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ABSTRACT 

Lough, R. G . ,  1984. Larval  f i s h  trophodynamic s t u d i e s  on 
Georges Bank: Sampling s t r a t e g y  and i n i t i a l  r e s u l t s .  
In :  E .  Dahl, D.S. Danielssen,  E. Moksness and P. Solem- 
d a l  (Ed i to r s )  , The Propagation o f  Cod G a d u s  m o r h u a  L .  
Fl6devigen r a p p o r t s e r . ,  1, 1984: 395-434. 

A sampling s t r a t e g y  i s  o u t l i n e d  t o  s e rve  a s  a framework 
f o r  determining t h e  f ine-  t o  micro-scale v e r t i c a l  d i s t r i -  
bu t ion  o r  f i s h  l a r v a e  and t h e i r  prey on Georges Bank i n  a 
s i n g l e  v e s s e l ,  i n t e r d i s c i p l i n a r y  mode of ope ra t ion .  A major 
o b j e c t i v e  of  t h i s  sampling program i s  t o  c h a r a c t e r i z e  t h e  
development and tempora l -spa t ia l  v a r i a b i l i t y  of  t h e s e  d i s -  
t r i b u t i o n s  t o  e v a l u a t e  growth and s u r v i v a l  of  l a r v a l  popu- 
l a t i o n ~ .  The o p e r a t i o n a l  p l an ,  sampling gear  and i n s t r u -  
menta t ion ,  a s  we l l  a s  s p e c i a l  techniques  employed a r e  d i s -  
cussed i n  terms of  t h e  usefu lness  of  t h e  parameters measured. 
I n i t i a l  r e s u l t s  a r e  presented  from a two-part s tudy conducted 
i n  April-May 19 81, focused on haddock ( ~ e l  a n o y r a m m u s  a e g l  e -  
f i n u s  L.) and Cod  adus us m o r h u a  L.) l a rvae .  

I n  A p r i l ,  a  gadid egg pa tch  wi th  recent ly-ha tched l a r v a e  
( C .  91% haddock) was loca t ed  on t h e  sou theas t e rn  p a r t  o f  
Georges Bank, between t h e  t idal ly-well-mixed f r o n t  ( c .  60-m 
i soba th )  and t h e  she l f / s lope-water  f r o n t  ( c .  100 m ) .  The 
water  column along t h e  southern  f l ank  was s t i l l  well-mixed 
i n  A p r i l  and t h e  l a r v a e  were broadly d i s t r i b u t e d  wi th  a 
weighted mean depth between 30 and 40 m. Density of t h e i r  
dominant copepod prey was r e l a t i v e l y  low nea r  t h e  s u r f a c e  
( c 3  p rey / l )  b u t  i nc reased  wi th  depth (5-10 p r e y / l ) .  



When the  same l a r v a l  popula t ion  was surveyed again i n  May 
it had moved t o  the  southwest a t  a  r a t e  c o n s i s t e n t  wi th  the  
r e s i d u a l  cu r ren t s .  By May the  water  column was s t r a t i f i e d  
along t h e  southern f l ank .  A seasonal  thermocline was ob- 
served between 10 and 20 m and f i s h  l a r v a e  and t h e i r  prey 
(50 prey/ l )  were concent ra ted  i n  t h i s  zone. A storm swept 
t he  r eg ion  and d ispersed  t h e  l a rvae  and prey (5-10 p rey / l )  
throughout t h e  water column. On the  c r e s t  of t he  bank i n  
t h e  well-mixed waters  (<60 m ) ,  l a r v a e  and t h e i r  prey (10-25 
p rey / l )  were broadly d i s t r i b u t e d  v e r t i c a l l y ,  b u t  t he  mean 
depth of t he  l a rvae  coincided wi th  t h e  h i g h e s t  dens i ty  of 
prey a t  middepth. The impl i ca t ion  of t hese  observat ions  t o  
haddock and cod s u r v i v a l  a r e  d iscussed.  

INTRODUCTION 

Other than c a t a s t r o p h i c  l o s s e s ,  t r o p h i c  ( feeding)  i n t e r -  

r e l a t i o n s h i p s  involving both growth and predat ion  a r e  con- 

s i d e r e d  t o  be the  b a s i c  f a c t o r s  c o n t r o l l i n g  l a r v a l  m o r t a l i t y .  

The m o r t a l i t y  process a t  t h e  ind iv idua l  l e v e l  i s  thought t o  

be a func t ion  of chance encounters by l a rvae  wi th  t h e i r  pred- 

a t o r s  and zooplankton prey which ( l i k e  t h e  l a rvae  themselves) 

a r e  d i s t r i b u t e d  contagiously o r  i n  pa tches  (Lasker,  1975; 

Vlymen, 1977; Beyer, 1980).  I t  is  bel ieved t h a t  t h e  degree 

t o  which l a rvae  a r e  a b l e  t o  grow r a p i d l y  through a  success ion  

of decreas ing  predatory  f i e l d s ,  thereby reducing m o r t a l i t y ,  

determines t h e i r  p o t e n t i a l  popula t ion  s i z e .  However, t h i s  

process  i s  a  complex funct ion  of t he  dens i ty  d i s t r i b u t i o n  

(pa t ch iness )  of the  l a rvae ,  t h e i r  prey and p reda to r s ,  and 

poss ib l e  competi tors o r  o t h e r  forms which may be a l t e r n a t i v e  

prey of l a r v a l  predators .  Since prey abundance below some 

l e v e l  w i l l  be a  c r i t i c a l  f a c t o r  i n f luenc ing  l a r v a l  s u r v i v a l ,  

it is necessary t o  know how feeding of l a rvae  i n  the  f i e l d  

i s  a f f e c t e d  by the  f ine - sca l e  (patchy) d i s t r i b u t i o n  of plank- 

ton communities and t o  understand t h e  b i o l o g i c a l  and phys ica l  

processes  which l ead  t o  the  formation and d i s s i p a t i o n  of such 

patches .  



