


FORORD 

I 1989 ble "Turbulens som rekrutteringsmekanismet' startet som prosjekt 

under HELP. Formålet med dette prosjektet er å utforske virkningen av 

småskala turbulens på fiskelarvenes næringsopptak. Bakgrunnen er en ny 

teori som beskriver hvordan varierende turbulens, som i havet 

hovedsaklig er generert av vind og tidevann, virker på kontcrkthyppig- 

heten mellom plankton-organismer. I den følgende rapporten er denne 

prosessen illustrert ved å studere kontakthyppigheten mellom torske- 

larven og dens bytte (rauåte-nauplier). Men siden prosessen er av en 

så grunnleggende karakter i det marine økosystemet, vil den også 

belyse forhold omkring kontakthyppigheten mellom partikulær olje og 

fiskelarver og raudåte. D e ~ e  rapporten gir den første dokumentasjonen 

av teorien. Prosjektet "Turbulens som rekrutteringsmekanisme" er opp- 

følgingen av rapporten. Det vil omfatte detaljerte målinger av verti- 

kalfordelingen av fiskelarver og raudåte under varierende vindforhold, 

og gi ny informasjon om blandingsprosessene i sj8ens Øvre lag, 
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ABSTRACT 

Data on f i r s t  feeding Arcto-norwegim cod l a rvae  i n  Lofoten, northern 
Norway, sampled during the  period 1974 - 1984, a r e  exarnined t o  ve r i fy  

the  theory on the  influence of small-scale turbulence on the  contact  

r a t e  between predator  and prey (Rothschild and Osborn, 1988). The num- 

ber  of prey per  cod l a r v a l  gut a r e  compared t o  the  concentrat ion of 
prey,  Galanus finmarchicus naup l i i ,  and t o  da ta  on wind speed and 

s t a t i c  s t a b i l i t y  of the  upper l aye r ,  The da ta  ind ica te  t h a t  the  con- 

t a c t  r a t e  increases  by a f a c t o r  of 2 , 8 ,  when the  average wind speed 

increases  from 2 m sl1 t a  6 m s - l ,  Independent da ta  on cod l a r v a l  

c ru i s ing  speed, the  ve loci ty  and concentrat ion of prey organisms, 

inse r t ed  i n t o  the  model of Rothsehild and Osborn (19883 show a compar- 
ab le  average increase  i n  contact  r a t e  of 2,2 times f o r  the  same 

increase  i n  wind speed. The da ta  ind ica te  that the  t u ~ b u b e n t  ve loc i ty  

has a g r e a t e r  contr ibution t o  contact  r a t e  than the  Larval swimming 

speed, when wind speed exceeds 4 m c - ' .  The l s r v a l  period of Arcto- 

norwegian cod is an important period Fos the  formation of the  year  

c l a s s .  Larval s tages  a r e  confined t o  the  mixed l a y e r ,  a d  therefore  
the  va r i ab le  contact  r a t e  induced by wind mixing a u s t  be m important 

regulatory mechanism Eor the  formation of year c l a s s  s t rengtb .  



Recent papers deal ing  with the  influence of the  r e l a t i v e  motion be- 

tween predator  and prey on the  encounter r a t e  has thrown considerable 

l i g h t  on feeding conditions f o r  predators ,  Simple r e l a t i o n s  f o r  the  

encounter r a t e ,  considering only the  prey concentrat ion,  swimming 

speed of the  predator  and the  escape r a t e  of  the  prey a t  encounter, 

have been followed by more r e a l i s t i c  modelc. Gerr i t sen  and S t r i c k l e r  

(1977) demonstrated by a mathematical model how randorn movement of the  

prey increases  the  encounter r a t e .  Rothschild and Osborn (1988) devel- 

oped a model which demonstrated how turbulence influenees the  contact  

r a t e ,  and ar r ived a t  two d i f f e r e n t  equations which quantify the  

increased contact  r a t e  induced by turbulence. The f i r s t  one was 

developed from the  Gerri tsen and S t r i c k l e r  (1977) equation, and the  

second one was developed from theory on random walk s t a t i s t i c s .  

