that  whcn repeated over  l0  day-n ight  cyc les.  a b i furcat ion in
larval  condi t ion anci  average depth develops,  and thc d ie l  ver t ica l  misrat ion of
the p i tor-condi t ion larva is  consistent  wi th the nocturnal  d ie l  vcr t ica l  migrat ion
hypotheses (c lown at  da1' .  up at  n ight) ,  whi le  that  of  the good-condi t ion larva is
consistent  wi th a d iurnal  ver t ica l  migrat ion pat tern (F igure 4a) .

Di f ferent  evolut ions in  larval  condi t ion ancl  ver t ica l  posi t ion can resul t  f rom
larvae which bcgan wi th thc same in i t ia l  condi t ion and depth.  For  example.  two
aver i ige-condi t ion (Ci :  0 .4)  larvere were in t roduced at  l6  m (Figure:1b) .  Here.
larval  condi t i t tn  ancl  c lepth var iat ion is  c lear ly  dr iven by the larva 's  probabi l i ty  of
encounter ing food.  which is  enhanced or  rcduced by thc s imulated turbulencc
and demonstrates the randomness wi th in the model .

' l -he 
second s imulat ion shows how thc condi t ion and depth d is t r ibut ion of  a

populat ion of  cod larvae evolves.  The s imulat ion was in i t ia l izec l  u, i th  a
populat ion of  2(X)  cocl  larvae having a randomly d is t r ibuted condi t ion of  betwee n
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Condition, buo.v-ancl and distribution of larval fish
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Fig.  i l ,  Thc l0 da1" evolut ion of  depth ancl  condi t ion o1 (A) a qoocl-concl i t ion (dashecl)  ancl  poor-
condi t ion (sol id)  cot l  larvue in i t ia l izccl  at  the samc depth.  and (B) two neutra l -c()ncl i t ion cod lan,ae
in i t ia l ized r l t  thc sanre c lcpth.  Black ant l  whi te st ippl ing incl icatc n ight  and dav pcr iocls in cach studv.
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0 ancl  I  a t  c lcpths bctwccn 35 ancl  .1-5 m (Figure 5) .  A sequence of  instantaneous
vert ica l  samplcs takcn cvcrv l2  h (midclay and mic in iuht)  rcvcals the popu-
lat ion 's  c lepth ancl  concl i t ion changes through t imc.  Thc in i t ia l  populat ion bcgins
to form two c l is t inct  populat ions d i f fcr ing in  avcragc concl i t ion.  The overal l
c lcpth d is t r ibut ion a lso reveals which samples were taken c iur ing the c lay or  n ight
(F igure 5) .  Dur ing the c la l ' .  the larvae arc ntorc conccntratcd arouncl  thc f t tc lc l
maximunr uncl  at  n ight  there is  greater  ver t ica l  d ispers ion.  Sonrc of ' thc avcragc-
conci i t ion larvac s 'uv i tc l - r  between good ( rn ic lwater)  and poor (near-sur face)
conci i t ion c lcpcnding on thc i r  day- to-c lay cncounters wi th food.  and by the end of
l0  c lays the in i t ia l  populat ion has scparatcd in to rc lat ivc lv  good- and poor-
condi t ion sub-populat ions.  J-h is  is  i rnpor tant  because i t  demclnstrates how
populat ion avcrasc concl i t ion evolves through t ime.  The resul ts  fur ther  show
how tvpicul  invcrsc vcr t ica l  n ' r igrat ion pat terns based on populat ion centre of
mass can evolve s i rnply  through d i f ' fcrcnccs in  larval  concl i t ion ancl  buoyancy.