At the  Nor theas t  F i s h e r i e s  Center (NEFC), t h e  Marine 

Ecosystems Division is  conducting a  broad-based r e sea rch  

program (MARMAP) on the  Cont inenta l  S h e l f ,  involving both 

monitoring and process-or iented  s t u d i e s ,  d i r e c t e d  towards 

a  b e t t e r  understanding of the  recrui tment  process  (Gross- 

l e i n  e t  a l . ,  1979; Sherman, 1980) . I n  t h e  l a s t  decade, 

process-or iented  s t u d i e s  have been c a r r i e d  o u t  by the  NEFC 

i n  the  Georges Bank a r e a  address ing  t h e  recrui tment  problem. 

The f i r s t  major study i s  represented  by t h e  autumn 1978 

Larval  Herring Patch Study which was conducted a s  an i n t e r -  

n a t i o n a l ,  mul t i - sh ip ,  mu l t i -d i sc ip l ina ry  experiment (Lough, 

1979). The primary ob jec t ive  was t o  de f ine  and fo l low a  

patch (homologous cohor t )  of  he r r ing  l a r v a e  a s  a  d i s s i p a t i v e  

f e a t u r e  t o  ga in  a  b e t t e r  understanding of t he  phys ica l  pro- 

ces ses  a f f e c t i n g  i t s  d i s p e r s a l .  The sampling s t r a t e g y  was 

designed t o  provide short- term es t ima tes  of l a r v a l  growth 

and m o r t a l i t y  i n  r e l a t i o n  t o  the  prey-predator f i e l d  a s  t he  

pa tch  advected. More r ecen t  s t u d i e s  have been conducted on 

haddock and cod l a rvae  s ince  sp r ing  1980 i n  a  s i n g l e  v e s s e l ,  

i n t e r - d i s c i p l i n a r y  mode of opera t ion .  Most of t he  sampling 

e f f o r t  i n  t h i s  mode i s  t o  determine t h e  f ine -  t o  micro-scale 

v e r t i c a l  d i s t r i b u t i o n  of l a rvae  and t h e i r  prey (copepods) i n  

well-mixed and s t r a t i f i e d  waters.  A major o b j e c t i v e  i n  t h i s  

case  i s  t o  c h a r a c t e r i z e  t h e  development and temporal v a r i -  

a b i l i t y  of t hese  d i s t r i b u t i o n s  f o r  use i n  s imula t ion  models. 

These s t u d i e s  r e q u i r e  d i f f e r e n t  sampling s t r a t e g i e s  wi th in  

the  c o n s t r a i n t s  of  a v a i l a b l e  resources  t o  meet t he  des i r ed  

ob jec t ives .  

Each sampling s t r a t e g y  must be uniquely designed f o r  t he  

s p e c i f i c  o b j e c t i v e s  and hypotheses i n v e s t i g a t e d ,  tak ing i n t o  

account t h e  p e c u l i a r i t i e s  of t he  t a r g e t  spec ie s  and i t s  bio- 

l o g i c a l  and phys ica l  environment. However, a s  an i n v e s t i -  

ga t ion  of l a r v a l  f i s h  growth and mor ta l i t y  i s  inhe ren t ly  

complex, involving the  in t ima te  i n t e r a c t i o n  of t h r e e  t roph ic  

l e v e l s  simultaneously (Shepherd and Cushing, 1980; Laurence, 

1981) ,  a  mul t i - face ted  sampling s t r a t e g y  i s  r equ i r ed  t o  



r e so lve  p a t t e r n s  and i n t e r a c t i o n s  occurr ing  on the  over- 

lapping time-space s c a l e s  (Haury e t  a l . ,  1978).  I n  t h i s  

paper our  sampling s t r a t e g y  is presented  on t h e  haddock- 

cod s tudy which has evolved i n  p a r t  from the  r e s u l t s  of  t h e  

Larval  Herring Patch Study. The experimental  ob jec t ives ,  

sampling gea r  and ins t rumenta t ion  employed a r e  d iscussed 

i n  terms of t he  usefulness  of t h e  parameters measured and 

h igh l igh ted  wi th  d a t a  analyzed to-date.  

Target  Species 

Haddock (~elanogrammus aeg le f inus  L.) was chosen a s  the  

main t a r g e t  spec ie s ,  followed by cod (Gadus morhua L . ) ,  be- 

cause of i t s  commercial and eco log ica l  importance and t h e  

b e s t  o v e r a l l  base of l i f e  h i s t o r y  da t a .  This  d a t a  base 

inc ludes  extens ive  l abora to ry  experimental  d a t a ,  an index 

of year-c lass  s t r e n g t h  a t  t he  '0-group' s t age ,  and fecundi ty  

and spawning popula t ion  biomass da ta .  The no r theas t e rn  p a r t  

of  Georges Bank i s  a p r i n c i p a l  spawning ground f o r  haddock 

and cod and t h e i r  e a r l y  l i f e  h i s t o r i e s  a r e  s i m i l a r  i n  many 

r e spec t s .  Thei r  spawning seasons over lap ,  b u t  f o r  cod it 

is  considerably longer and a l s o  i t s  spawning d i s t r i b u t i o n  

appears t o  extend f u r t h e r  south than thehaddock 's  (Colton 

e t  a l . ,  1979).  Cod spawn from l a t e  autumn i n t o  April-May, 

whereas haddock spawn from February t o  June. Peak spawning 

f o r  both cod and haddock occurs i n  the  sp r ing  wi th  cod 

spawning about a month e a r l i e r  than haddock. The onse t  and 

du ra t ion  of haddock spawning appears t o  be a s soc ia t ed  with 

inc reas ing  water temperature (Marak and Livingstone,  1970) . 
F e r t i l i z e d  cod and haddock eggs hatch i n  about 2 - 3  weeks 

a t  average sp r ing  temperatures (Marak and Colton,  1961; 