I n  the  present  paper the  theory of Rothschild and Osborn (1988), here- 

by ca l l ed  R & O ,  is t e s t ed  by h i s t o r i c a l  f i e l d  da ta  on f i r s t  feeding 

Arcto-norwegian ( a l s o  termed North-east a r c t i c )  cod larvae  from the  

Lofoten nursery grounds. The feeding r a t i o  (number of prey organisms 

per  gu t )  of f i r s t  feeding cod larvae  (predator)  a r e  s tudied  together  

with the  naup l i i  (prey) concentrat ion,  and the  r a t e  of wind induced 

turbulence, The d a t a  were o r i g i n a l l y  analysed t o  f i n d  the  r e l a t i o n  

between the  feeding r a t i o  of f i r s t  feeding cod larvae  and the  naupl iar  

concentration (E l l e r t sen  e t  a l .  (1989), Figure 1 ) .  The da ta ,  however, 

showed l a r g e  va r i a t ions  from the  regression l i n e ,  On t h i s  background 

i t  was of i n t e r e s t  t o  reanalyse the  da ta  t o  see i f  t h i s  va r i a t ion  

could be explained by var iable  l e v e l s  o f  contac t  r a t e  induced by the  

small-scale turbulence. 

Arcto-norwegian cod larvae  a r e  confined t o  the  wind mixed Iayer .  Norm- 

a l l y ,  during calm and moderate wind condit ions,  they a r e  found between 

5 m and 25 m depth with the  highest  coneentrat ion a t  approximately 15 

m depth (E l l e r t sen  e t  a l . ,  1984)-  The h ighes t  concentrat ions of f i r s t  

feeding larvae  a r e  Eound during the  f i r s t  ha l f  of May and ranges from 

0.5 t o  10 larvae  m - 3 .  About 95 % of the  d i e t  of f i r s t  feeding Arcto- 

norwegian cod larvae  is naup l i i  of Calanus f i n m a ~ c h ~ c u s .  I n  laboratory 

s tud ies  Solberg and T i l s e t h  (1984) and T i l s e t h  and E l l e r t sen  (1984) 
measured a numbes of important parameters concerning the  feeding and 

behaviour of Arcto-norwegian cod larvae ,  summarized i n  Table I. 



The swimming speed of - C. f i m a r c h i c u s  naup l i i  has not  been measused. 

Torres and Childress (1983) measured the  swimming speed of adu l t  Eup- 

haus ia  p a c i f i c a  f o r  d i f f e r e n t  temperatures and pressures and f o r  

d i f f e r e n t  metabolic r a t e s .  The swimming speeds ranged from O t o  2 
- 1 

bodylengths s . The average speed was about 0.5 bodylengths s - l .  I f  

t h i s  value is applicable i n  general  f o r  crustaceans,  the  average s w i m -  

ming speed of C. finmarchicus naup l i i  i s  less than 0.02 c m  s- l , which 

is  about 10 % of the  c ru i s ing  speed of the  cod larvae .  (The body 

length  of C .  finmarchicus n a u p l i i  is 1.2 times the  carapax length ,  

V.Melle, personal communication). The concentrat ion of naup l i i  i n  the  

f i r s t  feeding regions ranges from about 0.5 t o  50 n a u p l i i  1- , which 
3 is  roughly 10 times higher than the  l a r v a l  concentrat ions.  

MATERIAL AND METHOD 

Larvae and naup l i i  

The d a t a  i n  the  present  paper was sampled during surveys i n  the  Lofot- 

en f i r s t  feeding regions i n  northern Norway during the  period 1976 

-1984. Figure 2 shows the  pos i t ions  of the  s t a t i o n s .  The surveys were 

conducted i n  l a t e  Apri l  and e a r l y  May when maximum l a r v a l  concentra- 
2 t i o n s  occur. The l a rvae  were sampled by a plankton n e t ,  0.5 m open- 

ing ,  375 pm mesh s i z e ,  v e r t i c a l l y  hauled from 50 m depth t o  the  sur-  

face .  The naup l i i  were sampled at 5 and 10 m depth i n t e r v a l s  from the  

surface  t o  40 m depth with a plankton pump, mesh s i z e  90 pm. Both 

l a rvae  and naup l i i  were preserved i n  sea  water of s a l i n i t y  10 added 4 

% f ormaldehyde. 