As most  ocean p lankton are found in advect ive cnvi ronmcnts.  a s imple
vcr t ica l ly  shcared current  s inru lat ing wind st ress on the water  sur face was added
to the model .  Thc sur l 'acc currcnt  rvas l . -5 x  l ( l  I  nr  s  I  and decaved wi th an c-
f i r ld ing scalc of  l -5  m. This makcs the Lagrangian model  two-c l imensional .  The
nrodel  u 'us in i t ia l izec l  as in  the previous s imulat ion.  wi th thc in i t ia l  hor izonta l
posi t ion ( . r )  cc lual  to  zcro.  i rnd samples were taken every '  l2  h over  a, l  day
per ioc l  (F ieurc 6) .  At ' tcr  thc f  i rs t  n ight  scparat ion of  the good- ancl  poor-
condi t ion larvae resul ts .  as wel l  as a reagercgat ion ncar  thc fc lod ntax imum
dur ing thc fo l lowing day.  The poor-condi t ion larvae near the sur face are
advectec l  arvay f rom thc in i t ia l izat ion point  bv the h igher  current  vc loc i t ics
t l . rcre.  and a1 thc cnd of  :1  davs thc increased hor izonta l  c l ispers ior . r  ( re lat ive to
the good-concl i t ion larvae)  is  ev ic lence of  shcar  d ispers ion (F igure 6) .  The
dccpcr .  good-concl i t ion larvae are ' re ta ined'  near  the in i t ia l izat ion point  duc to
Iorvcr  currcnt  vc loc i t ics ancl  rcducecl  shear and c l ispers ion.  At  the end of  :1  c lavs.
two populat ions arc apparcnt  wi th the poor-condi t ion larvae separatec l  f rorn the
good-concl i t ion larvae bv a maximum of  ,10 km.

V e r t i  c' u I d i s t r i b t tt i  o n.s r t I '  I u rv u I c r t rt t '  e rt t r at i o rr

Ver t ica l  prof i lcs of  larval  conccntrat ion.  rcprcscntat ive of  samples taken at  l0  rn
intervals . . "vcrc calculatcd f rorn the model  resul ts  wi th the paramcters g iven in
- l -ablc  

I  to  fur ther  examine the ver t ica l  d is t r ibut ions as a funct ic ' rn of  larval
condi t ion.  The d is t r ibut ion of  thc tota l  pc lpulat ion of  larvae shows greater
vcr t ica l  d ispers ion and a s l ight  upward movement at  n ight  ( l t )  m).  and less
vcr t ica l  d ispcrs ion around the food maximum dur ing the day (F igure 7a) .  When
the tota l  populat ion is  s t rat i f icc l  by condi t ion.  thc good-condi t ion larvae arc
aggregated around thc food maximum dur ing thc day and show a s l ight  increase
in d ispers ion at  n ight  (F igurc 7b) .  The poor-condi t ion larvae,  however.  show
maximum conccntrat ions ncar  the sur face dur ing both day and n ight  wi th a s l ight
downward migrat ion i lccurr ing dur ing the day (F igurc 7c) .  

- l 'herefore.  
s t rat i fy ing

larval  samples by condi t ion,  which the 'Lagrangian ensemble '  method permi ts .
prov ides ar  new v icw of  vcr t ica l  d is t r ibut ion and infcrrcd migrat ion pat terns.  This
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l ' ig .6.  Scqucnt ia l  vcr t ical  prof i les o1 l  larval  cocl  populat ion s imulat ion shorvin_{ thc c lcpth ani l
conci i t ion dist r ibut ion ove r  a -1. .5 c l : rv pcr iocl  at  l f  h inte rvals reprcscnt ing nt ic lc lav ancl  midnirht  u, i th
a vcr t icrr l lv  shcarct l  sur facc current  of  l . -5 x l0 I  m s , (crosses rcpresent indir , idual  l r r rv l re in goocl
concl i t ion.  t lots are aver i tgo concl i t ion and c i rc lcs arc po() l  condi t ion).  Thc ntar inrunr hor izont i r l
separ i t t io l t  l rc t rveen thc gtxrc l  (pvcnocl ine region) and poor-concl i t ion (surface) larr . l rc  in the f in l l
p ro l i l e  i s  - - 10  km.
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l ' ie .  7.  Thc vrr t icr l  d ist r ibut ion ol  cor . td i t ion based larval  c()d conccntrat ions col lccted : r t  10 r l
i n t cn i r l s  c l u r i nq  t hc  du r  ( c l o ( t c t l  l i n c )  a r r t l  n i g l r t  ( so l i c l  l i r r c ) .  T I r c  l c l t  panc l s  ( a .b . c )  r cp r cscn t  n ro t i c l
rcsul ts u, i thout  vcr t ic l r l  shc:rr .  The r ight  panels (d.e)  are redrarvn f rorrr  t ie lc l  c l l r t l  l i r r  hacldock
(Mt ' lut rognt t r tntr r .s  ocgl t . f i t t r rs l - . )  l l r rv i re cr l l lcc lecl  br  Fnrnk l r r rc i  NIcRuer (1() l i ( ) )  ( ) l l  south\ \ 'estcrn
No ra  Sco t i l r  uhc le  t he  l r r v l r e  uc re  i ndcxcd  l i r r  cond i t i on  t r s i ng  Fu l t on  s  K .

impl ies that  ver t ica l  d is t r ibut ion ancl  rn igrat ion pat terns c ler ived f rom f ie ld
col lcct ions wi thor . r t  a  consic lcrat ion of  var iat ions in  condi t ion of  thc larvac mav
be considerably b iused.