Laurence and Rogers, 19 76) , and the  l a r v a e  a r e  p lanktonic  

f o r  s e v e r a l  months t h e r e a f t e r .  The l a rvae  ha tch  a t  c .  

4 mm SL (Colton and Marak, 1969) and yolksac  r e so rp t ion  i s  



completed 6-7 days post-hatch a t  ~ O C  (Laurence, 1974) .  

~ a b - r e a r e d  l a rvae  were considered metamorphosed ( c .  

10 mm, 1000 pg dry w t )  i n  30 days a t  90C and 40-50 days 

a t  70C. Fig.  1 d e p i c t s  t he  p r i n c i p a l  haddock spawning 

time and a r e a  on Georges Bank, t he  gene ra l i zed  egg and 

l a r v a l  d r i f t ,  and a r e a s  where demersal 0-group f i s h  a r e  

most abundant 6-8 months l a t e r  (Gross le in  and Hennemuth, 

1973). The d i s t r i b u t i o n  of l a t e  s t a g e  eggs and r ecen t ly -  

hatched l a r v a e  i n d i c a t e  t h a t  d i spe r s ion  from the  spawning 

c e n t e r  on no r theas t  Georges follows t h e  gene ra l  p a t t e r n  

of d r i f t ,  predominantly t o  the  southwest a t  1-4 miles/d 

(2-7 km/d) (Walford, 1938; Marak and Colton,  1961; Colton,  

1965 ; Smith e t  a l .  , 19 79) . During April-May, h igh  concen- 
3 t r a t i o n s  of l a rvae  ( > O . l / r n  ) can be found along the  southern  

f lank of Georges between the  60 and 100 m i soba ths .  Some 

Fig .  1. P r i n c i p a l  haddock spawning a r e a  on Georges Bank and 
genera l ized  l a r v a l  d r i f t  ( i nd ica t ed  by arrows) and a r e a s  
where demersal 0-group haddock a r e  most abundant 6-8 months 
l a t e r .  



por t ion  of  t h e  l a r v a e  apparent ly  a r e  t r anspor t ed  no r th  

on t h e  wes tern  s i d e  of Georges Bank, bu t  l i t t l e  i s  known 

about p o s s i b l e  l o s s e s  o f  l a rvae  o f f  t h e  bank. The 0-group 

f i s h  t end  t o  be concent ra ted  on the  no r the rn  p a r t  of  t h e  

bank i n d i c a t i n g  a  favorable  environment f o r  t h e i r  s u r v i v a l .  

Hydrography of Georges Bank 

The r e s i d u a l  d r i f t  of Georges Bank i s  descr ibed  a s  a  semi- 

enc losed  clockwise c i r c u l a t i o n  wi th  a  mean speed of approxi-  

mately 10 cm/s o r  5  km/d (Fig.  2 ) .  A counter-clockwise c i r -  

c u l a t i o n  develops i n  t h e  Gulf of  Maine and both gyres  in ten-  

s i f y  i n  t h e  summer (Bumpus and Lauzier ,  1965).  I n  w in t e r  t h e  

Fig.  2 .  Schematic r ep re sen ta t i on  of  t h e  well-mixed and 
s t r a t i f i e d  waters  on Georges Bank and mean c i r c u l a t i o n  flow 
(arrows) dur ing  s p r i n g  and summer. 



near  su r face  flow i s  gene ra l ly  dr iven by the  winds; t h e  mean 

t r a n s p o r t  i s  o f f shore .  Recent s t u d i e s  summarized by Butman 

e t  a l .  (1982) concluded t h a t  the  observed mean flow a t  10 m 

has a permanent clockwise c i r c u l a t i o n  around Georges Bank 

wi th  a mean c i r c u i t  time of c .  2 months f o r  a p a r c e l  moving 

along t h e  60 m i soba th .  Despite t he  cons iderable  v a r i a b i l i t y  

t h a t  could occur i n  the  t r a j e c t o r y  of such a p a r c e l ,  they 

i n f e r r e d  t h a t  t he  clockwise c i r c u l a t i o n  around t h e  c r e s t  of 

t h e  bank may provide a mechanism f o r  p a r t i a l  r e t e n t i o n  of 

plankton.  

The water on Georges Bank shoa le r  than 60 m i s  v e r t i c a l l y  

well-mixed throughout t h e  yea r  by the  semi-diurnal ,  r o t a r y  

t i d a l  c u r r e n t s  t h a t  have speeds up t o  >2 knots  (103 cm/s) 

(Bumpus, 1976).  Progress ive  vec to r  diagrams of t he  t i d a l  

e l i p s e s  a r e  o r i e n t e d  NW-SE on t h e  c r e s t  wi th  t h e i r  long 

axes ranging 4-8 mi les  (7-15 km) i n  length .  Summing the  

hour ly  speeds over a 12  h per iod ,  an approximation of t h e  

d i s t ance  t r a v e l l e d  by a pa rce l  of water ranged 10-20 mi les  

(19-37 km) over t h e  shoa l s  and 5-6 mi les  (9-11 km) over  t h e  

deeper p a r t s .  