The number of n a u p l i i  1-l at each depth were counted manually. The 

l a r v a l  gut  content was examined. The number of prey organisms i n  each 

gut  was i d e n t i f i e d  and counted, and the  feeding r a t i o  f o r  each sample 

was ca lcula ted .  Only s t age  7 l a rvae ,  8 - 10 days o ld  (Fossum 1986), 

a r e  considered i n  t h i s  mater ia l .  These l a rvae  show small va r i a t ion  

with respect  t o  physical  s i z e  and condit ion,  they a r e  very ac t ive  

feeders  and show the  most va r i ab le  response t o  va r i ab le  prey concen- 

t r a t i o n s .  Samples during n ight  t i m e ,  from 23 hours t o  05 hours, a r e  

excluded from the  s tudy,  s ince  the  la rvae  have a reduced feeding a c t i -  

v i t y  around midnight. The feeding r a t i o ,  A, of the  l a rvae  i s  compared 

t o  the  mean number of naup l i i  l-', c, i n  the  water column from 5 t o  25 



m depth, s ince  cod l a rvae  a r e  mainly found a t  these depths. Tabbe I1 

shows the  number of la rvae  analysed f o r  each of the  20 s t a t i o n s ,  

Altogether 639 larvae  were analysed. 

Hydrography and wind 

Temperature and s a l i n i t y  were measured a t  a l l  s t a t i o n s  except f o r  no. 

4 and 5. I n  1976 (Sta t ions  no. 1, 2 ,  and 3 i n  Table 2) water b o t t l e s  

were used; i n  a l l  o ther  years  N e i 1  Brown CTD were used. Wind da ta  were 

supplied from 

1) s h i p  observation a t  the  s t a t i o n s  a t  i n t e r v a l s  varying from 15 min 

t o  1 hour. 

2 )  observation every t h i r d  hour from the  meteorological s t a t i o n  a t  

Skrova Lighthouse. 

3) continuous recordings of 10 min wind ve loc i ty  average from Svolvær 

Airport .  

The d a t a  from the  a i r p o r t  were applied only t o  s t a t i o n s  i n  Austnes- 

f jorden,  because of the  l o c a l  wind condit ions i n  the  f jo rd .  The wind 

d a t a  from the  meteorological s t a t i o n  at  Skrova a r e  representa t ive  f o r  

most of the  s t a t i o n s  taken i n  Vestfjorden. For the  s t a t i o n s  t o  the  

nor th  of  Lofoten only sh ips  observations were ava i l ab le .  Figure 2 

shows t h e  pos i t ions  of the  meteorological s t a t i o n s  a t  Skrova Light- 

house and Svolvær Airport.  

No measurements of the  turbulence were made during the  surveys. How- 

ever ,  s ince  the  l a rvae  a r e  confined t o  the  mixed l a y e r ,  the  energy 

input  by the  ac t ion  of wind is the  main f a e t o r  f o r  the  production of 

turbulent  energy. There a r e  a l s 0  t i d a l l y  ene rge t i c  zones i n  sounds and 

shallow regions i n  Lofoten, but  none of the  s t a t i o n s  were taken i n  

those regions.  Oakey and E l l i o t t  (1982) found t h a t  the  turbulent  

energy d i s s ipa t ion  i n  the  mixed l a y e r  was proport ional  t o  the  cube of 

the  wind speed, w 3 .  The turbulent  energy is modified by s t r a t i f i c a -  

t i o n .  However, no universa l  funct ional  r e l a t ionsh ip  between turbulence 

and s t r a t i f i c a t i o n  has been found (e.g. Gargett ,  1984). For the  pre- 