Compuri.ton w'itlt .l'ield tlutu

Fie ld data on larval  haddock.  a lso a gadoid species,  co l lected of f  southwest  Nova
Scot ia by Frank and McRucr (1989) wcrc uscd for  a compar ison wi th thc resul ts
provided by our  models.  Frar"rk  ancl  McRuer (1989) c lass i f ied the larvae into
'bct ter  than average'  and ' le  ss than average'  condi t ion on thc basis  of  Ful ton 's  K
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Condi t ion.  buorancr and dist r ibut ion of  larra l  l ish

( lve iuht /s tanclurc l  lcngthr)  concl i t ion indcr  (LcCrcn.  195 l ) .  Thc l l rvuc r . r ,erc
sanlp lcc l  in  wcl l -nt ixcc l  ancl  s t rat i f icc l  rvater  ntasses.  as Frank ancl  McRucr 's
(1989) n loc le I  prcdic tcc i  that  1. roor-concl i t ion larvac woulc l  bc founcl  in  wcl l - rn i rcc l
wl l ters ha 'n ' inQ c l taractcr is t ic  lou,  proc luct ion ancl  goocl -concl i t ion larvac u,oulc l  be
founcl  in  thc morc pnrc luct ive st rat i f iec l  rcg i t l r rs .

Frank ancl  McRtrcr 's  ( l9 lJ9)  c lata werc cxt ractcc l  ancl  lec l rawn as f rec lucr ' rcy
c l is t r ibut i t lns of  goocl -  ancl  poor-concl i t ion larvac c lur ing c l t rv  ancl  n isht .  Thrcc
stat lons rve rc  sumplcc l  c lur ing thc davt in tc  ancl  lhe stat ion data for  both thc coocl_
ancl  pt lor-c t tnc l i t i t tn  larvue wcrc averagecl .  

- fhe 
rcsr . r l t ing c l is t r ibut ions shorv thut

the gt loc l -cor tc l i t ion larvac remainecl  concentratec l  at  mic l -c lcpth dur ing the c lav
wi th a s l isht  incre l rsc in  c l ispcrs ion at  n ight  (F igure 7c l ) .  Thc poor-concl i t iqn
l l l r r "ac are n lore ct tncentratec l  at  the sur face c lur ing the c lav ancl  n ight .  rv i th
increasccl  c l ispcrs ion ut  n ight  (F isurc 7e) .  Our mocle l  prcc l ic t ions (F igurc 7b ancl
c)  are ct l l ls is tent  wi th thesc pnl f i lcs.  I t  is .  horvcver .  unreal is t ic  to  makc u
quant i ta t ivc c t tntpar isot . t  betrvecn our  nroc ic l  resul ts  uncl  Frank ancl  McRuer 's
(  19139) f ie lc l  obscrvat ions because thc i r  larvul  c lata carne fnrrn c i i f ' lc rent
hvcl rograpl r ic  rcg ior ts  ancl  our  rnodcl  $ 'as not  f i t  to  the water  mass character is t ics
encountere( l  in  thc f ie lc l .  Nevcr thelcss.  thc c l is t r ibut ional  s int i lar i t ics urc
con rpe l l i nu .

Discussion

The Lagrangian vcr t ica l  nt igrat ion nrocle l  shows that  concl i t ion-c l r iven l ruovancy
can cxpla in rn<tst  ver t icn l  nt igrat ion pat tcrns ancl  c l is t r ibr . r t ions o l  lurval  f  is |
t lbscrvecl  in  the f ie lc l .  This  has inrpor tant  i rnpl icat ions to t l ' re  f ishcr- ies rescarc l . r
c t ln lmuni t ies as i t  reprcscnts a s imple and testablc explanat ion of  ver t ica l
d is t r ibut ions.  Thc c<tnc l i t ion-c l r iven buovancy mocle l  a lso has inrpor tant  impl i -
cat i t l t ' ts  for  thc ver t ica l  c l is t r ibut ion and hor izonta l  c l ispcrs ion o l  zooplanklon ancl
ichthvoplankton.  ancl  possib lv  t r t  recru i tnrent  est in tates.