Besides the  dominant t i d a l  energy on t h e  s h e l f ,  storms a t  

4-5 d i n t e r v a l s  have an important  r o l e  i n  s h e l f  water  dynam- 

i c s  (Beardsley e t  a l . ,  1976) . 
I n  win te r  t he  well-mixed water  i s  sepa ra t ed  from ad jacen t  

water  masses by two f r o n t s .  On the  southern f l a n k ,  t he  s h e l f /  

s lope-water f r o n t  i n t e r s e c t s  t he  bottom a t  about 80 m and 

sepa ra t e s  t h e  coo le r ,  f r e s h e r  she l f  water  from t h e  warmer, 

more s a l i n e  s lope  water .  On the  nor thern  s i d e ,  a  subsurface  

f r o n t  s epa ra t e s  t h e  Georges Bank water from t h e  Gulf of Maine 

water .  I n  l a t e  spring-summer a seasonal  thermocline (20-30 m) 

develops i n  waters  g r e a t e r  than 60 m. A subsurface  band of 

cool  w in te r  water i s  found along t h e  southern  f lank between 

the  60 and 100 m i s o b a t h s ,  



Gulf Stream warm-core eddies  moving nea r  t h e  southern 

edge of t he  bank may p lay  an impor tant  r o l e  i n  t h e  movement 

of shel f / s lope-water ,  both on and o f f  t h e  s h e l f ,  and the  

entrainment of  organisms r e s i d i n g  t h e r e  (Lough, 1982 ;  Joyce 

and Wiebe, 1983) . 

Object ives  and Sampling S t r a t egy  

The main focus of t he  haddock-cod s tudy to-date  i s  t o  

desc r ibe  t h e  spat ia l - temporal  v a r i a b i l i t y  of l a rvae  and 

t h e i r  prey (copepods) during t h e i r  f i r s t  month of l i f e  on 

Georges Bank. Observations a l s o  a r e  made t o  b e t t e r  under- 

s t and  f a c t o r s  governing t h e i r  production and t o  survey 

pos t - la rvae  and p o t e n t i a l  p reda to r s  of l a r v a l  f i s h  by 

sampling t h e  macro-plankton and micro-nekton components 

on t h e  same c r u i s e .  Our sampling program i s  p r e s e n t l y  

designed t o  i n v e s t i g a t e  the  following hypotheses which we 

f e e l  a r e  important  i n  o rde r  t o  understand the  feeding 

dynamics and s u r v i v a l  of l a rvae  r e t a i n e d  on Georges Bank: 

1. Growth of l a r v a e  is  r e l a t e d  t o  the  dens i ty  o f  micro- 

zooplankton prey.  

2 .  Micro-zooplankton a r e  concent ra ted  i n  a r e a s  of re-  

l a t i v e l y  h igh phytoplankton biomass. 

3. Micro-zooplankton a r e  contagious ly  d i s t r i b u t e d  

(clumped) . 
4. S t r a t i f i c a t i o n  of the  water column along the  

southern f l ank  of  Georges Bank i n  l a t e  sp r ing  

se rves  t o  concent ra te  zooplankton and f i s h  l a rvae  

v e r t i c a l l y .  

5 .  Feeding success  i s  a s t o c h a s t i c  process  of random 

encounters wi th  'patchy'  prey.  



Supportive evidence f o r  the  f i r s t  four hypotheses can be made 

by f i e l d  observations;  the  f i f t h  hypothesis must be inves t i -  

gated through p r o b a b i l i s t i c  food encounter models o r  quasi-  

r e a l i s t i c  laboratory  experiments. The thermocline i s  poten- 

t i a l l y  important because b io log ica l  product iv i ty  appears con- 

cen t ra ted  near  t h i s  l a y e r  and l a r v a l  and juveni le  haddock 

appear t o  be uniquely associa ted with it (Mil ler  e t  a l . ,  

1963; Colton, 1965, 1972; Houghton and Marra, 1983). During 

spr ing when recently-hatched l a rvae  a re  present ,  t he  seasonal 

thermocline i s  beginning t o  form, v e r t i c a l l y  s t r a t i f y i n g  the  

water column (>60 m bottom dep th ) .  The presence of a d i s -  

cont inui ty  l a y e r  r e s u l t i n g  i n  a g rea te r  degree of s t r u c t u r e  

and patchiness  of t h e  plankton may be c r i t i c a l  t o  t h e  sur-  

v iva l  of larvae  i n  t h i s  region. There is a need t o  measure 

prey a v a i l a b i l i t y  p r i o r  t o ,  during,  and a f t e r  thermocline 

formation i n  order  t o  evaluate  the  importance of t h i s  phe- 

nomenon. 