s e n t  d a t a  the  parameter F is assumed t o  be proport ional  t o  the  produc- 

t i o n  of turbulent  k i n e t i c  energy. It is  used t o  descr ibe  the  d i f f e r e n t  

s i t u a t i o n s  of turbulent  energy which the  l a rvae  a r e  exposed to :  



where N is  the  average Brunt-Vaisala frequency, $(g/@ Se/6zj, i n  
5- 2 5  

the  water column between 5 and 25 m depth, and is the  average cube 

of the  wind speed during 8 hours previous t o  the  sampling. 

Some of the  o r i g i n a l  material  on larvae  and naup l i i  was l o s t  a f t e r  i t  

was examined. Therefore only the  processed mean values e x i s t  of the  

l a r v a l  feeding r a t i o  a t  the  s t a t i o n s  no. 16,  17,  18 and 20 (marked # 

i n  Table 11). Only the  mean naup l i i  concentrat ion e x i s t s  a t  the  s t a -  

t i o n s  no. 6 ,  7 ,  g ,  19 and 20 (marked " i n  Table 11). Temperature and 

s a l i n i t y  were not  measured a t  the  s t a t i o n s  4 and 5 from Austnes- 

f jorden.  The turbulence parameter f o r  the  two l a t t e r  s t a t i o n s  were 

ca lcula ted  by applying the  mean Brunt-Vaisala frequency, N5-25, f o r  

the  o ther  9 s t a t i o n s  from Austnesfjorden. 

RESULTS 

I n  analogy t o  the  equation by iv lev  (1961) the  change of feeding ra-  

t i o ,  dA(c),  f o r  the  la rvae  with respect  t o  n a u p l i i  concentrat ion,  c ,  

(by R & O c a l l e d  dens i ty  component of the  contact  r a t e  and denoted D )  

is proport ional  t o  the  d i f ference  between the  maximum feeding r a t i o ,  

( f u l l  g u t ) ,  and the  ac tua l ,  A(c):  

where b i s  a constant  (which include the  ve loc i ty  component of the  

contact  r a t e  denoted A by R & O ) .  In t eg ra t ing  the  equation gives 

A [l - exp - (bdc) ]  
*)i 

Equation (3)  is  now applied t o  the  d a t a  on feeding r a t i o  of f i r s t  

feeding cod larvae .  Table I11 shows the  mean feeding r a t i o ,  A ,  f o r  

each s t a t i o n ,  the  mean n a u p l i i  concentrat ion between 5 m and 25 m 

depth, c the  average wind speed f o r  the  8 hours period previous 
5-25' 

t o  the  s t a t i o n ,  W8, and the  mean Brunt-Vaisala frequency between 5m 

and 25 m depth, N and the  turbulence parameter, F. 
5-25 

The d a t a  i n  Table I11 a r e  grouped i n t o  th ree  separa te  da ta  s e t s  

depending on the  value of the  turbulence parameter. For set 1: F < 30, 

f o r  set 2: 30 < F < g0 and f o r  s e t  3: 90 < F < 227. The three  data  



sets a r e  Ei t ted  t o  Equation (3)* and the  coeflfieient b i s  estimated, 

The r e s u l t s  a r e  shown i n  Table I V .  The highest  co r re la t ion  coe f f l e i en t  

f o r  the  da ta  sets was found when using A A equal t o  5. This corre- 

sponds t o  the  maximum feeding r a t i o  recorded f o r  l a r v a l  groups i n  the  

labora tory  reported by T i l s e t h  and E l l e r t sen  (1984). Their  maximum 

feeding r a t i o  was 5.1 f o r  a l a r v a l  group which was fed i n  an aquaria 

containing 500 prey organisms l-'. I n  Figure 3 the  th ree  da ta  sets and 

t h e i r  regression l i n e s  a r e  drawn. The r a t i o  b / b l ,  which ind ica tes  the  
3 

increase  of the  contact  r a t e  between the  low turbulence (Set  no. 1) 

and the  high turbulence (Set  no. 3) , is 2.8. 