Thc concl i t ion-c l r iven buovancv nr i tdel  u ls t ' r  nr isc '  inrpor t ln t  quest ions about
thc c l ie l  ver t ica l  rn igrat ion hvpothescs of ten usccl  to  expla in thcsc ntovemcnts.
Are the t lbsen'ec l  ver t ica l  migrat ions ancl  c l is t r ibut ions o l '  larval  f  ish and
zooplankton a resul t  t t f  act ive or  passivc r "novemcnts.  or  both ' l  Clan u,e ntgre
casi lv  expla in vcr t ica l  c l is t r ibut ion ancl  misrat ion throuch condi t ion ancl
buovancv than bv behavioura l  rhythrns (e.g.  Hoss et  ut  . .1989) ' l  I l  so.  can wc
fur thcr  expla in hou'abiot ic  lactors rv i l l  a f fect  the precl ic tec l  c i is t r ibut ions ' . )  l t  is
unrcal is t ic  to  cxpect  th is  s implc model  to  account  for  a l l  ver t ica l  nr igrat ion
pat terns t i l r  a l l  spccies,  but  compar isons of  our  mocle l  resul ts  wi th ichthvo-
plankt t ln  f ie ld c lata (e. t .  Frank and McRuer ' .  1989) sLlggest  i t  is  a reasonable f i rs t
apprcx imat ion.

C)ur  nt t lc lc l  resul ts  suggest  that  larval  concl i t ion and buovancv bctvu,een the
per i t td  of  vo lk-sac absorpt i t tn  ancl  devclopment  of  a l 'unct ional  sw, int  b laddcr
cr tn erp la in most  pat terns of  ver t ica l  nr igrat ions observecl  in  the f ic ld .  I l  a
sampler  is  repeatedlv towed through a patch consist ing onlv of 'poor-condi t ion
larvae (c.g.  F i ture 7c) .  a ver t ica l  migrat ion in  thc sur facc laver  is  prec l ic tec l .
Pt l t l r -concl i t i t tn  larvac lvould a lso exhib i t  the c lass ical  nocturnal  c l ie l  ver t ica l
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migrat ion of  up at  n ight  ancl  c lorvn dur ing the dav.  When repeatecl ly  sampl ing a
patch consist ing of  good-condi t ion larvae (e.g.  F igure 7b) .  our  rnodel  prcdic ts
dic l  vcr t ica l  movement around the food nraxinrunr  (pvcnocl inc) .  wi th a s l ight
increase in c l ispers ion at  n ight .  Cioocl -condi t ion cod larvae woulc l .  however.
cxhib i t  an inverse c l ie l  pat tern rc lat ivc to thc poor-condi t ion larvae.  When
sanrpl ing a mixcd populat ion consist ing of  both good- and poor-concl i t ion larvac.
rnorc compl icated pat terns would be expectec l .  consis t ing of  mixcd phases and
ampl i tudes.  as of ten descr ibed in the l i terature (c .g.  Fossum et  u l  . .  l98 l ' .
S tephenson  and  Power .  1988 ,  l 9u9 ) .

I t  is  important  to  note that  our  model  resul ts  are sensi t ive to thc sc lcctcd
sur face and sub-pycnocl ine water  densi t ics (p1 and p-) .  Our values were selectec l
to rcpresent  the densi ty  of  rvater  dur ing the larval  cod rear ing condi t ions seen in
El ler tsen et  u l  .  (1980).  1-hc vcr t ica l  c l is t r ibut ions of  the larvae woulc l  bc vcry
di f ferent  for  othcr  va lucs o l 'water  densi ty .  For  example.  us ing the samc valucs
of  larval  cod dcnsi ty  (pr)  ancl  sub-pycnocl ine water  c lensi ty  (p. )  as in  thc prcv ious
modcl  s imulat ions.  ancl  changing t l . re  sur face laver  u,atcr  dcnsi t l ' (p1)  such that  i t
was less dense than the wcakcst-condi t ion larva.  would resul t  in  a l l  o f  the larvae
(uood ancl  poor  condi t ion)  being d is t r ibuted near ths pycnocl inc ' region.  or
deeper.  Even thc poorcst-condi t ion larvae would not  f loat  to  the sur face.  This
s i tuat ion may cxpla in the in terannual  ancl  shor t - term (days)  and regional
var iat ions in  migrat ion pat terns that  may'  resul t  f ronr  in tcrannual  ancl  shor t - term
regional  var iat ions in  water  mass st ructurc.