A f i e l d  program addressing these  hypotheses r equ i res  

sampling on s p a t i a l  s c a l e s  ranging from centimeters t o  k i lo -  

meters and temporal s c a l e s  from minutes t o  weeks. Consider- 

able  emphasis i s  given t o  the  smaller s c a l e s  of p a t t e r n  a s  

individual  larvae  encounter t h e i r  prey on the  micro-scale 

l e v e l  (1 cm t o  1 m ) ;  however, a l a r v a ' s  swimming c a p a b i l i t i e s  

soon develop t o  where it can migrate v e r t i c a l l y  1 0 ' s  of 

meters i n  a mat ter  of hours. Sampling larvae  a t  the  popu- 

l a t i o n  l e v e l  requires  d i s c r e t e  samples a t  the  f ine-scale  

l e v e l  (1 m t o  1 km), f o r  example, t o  resolve v e r t i c a l  migra- 

t i o n  pa t t e rns .  To def ine  a coherent patch of l a rvae ,  o r  t o  

sample post-larvae o r  l a r g e r  predators ,  r equ i res  sampling 

on a coarse  s c a l e  (1 t o  100 km). Synoptic, three-dimensional 

sampling of the  va r i ab le  f i e l d s  i s  needed, bu t  our p resen t  

technology and sampling techniques usual ly  only permit quasi-  

synoptic sampling of the  parameters o r  organisms of i n t e r e s t  

(Kelley, 1976). The sampling gear  used should be d i r e c t e d  

towards co l l ec t ing  d i s c r e t e  samples of the  t a r g e t  organism 



a s  synop t i ca l ly  a s  poss ib l e  a t  t h e  popula t ion  l e v e l .  However, 

s i n c e  popula t ions  of l a rvae ,  t h e i r  prey and p reda to r s  u sua l ly  

occur a t  d i f f e r e n t  s c a l e s ,  an a r r a y  of sampling gear  i s  re-  

qu i r ed  which tends  t o  negate simultaneous sampling, un le s s  

more than one r e sea rch  v e s s e l  i s  used. Never the less ,  we can 

approach nea r  s y n o p t i c l t y  f o r  some elements of t he  sampling 

program u t i l i z i n g  j u s t  one v e s s e l .  

The r o t a r y  t i d e s  (12.4 h per iod)  a r e  t h e  dominant fo rc ing  

func t ion  on t h e  bank s o  t h a t  experiments should be nes t ed  

wi th in  i t s  space-time domain. According t o  the  Nyquist 

theorem, which s t a t e s  t h a t  a  funct ion  can be de t ec t ed  i f  i t s  

pe r iod  i s  a t  l e a s t  twice t h e  sampling frequency,  s t a t i o n  

sampling on a g r i d  would have t o  be taken a t  l e a s t  once every 

6 h a t  a  sampling d i s t ance  between 5 and 20 mi l e s  (9 and 

37 km) depending on bottom depth.  And i n  o rde r  t o  encom- 

pass  a before  and a f t e r  storm event ,  observat ions  should be 

repeated  every 2 d over a t  l e a s t  an 8-10 d pe r iod .  Sameoto 

(1975, 1978) found t h a t  zooplankton v a r i a b i l i t y  was s i m i l a r  

over  a broad a r e a  of t he  Scot ian  Shel f  s o  t h a t  an accu ra t e  

and e f f i c i e n t  e s t ima te  of popula t ion  means could be made by 

t ak ing  2 n e t  samples 6 h a p a r t  a t  a  f i x e d  s t a t i o n .  

Our b a s i c  f i e l d  s t r a t e g y  i s  t o  l o c a t e  and c h a r a c t e r i z e  a 

popula t ion  of l a rvae  and t h e i r  prey,  and then t o  compare and 

c o n t r a s t  t h e i r  f i n e -  t o  micro-scale d i s t r i b u t i o n  wi th in  s t r a -  

t i f i e d  and well-mixed waters  on Georges Bank. Previous ex- 

pe r i ence  from t h e  1978 Larval  Herring Patch  Study i n d i c a t e d  

t h a t  r e l a t i v e l y  coherent  and s t a b l e  pa tches  of l a rvae  and 

zooplankton could be def ined wi th  convent ional  sampling tech- 

n iques  (bongo-net samples) and followed f o r  a number of days 

t o  weeks a t  a  s p a t i a l  s c a l e  somewhat g r e a t e r  than  t h e  t i d a l  

excurs ion  ( > 5  mi l e s  o r  > l 0  km). I t  was assumed f o r  sampling 

purposes t h a t  v a r i a b i l i t y  wi th in  the  t i d a l  regime was s i m i l a r  

a s  mixing processes  dominate on t h i s  s c a l e .  Also,  by f o l -  

lowing a drogue f o r  s t a t i o n  t ime-ser ies  obse rva t ions ,  one 

assumed t h e  same p a r c e l  of water was being sampled wi th  t h e  



same larvae-prey popula t ion .  Thus, by reducing h o r i z o n t a l  

v a r i a b i l i t y ,  a l i a s i n g  of obse rva t ions  v e r t i c a l l y  would be 

reduced i n  o rde r  t o  conduct t ime-ser ies  obse rva t ions  over  

a minimum of  two t i d a l  cyc l e s .  The l i m i t a t i o n s  of  time- 

s e r i e s  ana lyses  i n  marine ecosystems a r e  d iscussed  by 

Denman and P l a t t  (1978).  

The deployment of  moored c u r r e n t  meter  a r r a y s  can pro- 

vide a t r u l y  synop t i c  three-dimensional  p i c t u r e  of t h e  

h o r i z o n t a l  c u r r e n t  f i e l d  w i t h i n  t h e  s tudy  a rea .  Coarse 

t o  meso-scale MARMAP plankton-hydrography surveys con- 

ducted on Georges Bank and contiguous waters  dur ing  t h e  

same time provide a broader  background i n  which t o  com- 

pare  our  more i n t e n s i v e  f i ne - sca l e  s t u d i e s .  Remote sen- 

s i n g  o f f e r s  t h e  p o t e n t i a l  of r eg iona l  s y n o p t i c i t y  f o r  a  

number of near -sur face  parameters such a s  ocean tempera- 

t u r e  and c o l o r  (Chamberlin, 1982; Gower, 1982) . 