How does t h i s  r e s u l t  compare t o  the  theory of the  inf luence  of turbu- 

lence on the  contact  r a t e?  We use the  r e s u l t s  of  of Oakey and E l l i o t t  

(1982) on the  empirical  r e l a t i o n  between the  wind speed and the  mixed 

l a y e r  turbulent  energy d i s s ipa t ion  r a t e  per  u n i t  volume, E = (W/91) 3 .  

Then w e  use the  equations of R & O t o  ca lcu la te  the  corresponding 
2 turbulent  mean-square-velocity, w , based on E and r ,  where r i s  the  

d is tance  of separat ion.  For the  present  da ta  the  d is tance  of separa- 

t i o n  ranges from 3 t o  9 cm. We now assume t h a t  a separa t ion  of 5 cm 

represents  w e l l  t he  average length s c a l e  t h a t  cont r ibutes  t o  turbu- 

lence dependent contac t  r a t e .  I n  Figure 4 the  equation of R & O ex- 

press ing  the  ve loc i ty  component of the  contact  r a t e ,  B ,  where 

is drawn a s  a function of the  predator  (cod l a rvae )  speed, v ,  f o r  

th ree  d i f f e r e n t  values of root-mean-square turbulent  ve loc i ty ,  w.  The 

prey ( n a u p l i i )  speed, ei ,  is s e t  t o  0.02 cm s - l ,  a s  out l ined i n  the  

in t roduct ion .  The v e r t i c a l  l i n e s  ind ica te  the  observed mean c ru i s ing  

speed, and the  standard deviat ion according t o  Solberg and T i l s e t h  

(1984). The th ree  turbulent  s i t u a t i o n s  i n  Figure 4 are: 

A )  Laboratory condit ions without turbulence, which implies t h a t  w = 0. 

B) Wind condit ions equal t o  Se t  no. 1 i n  Table 4 ( W  = 2 m s - l )  which 

implies t h a t  w = 0 . O 8  cm s-l. 

C )  Wind condit ions equal t o  Se t  no. 1 i n l a b l e  4 ( W  = 6 m s- ')  which 

implies t h a t  w = 0.30 cm s- l .  

It follows from equation ( 4 )  t h a t  the  turbulent  ve loc i ty  becomes more 

important f o r  the  contac t  r a t e  than cod l a r v a  ve loc i ty  already when w 

equals  v. A t  t y p i c a l  r-values f o r  naup l i i  i n  Lofoten, i t  implies t h a t  



the  turbulent  component of the contact  r a t e  becoøes more i m p o r t a t  

than the  l a r v a l  speed component already a t  wind speeds of about 
- 1 4 m s . When cod larvae  a r e  c ru i s ing  a t  mean speed ( v  = 0.17 cm s - i  

according t o  Table I ) ,  contact  r a t e  ( r e l a t i v e  u n i t s )  increases  from 

0.2 a t  wind speed of 2 m s - I  t o  0.43 a t  wind speed of 6 m s-l  . Conse- 

quently,  the  contact  r a t e  increases  by 2.2. For r = 3 cm the  corres-  

ponding increase of the  contact  r a t e  i s  1 .9 ,  while f o r  r = 9 cm the  
- 1 

increase  i s  2.5.  A t  cod l a r v a l  c ru i s ing  speed of 0.09 cm s the  

corresponding increase of the  contact  r a t e  is 3 when r = 5 cm. Conse- 

quently,  the  calculated increase  of the  contact  r a t e  by the  R & O 

theory is comparable t o  the  increase  ca lcula ted  from the  f i e l d  da ta .  