The model  resul ts  a lso rcveal  an increase in var iance at  n ight .  re lat ivc to dav.
I t r r  both good- ancl  poor-condi t ion larvac.  This var iance pat tern is  commonlv
observed in the f ie ld (e.g.  Heath e l  a/ . .  l98t t ) .

Our denronstrat ion of  how ver t ica l  shear can sepanrte un in i t ia l  populat ic ln
into twc ' l  scparatc populat ions of  good- and poor-condi t ion larvac is  a lso a
s igni f icant  resul t .  In  the model .  the good-condi t ion lerrvere remain c lccp in  thc
region having lower current  ve loc i t ies.  whi le  the poor-condi t ic ln  larvac arc found
near the sur face where thcv arc subjcct  to  greater  advect ion ancl  shear
dispers ion.  I t  is .  however,  important  to  recognize that  the good-condi t ion larvae
remaincd aggrcgatcd.  through a ' re tent ion '  mechanism that  requi res l inr i ted
inna te  behav iou r  ( i . e . ' d i r ec tec l '  c l ay t ime  sw imming ) .  Th i s  s imp le  two -
dimensional  model  c lcar ly  dcmonstrates horv populat ions can develop spat ia l lv
ancl  temporal ly  as a rcsul t  o l '  d i f ferent ia l  condi t ion and current  ve loc i t ies wi th
dep th .

The compar isons wi th Frank and McRuer 's  (1989) f  ie ld data were compel l ing.
as our  model  resul ts  arc consistent  wi th thei r  observat ions of  larval  haddock
ver t ica l  d is t r ibut ions st rat i f ied bv condi t ion.  Owing to the nature of  the sampl ing
scheme (st rat i f icd vcrsus wel l -mixecl  water) .  fur ther  quant i ta t ive compar isons
bctwcen larval  condi t ion dur ing the day and n ight  are not  possib le.  I f ,  however.
we consider the case where good- and pc'ror-condition larvae are separated by
depth-vary ing currents.  one can speculate that  pc lor-condi t ion larvac should be
advcctcd to other  regions.  possib ly  leading to the c l i f ferent  larval  condi t ion
found on and of f  banks (e.g.  Buckley and Lough,  l9 l l7 ;  Frank and McRuer,
1  989 ) .
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In  addi t ion.  Shclbourne (  l9-57)  l i runci  tcmporal ly  ancl  spat ia l lv  se paratec l
concentrations of goocl- ancl poor-condition plaice (Pleurone(.te.s plate.s.su L.) in
thc North Sea.  Shelbourne (1957) a lso showecl  a s t rong corre lat ion between
larval  c t lnc l i t i t tn  and prev concentrat ion.  In tercst inglv ,  we have calculatcc l  f r<tm
Shelbt lurne 's  (19-57)  c lata t l " rat  the poor-condi t ion larvae were in  re lat ive lv  lqw
concentrat ion in  low-densi ty  watcr  (1027 .6 kg m r)  compared to th l t  . i f  th . .
good-condi t i t ln  larvae that  wcre in  h igher  concentrat ion in  h igher  dcnsi tv  water
(  1027. lJ  kg m r) .  Unfor tunate lv .  no vcr t ica l  d is t r ibut ion data were avai lable.  but
again our  rnodel  resul ts  are cor . ts is tent  wi th these observat ions.

Buoyancv us u pretlictctr of lurvul conclition and intplictttions for re('ruttment
estimates und pott'h studies

Frank and McRuer (1989) speculate that  i t  rnay '  be possib le to assess the
condi t ion t l f  a  larval  populat ion through vcr t ica l  d is t r ibut ion data a lone.  Our
modcl  predict ions,  Frank and McRuer 's  (1989) f ie ld c lata.  and the Nei lson era l .
(1986) labi l rat t l ry  data are consistent  wi th th is  suggest ion.  at  least  for  larval
gadoids.  I t  is  expcctec l  that  larval  condi t ion wi l l  be c l i f fercnt  near  the sur face of  a
water  colunrn (s t rat i f icd or  wel l  mixed)  re lat ive to greater  c lepths,  ancl  i t  is
possib le to examinc condi t ion-based dcpth d i f ferenccs d i rcct ly  in  the f ie ld to test
th is  hypothesis .  I f  such d i f fercnces are found in the f ie lc l .  then f isher ies
rescarchers must  consider  larval  concl i t ion when making predict ions of  year-c lass
stre ngth cst imi i tcs f rom larval  survevs (assuming surv iva l  probabi l i tv  is  a
funct ic ln t l f  c t tndi t i t tn) .  Thc gencral  pat tern <t f  temporal  var iat ion in  the ver t ica l
c l is t r ibut ion of  a whole larval  populat ion may provc a sui table proxv mcasure or
thc overal l  condi t ion and,  thcrefore,  surv iva l  probabi l i ty  of  the populat ion.  as
suggested by Frank and McRucr (1989).