METHODS 

Gear, Ins t rumenta t ion ,  and Spec i a l  Techniques 

Bongo-net  s a m p l e r  

Standard MARMAP bongo-type samplers a r e  used t o  make i n t e -  

g r a t e d  water-column hau l s  from 5 m above t h e  bottom t o  t h e  sur -  

f ace  t o  c o l l e c t  zooplankton (Posgay and Marak, 1980).  A 

61-cm bongo sampler (505 and 333 vm mesh n e t s )  and 20 cm 

bongo sampler (253 and 165 Mm n e t s )  a r r a y  a r e  towed o b l i -  

quely a t  1 1/2 knots  (78 cm/s) and lowered a t  a  wire speed 

of 50 m/min and r e t r i e v e d  a t  20 m/min. Water f i l t e r e d  

through each  n e t  i s  measured by a flowmeter and the  tow 

depth p r o f i l e  i s  measured wi th  a time-depth recorder .  



MOCNESS 

A Mul t ip l e  Opening/Closing Net and Environmental Sensing 

System (MOCNESS; Wiebe e t  a l . ,  1976; 1982) w i th  t h r e e  s e p a r a t e  

underwater sampling u n i t s  (1/4 m ,  1 m, 10 m) p rovides  us w i th  

wide spectrum c a p a b i l i t i e s  of sampling d i s c r e t e  v e r t i c a l  s t r a -  

t a  encompassing t h r e e  t r o p h i c  l e v e l s  from micro-plankton, 

f i s h  larvae-zooplankton,  t o  micro-nektonic organisms. MOCNESS 

i s  a r e c t a n g u l a r  sampler whose n ine  s e r i a l l y  l i nked  n e t s  can 

be opened and c lo sed  s e q u e n t i a l l y  by commands through a con- 

duc t ing  c a b l e  from t h e  s u r f a c e  v e s s e l ,  t hus  pe rmi t t i ng  sam- 

p l i n g  of  up t o  n ine  d i s c r e t e  depth l e v e l s  o r  h o r i z o n t a l  s e r i e s  

i n  a s i n g l e  haul .  The t h r e e  underwater samplers a r e  designed 

t o  be hauled  a t  1 1/2 kno t s  (78 cm/s), 45O n e t  angle ,  f o r  an 

e f f e c t i v e  mouth a r e a  of 1/4 m2, 1 m 2 ,  and 10 m2.  S tandard  

n e t  mesh s i z e  f o r  t h e  underwater u n i t s  a r e  64 pm, 333  um,  

and 3 mm, r e spec t ive ly .  On-deck, rea l - t ime monitoring in-  

c ludes  depth (p re s su re )  , n e t  angle ,  number of t h e  n e t  pre-  

s e n t l y  f i l t e r i n g  water ,  volume of water  f i l t e r e d ,  tempera ture  

and ch lo rophy l l  f l uo re scence  (Aiken, 1981).  Parameter d a t a  

a r e  s t o r e d  on an HP-85 computer system f o r  rea l - t ime X-Y 

p l o t s  of  temperature and f luorescence  vs.  depth ,  which a r e  

u se fu l  i n  s e l e c t i n g  sampling depths  ( s e e  Fig .  3 ) .  A North- 

s t a r  Loran C u n i t  wi th  p l o t t e r  a l s o  i s  i n t e g r a t e d  wi th  t h e  

MOCNESS f o r  recording  t h e  p o s i t i o n  a t  each  n e t  r e l e a s e .  

Other s enso r s  such a s  s a l i n i t y ,  l i g h t ,  and oxygen w i l l  be 

i n t e g r a t e d  wi th  MOCNESS. 

P l a n k t o n  pump  

I n  1981 a l-hp submersible we l l  pump was used t o  sample 

micro-zooplankton a t  depth.  The pump i s  t y p i c a l l y  deployed 

a t t ached  t o  1/4" (6.4 mm) wire  wi th  a 45 kg l ead  b a l l .  De- 

l i v e r y  of  water  from depth  t o  a deck manifold f i t t e d  w i th  

fine-mesh n e t s  (20 and 53 pm mesh) is  by a 7.5 cm diameter  

PVC discharge  hose. Water is  t y p i c a l l y  pumped from f i v e  



MOCNESS 191 
START FINISH 
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Fig.  3. Real-time temperature-depth p l o t  of l m MOCNESS 
hau l  191. A s o l i d  temperature l i n e  i s  drawn a s  n e t  i s  s e t  
t o  maximum depth and d o t t e d  a f t e r  f i r s t  n e t  i s  opened and 
sampling sequence begins .  
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depth l e v e l s  i n  t h e  upper 50  m of water  f o r  10 min each 

depth t o  f i l t e r  1 m3 of water .  S ince  t h e  1982 season,  a  

l a r g e r  submersible pump has  been used t o  f i l t e r  1 m3 of 
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C T D - f l  uorometer  

A Ne i l  Brown CTD micro-prof i l ing  system wi th  a General 

Oceanics Niskin b o t t l e  r o s e t t e  i s  used f o r  r a p i d  continuous 

p r o f i l i n g  of temperature and s a l i n i t y  w i th  depth.  The water  



b o t t l e  c o l l e c t i o n s  a l s o  a r e  used t o  make d i s c r e t e  observa- 

t i o n s  of  micro-zooplankton, n u t r i e n t s ,  and phytoplankton 

biomass measures by convent ional  methods. Continuous i n -  

s i t u  f l uo re scence  i s  measured a t  t h e  same time by deploying 

an ENDECO submersible f luorometer  (Turner Designs Model) 

wi th  on-deck recording  of  depth ,  f l uo re scence ,  and tempera- 

t u r e  v i a  conducting cab le .  A r e c e n t l y  acqui red  Variosens 

i n - s i t u  f luorometer  w i l l  be i n t e r f a c e d  wi th  t he  CTD. 