BISCUSSION 

Laboratory inves t iga t ions  on f i r s t  feeding cod l a rvae  (Solberg and 

T i l s e t h ,  1984) show t h a t  the  l a r v a l  food dens i ty  requirement is con- 

s ide rab ly  higher than i n  the  f i e l d  (E l l e r t sen  e t  a l . ,  1989). Gamble 

and Houde (1984) found higher survival  of f i r s t  feeding cod larvae  i n  

300 m3 enclosures than i n  30 1 tanks. Øiestad (1985) reviewing d i f f e r -  

e n t  experiments on the  l a r v a l  cod survival  a l s o  found lower c r i t i c a l  

food requirement i n  ponds and basins than i n  the  labora tory .  This is  

not  s p e c i a l  f o r  l a r v a l  cod. It seems t o  be a general  f ea tu re  f o r  

seve ra l  f i s h  larvae.  Houde and Schekter (1983), inves t iga t ing  f i r s t  

feeding larvae  of sea  b r e m ,  bay anchovy and l i n e d  s o l e ,  pointed out  

t h a t  the  required minimum prey l e v e l s  were higher i n  the  laboratory 

than observed i n  the  f i e l d .  This discrepancy has been explained by 

severa l  fac tors :  Effec ts  from the  walls of the  aquar ia ,  patchy prey 

d i s t r i b u t i o n ,  food qua l i ty  and l a r v a l  concentrat ions.  The turbulence 

theory by R & O and the  present  f i e l d  comparison demonstrate t h a t  the  

inf luence  of "natural"  turbulence on the  contac t  r a t e  must be added t o  

t h i s  l i s t .  A t  l e a s t  f o r  the  above mentioned labora tory  experiments on 

Arcto-norwegian cod larvae ,  the  aquaria were p r a c t i c a l l y  without 

turbulence. I n  the  beginning of May the  mean wind speed a t  the  Lofoten 

f i r s t  feeding grounds is  5.6 m s - l  (Sundby, 1982) . Under such wind 

condit ions,  cod larvae  i n  the  f i e l d  c ru i s ing  a t  mean speed of 0.17 cm 
- 1 

s w i l l  experience a contact  r a t e  which is a f a c t o r  of 2.2 higher 

than the  contact  r a t e  i n  a laboratory tank f r e e  of turbulence. The 

wind speed can be considerably higher during s h o r t e r  per iods  of 1 - 3 
days durat ion.  During about 10 % of the  t i m e  ( i n  the  beginning of May) 

the  wind speed exceeds 10 m c - ' ,  increasing the  contac t  r a t e  by more 



than 4 times compared t o  conditions f r e e  of turbulence. 

I n  genera l ,  i t  is  possible t h a t  the  increased contact  r a t e  by turbu- 

l e n t  a c t i o n  (ve loc i ty  dependent component of the  contact  r a t e )  t o  some 

ex ten t  may be counteracted by another e f f e c t  of increas ing turbulence, 

namely through the  reduction of peak prey concentrat ions by v e r t i c a l  

mixing (dens i ty  dependent component of the  contact  r a t e ) .  This may be 

an important process i f  i n  general there  is  co-occurrance between the  

predator  and prey. However, reduction i n  the  peak prey concentrat ions 

implies t h a t  the  prey concentration becomes higher a t  o the r  depths, 

and s ince  the re  a r e  a s  o f t en  lack of co-ocurrance between predator  and 

prey,  the  change of v e r t i c a l  concentration of predator  and prey may as  

w e l l  cont r ibute  t o  increase  the  dens i ty  component of the  contact  r a t e .  

This is  o f t en  the  s i t u a t i o n  f o r  l a r v a l  cod and t h e i r  prey,  s ince  naup- 

lii a r e  found a t  highest  concentration i n  the  surface  l a y e r ,  above 5 m 

depth during calm wind condit ions,  while a t  higher wind speeds they 

a r e  mixed down t o  g rea te r  depth where cod l a rvae  a r e  found. 