The rcsul ts  f rom the ver t ica l ly  sheared s imulat i<tn a lsr t  ra ise thc quest ion of
whether  we can actual ly  fo l low the same populat ion of  larvae for  any g iven
per iod wi th f ixed-depth dr i f ters.  I t  is  c lear  in  F igure 6 that  the poor-condi t ion
larvae separated f rom thc good-condi t ion larvae.  Therefbre.  a dr i f ter  which is
drogued at  a par t icu lar  depth would onlv fo l low c lne of  the twcr  groups (or  a
l imi ted par t  t t f  both) .  Thc s imulat ions show that  poor-condi t ion larvae are
quick ly  advccted and d ispcrsed in the sur facc laver .  I f  onc were to samplc at  a
f ixed lc lcat ion.  a lower concentrat ic ln  of  poor-condi t ion larvare would be
observed re lat ive to the good-condi t ion larvae which remain aggregated deeper
in the water  co lumn. Fur ther ,  increased predat ion in  the wel l - l i t  sur face waters is
to be expected (Nei lson et  a l  . .  1986).  These rcsul ts  may hclp to cxpla in thc
re lat ivc ly  low f requency of  c lbservat ions c l f  dcad or  dy inq larvae in the f ie ld.

Conditiort-driven buoyant.t, und larger fish

wc suggest  that  i t  is  not  unreasonable to apply the concepts par t icu lar  to  our
modcl  to  s tages bcyond the development  of  a funct ional  swim bladder.  Hoss er
ri l. (1989) havc shown that larval menhaden (.Brevoortio tyrannus) migrate to the
ai r -water  in ter face at  n ight  to  in f la te the swim bladcler  and subsequent ly
dcscend dur ing the day as the swim bladder dcf la tes.  The same authors sussest
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that  the c l ie l  vcr t ica l  migrat ion of  the larval  mcnhaden is  not  an encl t tgcnous

rh1, ' thm as the larvac c l ic l  not  nra inta in pcr iodic i ty  in  ver t ica l  mt tvcntcnt  in  thc
abscncc o l  a c l rangc in  l ight  cuc.  Hunter  ancl  Sanchcz (1976) a ls t l  prov ic le
e viclencc that larval unchovv (Ertgrail is tnrtrt lar) migratc ttt the surface at night

to in f la te the swim blac lc ler  ancl  subsequent ly  dcscencl .  B laxtcr  and E,hr l ich
(197- l )  hal 'c  shown that  changes in the protc in.  l ip id and water  content  rcsul t  in
c l i f l 'c rcnt ia l  [ ruo1'anc," ' '  forces act ine on thc larvae throu-eh ontogcn,v.We

spcculatc that  d i f fcrcnt ia l  condi t ion wi l l  a f fect  the vcr t ica l  c l is t r ibut ions of  larvac
having funct ional  srv i rn b ladders.  par t icu lar ly  as in f la t ion of  thc swim bladdcr
does not  nccessar i lv  ovcrcome negat ivc buovancv (Hoss cr  r i1 . .  l t )89) .  Thus.  i t
nrav be inst ruct ivc to assess larval  concl i t ion in  conjunct ion wi th swim bladder
l 'o lumc rvhcn interprct ing the ver t ica l  d is t r ibut ion of  largcr  f ish.

Applit'obilitt' rl rnodcl re.srtlt.s to zrtoltlunktort

Thc condi t ion-dr ive n buovancy hypothcsis  ma1'  be appl icable to f reshwatcr  and

ntar ine zooplankton.  Vcr t ica l  rn igrat ion pat tcrns of  zctoplankton a lso reveal

var iable f requcncy.  phasc and arnpl i tude which are cued to l ight  (e.g.