R e a l - t i m e  z o o p l a n k t o n  p r o c e s s i n g  

I n  process-or iented  s t u d i e s  t h e r e  i s  need f o r  rea l - t ime 

r e s u l t s  s o  t h a t  dec i s ions  can be made t o  optimize t h e  ex- 

per imenta l  opera t ions .  A method we employ a t  s ea  t o  make 

r o u t i n e ,  q u a n t i t a t i v e  analyses  of plankton-net  samples 

us ing  s i l h o u e t t e  photography techniques coupled wi th  a 

microf iche  r eade r ,  an e l e c t r o n i c  d i g i t i z e r ,  and a sma l l  

personal  computer i s  desc r ibed  by Lough and P o t t e r  (1983).  

More than  90% of  t he  organisms can be i d e n t i f i e d  t o  s p e c i e s  

l e v e l  and l i f e  s t a g e ,  and a subsample enumerated w i t h i n  

20 min a f t e r  c o l l e c t i n g  by t h i s  method. 

A H I A C  C r i t e r i o n  PC320 12-channel p a r t i c l e  count ing  and 

s i z i n g  system (Pugh, 1978; Tungate and Reynolds, 1980) has  

been acqui red  f o r  development a s  a rea l - t ime t o o l  f o r  t h e  

q u a n t i f i c a t i o n  of marine plankton.  Three sensors  (CMH-150, 

CMH-600, E-2500) a r e  used t o  count p a r t i c l e s  i n  t h e  range 

of  5-2500 um. However, a t  p r e s e n t  we process  Niskin b o t t l e  

water  samples only  i n  a ba tch  mode. The HIAC u n i t  has  been 

i n t e r f a c e d  wi th  a Canberra Multi-Channel Analyzer and an 

HP-85 computer system t o  c o n t r o l  a l l  s e t t i n g s  and func t ions .  

The ins t rument  i s  be ing  modified f o r  i n - s i t u  p a r t i c l e  pro- 

f i l i n g  a long t h e  l i n e s  r epo r t ed  by T i l s e t h  and E l l e r t s e n  

(1984) . 



Larval  c o n d i t i o n  and g r o w t h  i n d i c e s  

Spec ia l  c o l l e c t i o n s  of l a rvae ,  preserved throughout t he  

c r u i s e ,  a r e  analyzed i n  t h e  l abora to ry  f o r  biochemical con- 

t e n t ,  h i s t o l o g i c a l  and morphological assessment, and o t o l i t h  

increment deposi t ion .  Laboratory s t u d i e s  by Buckley (1979, 

1981) have demonstrated r e l a t i o n s  between food a v a i l a b i l i t y  

and l a r v a l  RNA/DNA r a t i o s  and growth r a t e .  A r eg res s ion  

model has been developed r e c e n t l y  (Buckley, 1982) between 

temperature,  RNA-DNA r a t i o ,  and mean d a i l y  p r o t e i n  growth 

r a t e  which accounts f o r  short- term growth over t he  previous 

2-4 days. This s e n s i t i v e  technique i s  now being used t o  

s tudy t h e  r e l a t i o n s  between environmental condi t ions  and 

l a r v a l  growth and s u r v i v a l  i n  t h e  f i e l d .  From t h e  same 

samples l a rvae  a r e  being analyzed h i s t o l o g i c a l l y  (O'Connell, 

19 76 )  and morphometrically (Thei lacker  , 19 81) t o  eva lua te  

t h e i r  condi t ion  and develop c r i t e r i a  f o r  de t ec t ing  s t a rved  

and weakened larvae .  Population mean age and long-term 

average growth of l a r v a e  can be es t imated  by r e l a t i n g  o t o l i t h  

growth increments t o  l a r v a l  s i z e  (Bolz and Lough, 1983).  An 

ind iv idua l  l a r v a ' s  p a s t  environmental  growth h i s t o r y  a l s o  may 

be revealed  wi th  proper  l abora to ry  v e r i f i c a t i o n  of t h e i r  

o t o l i t h s  (Radtke, 19 84) . 

Prey s e l e c t i o n  

Larvae from s e l e c t e d  MOCNESS hau l s  a r e  processed f o r  gu t  

contents  by the  methods descr ibed i n  Cohen and Lough (1983) 

and Kane ( i n  p r e s s ) .  

F i e l d  Operational  Plan 

A concent ra t ion  of l a rvae  ( o r  eggs) on Georges Bank i s  

l oca t ed  from a  previous MARMAP broad-scale survey,  o r  a t  

the  time of t h e  c r u i s e  by explora tory  t r a n s e c t s  us ing  

s tandard  bongo-net gea r  i n  l i k e l y  a reas .  Then a  g r i d  of 



40-50 s t a t i o n s ,  5 mi l e s  a p a r t ,  i s  occupied w i t h i n  a 2 d 

pe r iod  t o  c h a r a c t e r i z e  t h e  l a r v a l  f i s h ,  p lankton ,  and 

t empera tu re - sa l in i t y  f i e l d  i n  an a r e a  s u f f i c i e n t l y  l a r g e  

( C .  30 X 50 mi l e s  [56 X 93 km]) t o  encompass t h e  a n t i c i -  

pa ted  d i s p e r s a l  of  p lankton  having a r e s i d u a l  d r i f t  of  

4 miles/d ( 7  km/d) i n  which t h e  f i n e - s c a l e  s t a t i o n  s t u d i e s  

w i l l  be c a r r i e d  o u t  over  4-6 d. The survey g r i d  u sua l ly  

i s  s i t u a t e d  s o  t h a t  s t a t i o n s  ove r l ap  t h e  shoa l  f r o n t  of  t h e  

well-mixed waters  (c60 m)  and t h e  southern  she l f / s lope-water  

f r o n t  ( c .  100 m) bounding t h e  s t r a t i f i e d  waters  on t h e  bank. 