There should e x i s t  an optimal l e v e l  of turbulence with respect  t o  the  

number of successful  a t t acks  on the  prey. Above such a l e v e l  the  r e s i -  

dence t i m e  of the  prey within range of a t t a c k  w i l l  be s h o r t e r  than the  

r eac t ion  t i m e  of the  predator ,  and the  prey w i l l  pass the  predator  be- 

f o r e  it  is able  t o  r eac t .  The present  s tudy ind ica tes  t h a t  t h i s  op t i -  

mal l e v e l  must occur a t  higher wind speeds than those recorded here 
- 1 (>6  m s ) .  Is it possible t o  evaluate from labora tory  d a t a  on l a r v a l  

behaviour where t h i s  l e v e l  occurs f o r  the  cod larvae? Gerri tsen and 

S t r i c k l e r  (1977) assumed t h a t  the  encounter radius  was reduced expo- 

n e n t i a l l y  a s  the  predator speed increased. The " reac t ive  perceptive 

distance" a s  measured by Solberg and T i l s e t h  (1984). was defined as  

" the  d is tance  from the  l a r v a l  eye t o  the  prey organism when the  l a r v a  

a l t e r e d  i ts  swimming pa t t e rn  t o  chase i ts  prey". Consequently, in fo r -  

mation was not  provided on what time it takes t o  do the  four consecu- 

t i v e  operat ions:  perception of the  prey,  s t o p ,  change d i r e c t i o n  and 

a t t a c k ,  and therefore  we a r e  unable t o  quant i fy  the  optimum l e v e l  of 

turbulence. Behavioral s tud ies  i n  the  labora tory  of l a r v a l  reac t ion  

a r e  required t o  quantify t h i s  process. 

The " h i s t ~ r i c a l ~  da ta  presented i n  t h i s  paper were not  sampled with 

the  aim t o  inves t iga te  the  influence of turbulence on the  contac t  r a t e  

between l a rvae  and naup l i i .  Cod l a rvae  should have been sampled a t  

d i s c r e t e  depths,  j u s t  a s  the  naup l i i .  The v e r t i c a l  current  p r o f i l e  



should have been measused a t  each s t a t i o n  t o  ca leu la te  the  Rhchardson 

number (which is the  squared r a t i o  between the  Brunt-Vaisala frequency 

and the  v e r t i c a l  current  shea r ) .  Continuous measurements of wind and 

waves should be done a t  a l l  s t a t i o n s .  Las t ly ,  the  small-scale turbu- 

lence should have been measured d i r e c t l y ,  though t h i s  is  a d i f f i c u l t  

task .  However, the  present  study s t rongly  supports  the  theory of R & O 

t h a t  small-scale turbulence is an important process i n  marine and 

aquat ic  ecology. The mixed l aye r  is the  h a b i t a t  f o r  the  e a r l y  s tages  

of Arcto-norwegian cod from the  egg s t age  u n t i l  the  5 - 6 months o ld  

juveniles  settle towards the  bottom. During t h i s  period the  year  c l a s s  

s t r eng th  is  es tabl i shed (Sundby et  a l .  1989). Wave ac t ion  and turbu- 

lence a r e  the  most c h a r a c t e r i s t i c  f ea tu res  of the  mixed l a y e r ,  and 

therefore  small-scale turbulence and contac t  r a t e  would be important 

regula tory  mechanisms i n  the  formation of year  c l a s s  s t rength .  
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Table I. Parameters of feeding of f i r s t  feeding Arcto-norwegian cod 
l a rvae  re levant  f o r  the  present  study (After  Solberg and T i l s e t h  

(1984) and T i l s e t h  and E l l e r t sen  (1984)).  

Standard length  a t  hatching: 0.45 cm 
Cruising speed : 0.08-0.25 cm s-l (average 0.17) 
Reactive perceptive distance:  0.23-0.45 cm 
Feeding success: 11-22 % 
Gut clearance r a t e :  " 2 hours 
Mean prey s i z e  (carapax length of naup l i e ) :  250 pm 

Table 11. The present  da ta  set. Pos i t ions  of s t a t i o n s  a r e  shown i n  
Figure 1. For s t a t i o n s  marked "*lt only the  mean value of the  n a u p l i i  
concentrat ion e x i s t s .  For s t a t i o n s  marked "#" only the  mean value of 

the  feeding r a t i o  e x i s t s .  