Hutchinson.  l9( r7;  Raymont .  l9E3).  Endt tgcnous rhythms are bel icvecl  to  bc

pr i r r r l r i lv  responsib le for  the obscrved pat terns (e.g.  Hutchinst ln .  1961 .

l -onghurst ,  l t )76) .  Howcvcr .  evolut ionar l ,  hypotheses such as preclator  avoic l -

ance (e.g.  Zaret  and Suf fern.  1976:  Bol lens and Fr t ls t .  1989) ar" rd cnerget ic

bencf i ts  (e.g.  McLaren.  1t )63;  Ohman. 1990) arc commi ln ly  consic iered.
Dcvelopnrcnta l  s tages (ontogeny)  a lso p lay an important  rc t lc  in  deterrn in ing the

cl i f fcrent  ampl i tuc les of  c l ie l  ver t ica l  migrat ion in  zooplanktc ln (Ohman, 1c)90;

Uy'e c l  a / . .  1990).  For  examplc.  some aclu l t  copepods exhib i t  large d ie l  ver t ica l

nt igrat ions.  rvhcrcas solxc copepodi tc  s tages exhib i t  l i t t le  or  no ver t ica l

movcment  (Uyc ct  a i . .  19t)0) .  These pat tcrns may s imply resul t  I ' rom but lyancy

cliffcrence bctwccn the adults and thc copepodites. Aclult copepttds are knclrvn

to have o i l  g lobulcs (Raymont .  1983) which can changc in I ip id content .
Thcrefore.  condi t ion d i f fcrcnces in  the adul ts  may g ive r ise to d ie l  and

ontosenct ic  ver t ica l  migrat ions as in  our  mocle l  of  larval  f ish.  whcreas the

copcpodi te s tases.  which have a lcss c leveloped o i l  g lobule.  wi l l  appear non-

migrator l " .
Bol lens ancl  Frost  (1991) shorv that  non-oviserous ac lu l t  female copepods

(Eut 'hueto e longotu)  d isp la l 'a  s t rong c l ie l  vcr t ica l  migrat ion.  On thc other  hand.

oviscrous ac lu l t  fcmales wcrc non-migratory or  'wcaklv '  migratory and f t tund in

c leeper $ 'atcr .  The samc authors use an adapt ive urgumcnt  to concludc that  the

ovigerous fernales remain at  c iepth both c iay and n ight  tc t  avt t id  v isual  predators.

A s implcr  anci  testable explanat ion is  that  buoyancy d i f ferences between

ovigerous and n i tn-ov igerc lus females g ive r ise t t l  the observed pat terns.

Ovigcrous fenta lcs are very l ike ly  to be in  good condi t ion.  as feeding constra ints

l i rn i t  egg product ion.  I f  in  good condi t ion and laden wi th eggs.  i t  is  a lso l ike ly

that  the cggs wi l l  increase thc densi t l ,o f  the adul t  copepod.  br inging them

dceper in  thc water  co lumn tc l  a  level  of  neutra l  buoyancy.  Af ter  the eggs are

re leasccl .  another  change in densi ty ,  inverse re lat ive to the t lv iger t rus stage.
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wtlu ld act  to  br ing the copepocl  towards the sur face again.  This would represent
an ontogenet ic  ver t ica l  migrat ic tn on a seasonal  scale.  I t  is  a lso expected that  the
ovigerous females.  as a rcsul t  o f  thei r  condi t ion st i l tus.  woulc l  c l isp lav l imi ted
ver t ica l  movements oncc thev have reachccl  a c lepth of  neutra l  buoyancy.  I l ' the
non-t lv iger t lus fcmalcs consisted of  a mix o l 'condi t ions.  the inc l iv iduals would
acl just  to  a dcpth of  neutra l  buoyancy on a re lat ive ly  shor t  (possib lv  d ic l )  t ine
scale ancl  appcar to act ivc ly  migrate.

Fur ther  support  f t t r  densi tv  changes which depcnd on sexual  matur i ty  9f  thc
indiv idual  organism is  prov ic led in  Kapp (  199 I  ) .  The author  d iscusses the
funct ion of  a gelat inous matr ix  in  the la tera l  f ins of  chaetognaths as er  ntcchanisn.r
to rcducc thei r  densi tv  and balance thc increase in weight  f r<tnr  thei r  ntatur ing
gonads.  The c lensi ty  increase dur ing the nraturat ion process is  species speci f ic
and t l the r  p lankt t tn  organisms such as salps and medusae are a lsq bel icved t6 use
je l lv  as a buoyancy regulator .  In  ac id i t ion to length-  and gonad-c lependent
d i f ferences in  dcnsi ty .  we speculate that  condi t ion-dr ivcn buovancv w, i l l  a lso
af fect  the chaetognath 's  ver t ica l  posi t ion in  the water  co lumn.