S t a t i o n  Date Region Number of Number of wind 
Number la rvae  observations 

3 M ~ Y  1976 
3 May 1976 
3 M ~ Y  1976 

18 May 1977 
19 M ~ Y  1977 
9 May 1981 

27 Apri l  1982 
7 May 1982 

l 0  May 1982 
10 May 1982 
11 May 1982 
15 May 1982 
l 5  May 1982 
15 May 1982 
i 6  May 1982 
16 May 1982 
l 5  M ~ Y  1983 
17 M ~ Y  1983 
6 May 1984 
6 May 1984 

Austnes Fjord 
Austnes Fjord 
Austnes Fjord 
Austnes Fjord 
Austnes Fjord 
Austnes Fjord 
Austnes Fjord 

Vesteråls  Fjord 
Vesteråls  Fjord 
Vesteråls  Fjord 
Vesteråls Fjord 

Austnes Fjord 
Vest Fjord 
Vest Fjord 
Vest Fjord 
Vest Fjord 

Austnes Fjord 
Vest Fjord 

Austnes Fjord 
Austnes Fjord 

continuous 
continuous 
continuous 
continuous 
continuous 
continuous 

12 
12 
11 
12 
8 

continuous 

7 
7 

12 

l 4  
5 

l 3  
3 

continuous 



Table 111. Mean feeding r a t i o  (no. of prey gut-1 } , A ,  and standard 
devia t ion ,  mean n a u p l i i  concentration (no. of  prey l-' ) i n  the  water 
column from 5 t o  25 m depth, c and the  standard devia t ion ,  mean 

5-25  ' 
wind speed ( m  s - l )  during the  pas t  8 hours, W 8 ,  mean Brunt-Vaisala 
frequency ( s - l )  i n  the  water column from 5 m t o  25 m depth, N 

5-25 ' 
and the  ca lcula ted  turbulence parameter, F. 

S t .  No. Feeding r a t i o  Nauplii conc. Wind S t a b i l i t y  Turb. 
no. l a rvae  A st .dev.  c s t .dev .  

5-25 '8 N5-25 
x102 Fx102 

Table I V .  Ranges of the  turbulence parameter, F, ranges and mean wind 
speed of the  p a s t  8 hours, W8, the  ca lcula ted  c o e f f i c i e n t ,  b ,  i n  

equation (3) and the  coef f i c i e n t  of determination, R2 , f o r  the  th ree  
sets of d a t a  appearing i n  Figure 3. 

Se t  no. l O < F < 30 0.9 < W8 < 3.3 W = 2.0 bl = 0.034 fi2=0.96 
S e t  no. 2 30 < F < 90 2.7 < W8 < 4.8 W8 = 3.7 b, = 0.072 ~ ' = 0 ~ 9 7  
Se t  no. 3 90 < F < 227 5.2 < W8 < 6.6 = 6.0 b) = 0.095 R2=0.98 



f k i a  -0.11 *l ,W lnx 

Fig. 1. Relation between the feeding r a t i o  of f i r s t  feeding cod 
larvae and the mean naupli i  concentration i n  the water column from 5 m 
t o  25 m depth (From Ellertsen e t  a l .  1989). 

Fig. 2. Positions of the cod larvae s ta t ions  (dots)  and the 
meteorological s ta t ions  (compass roses) .  



CONCENTRATION OF NAUPLII (C) 

Fig. 3. Relation between the feeding ratio and the nauplii 
concentration for the three sets of data and their regression lines 
with respect to equation (3). 

CO0 LARVAE CRUISING SPEED (CMIS) 

Fig. 4. Contact rate as a function of the cod larvae cruising 
speed for distance of separation, r = 5 cm, between nauplii. 
A: For root-mean-square velocity, w = O (equivalent to labora- 
tory conditions without turbulence). 
B: For root-mean-square velocity w = 0.08 cm s-l (equivalent to 
conditions for data set no.1). 
C: For root-mean-square velocity w = 0.30 cm s-l (equivalent to 
conditions for data set no. 3). 
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