St i r l ing et  a l .  (1990) concluded that  changes in the d ie l  ver t ica l  migrat iqn s1
Dupltnio galeutu mentlotae were a direct respt'rnse to changes in planktivore
densi ty .  changes in the res ic lencc t ime of  Daphniu in  the epi l imnion and changes
in ampl i tude of  ver t ica l  migrat ion were corre lnted wi th an increasc in  the
plankt ivorous f ish b iomass.  The authors werc not  able to re ject  Zaret  ancl
Suf fern 's  (1916) predat t t r  avoidance hypothesis  where ver t ica l  migrat i6n
ampl i tudes wcre observed to increasc wi th predators.  we suggcst  that  thc
tnterannual  var iat i< lns in  the depth ancl  s ize c l is t r ibut ions mav s inrp ly  have bce n
the resul t  o f  passivc asccnsion/descension at  n ight  c lue to d i f fcrenccs i1
buoyancy.  Fur thcr ,  St i r l ing et  o l .  (1990) srate that  the numbers of  DaJthniu
caught  at  midnight  were a lways greatcr  than ar  midday.  The l imi tcd ampl i tuc les
(2-6 m) t l f  vcr t ica l  migrat ion observcd ancl  t l . re  consistent  midnight  asccnsi6ns
may be most  casi lv  cxpla inecl  through d i f ferent ia l  sampler  avoidance (Sclafani ,
1992.).

The condi t i t ln-c l r iven buoyancv nrocie l  rcsul ts  prov ide a s imple and tcstablc
means of  expla in ing the var i<tus ver t ica l  d is t r ibut ions and migrat ion behaviours
of  larval  f ish and zooplankron typ ical ly  observccl  in  the f ie ld.  The par t ic le
t rack ing model  is  c lear ly  s impl is t ic  and does not  inc lude a l l  o f  the b io logical  or
physical  processes,  but  i t  can easi ly  be extended to rcpresent  any species of
larval  f ish t l r  z t toplankton and thc i r  surrounding water  mass character is t ics a lc l
subsequent lv  tested.  As each larval  l ' ish species c l isp lays c l i f ferent  densi tv
changes c lur ing starvat ion (see Blaxter  ancl  Ehr l ich.  1971:  y in and Blaxter .
1987).  i t  is  pt lss ib le that  the var ious obscrvat ions o l  ver t ica l  d is t r ibut ions ancl
migrat ion pat terns coulc l  be expla ined through c l i f l 'erent ia l  buoyancv rorccs
act ing on the inc l iv ic luals .

The Lagrangian t ime-stcpping rnodcl  makes precl ic t ions that  can be rcadi ly
testcd in  both the laboratorv and f ie ld.  Eggs and larval  c lensi t ics can be
measured in densi ty  columns (e.g.  Coombs,  19l l l )  or  der ived f rom mcasure-
ments of  weight  on microbalances (c .g.  pou,er  et  t t l  . ,  l99 l ) .  ancl  condi t ion
indices can bc developed f rom morphomctr ic  (c .g.  Nci lson et  at . ,19g6) and/or
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biochemical  (e.g.  Frascr .  1989;  Hakanson,  1989;  C)uel le t  et  u l . .  1992) mei isure-

ments.  Our ntodel  has d isplaycd the var iables to which i t  was sensi t ive anci  we

bcl ieve that  fur ther  tests o l '  the hypothesis  should be examincd through d i rect

measurcments of  these var iables.  A rc-examinat ion of  h is tor ica l  ver t ica l

d is t r ibut ion c lata complemented wi th morphometr ic  mei lsures and water  mass

characteristics ntay alstt be used for tests.
We arguc that  the combinat ion of  physical  and b io logical  models uscd to

address t ransport -  and recru i tment- re lated qucst ions mav be l imi ted due t i r

impropcr  representat ion of  thc b io logical  components.  Descr ib ing ver t ica l

migrat ion pat terns as 'wel l  behaved'  par t ic les may lead to erroneous est imates.

Laboratorl, and field tests of thc conditictn-driven buoyancy hypothesis are

warranted fc l r  both ichthyoplankton and zooplankton.
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