A bongo hau l  and XBT drop a r e  made on each g r i d  s t a t i o n ,  and 

s u r f a c e  temperature,  s a l i n i t y  and f luorescence  a r e  monitored 

cont inuous ly .  

Based upon rea l - t ime sample ana lyses  made dur ing  t h e  g r i d  

survey,  a  s t a t i o n  i s  s e l e c t e d  f o r  t h e  f i ne - sca l e  t ime- se r i e s  

obse rva t ions  and a drogue i s  deployed a t  t h e  depth co r r e s -  

ponding, i d e a l l y ,  t o  t h e  weighted c e n t e r  of g r a v i t y  o f  t h e  

l a r v a l  popula t ion .  On one occas ion ,  a drogue was deployed 

wi th  an a r r a y  of vec tor -averaging  c u r r e n t  meters (VACM) 

pos i t i oned  t o  measure c u r r e n t  v e l o c i t y  and tempera ture  a t  

s e l e c t e d  depths  t o  determine shea r  i n  t h e  water  column. 

On s t a t i o n ,  t h e  sampling scheme used i s  a combination of 

f i ne -  t o  micro-scale obse rva t ions  i n  o rde r  t o  sample f i s h  

l a r v a e  and t h e i r  prey ,  and o t h e r  environmental  parameters.  

This  scheme a l lows 2-4 obse rva t ions  of  each k ind  dur ing  a 

t i d a l  pe r iod  (12.4 h ) .  On each drogue-follower s t a t i o n ,  

t ime- se r i e s  obse rva t ions  a r e  made f o r  a minimum of 30 h and 

sometimes a s  long a s  50 h encompassing 2-4 t i d a l  pe r iods .  

A complete s e r i e s  of  obse rva t ions  i s  made every  6 h i n  t h e  

fo l lowing sequence: CTD-fluorometer c a s t ,  MOCNESS l m hau l ,  

p lankton  pump c a s t ,  CTD-fluorometer c a s t ,  and MOCNESS 1/4 m 

haul .  



C T D - f l u o r o r n e t e r  c a s t  

The ob jec t ive  of t h i s  opera t ion  i s  t o  ob ta in  a  v e r t i c a l  

p r o f i l e  (and v a r i a b i l i t y )  of temperature,  s a l i n i t y ,  and 

chlorophyl l  a f luorescence  on a  micro-scale l e v e l .  Cas ts  

may be repeated  f o r  short- term v a r i a b i l i t y .  Niskin water  

b o t t l e  samples a r e  c o l l e c t e d  a t  s e l e c t e d  depths f o r  c a l i -  

b r a t i o n  purposes and p a r t i c l e  s i z e  a n a l y s i s  us ing  t h e  HIAC 

PC320 system. Anc i l l a ry  observat ions  inc lude  a  l ight -meter  

c a s t  t o  de f ine  t h e  l i g h t  e x t i n c t i o n  curve ,  and a bot tom-t r ip  

Niskin b o t t l e  c a s t  t o  c o l l e c t  a  phytoplankton sample wi th in  

a  meter of bottom. 

MOCNESS 1 m  h a u l  

The ob jec t ive  of t h i s  hau l  i s  t o  determine the  v e r t i c a l  

d i s t r i b u t i o n  and abundance of f i s h  l a r v a e  and l a r g e r  zoo- 

plankton from nea r  bottom ( < 5  m) t o  su r face  wi th  10 3r 5 m 

r e so lu t ion .  An adequate sample of l a rvae  (30-100 ind iv idua l s )  

is usua l ly  obta ined by f i l t e r i n g  250 m3 of water which t akes  

about 5  min f o r  each n e t .  During t h i s  5 min the  n e t  t r a v e l s  

a  h o r i z o n t a l  d i s t ance  of c. 235 m. 

l P l a n k t o n  p u m p  c a s t  

Micro-zooplankton samples a r e  c o l l e c t e d  a t  4-6 d i s c r e t e  

depth l e v e l s  based upon t h e  v e r t i c a l  d i s t r i b u t i o n  of t he  f i s h  

l a r v a e  and environmental condi t ions .  A t  each depth l e v e l ,  

1 m3 of  water i s  pumped on deck and f i l t e r e d  through 20 and 

53 um mesh ne t s .  Sampling r e s o l u t i o n  i s  1-2 m v e r t i c a l l y  

and 1 0 ' s  of  meters h o r i z o n t a l l y ,  depending on the  r a t e  of  

pumping and s h i p ' s  d r i f t .  



MOCNESS 1/4 m h a u l  

The ob jec t ive  of t h i s  haul  i s  t o  determine t h e  v e r t i c a l  

d i s t r i b u t i o n  and abundance of micro-zooplankton r e t a i n e d  by 

64-um mesh n e t s  over t h e  v e r t i c a l  d i s t r i b u t i o n  range of f i s h  
3  la rvae .  About 20-36 m of  water  i s  f i l t e r e d  by each n e t  

(1-3 min) wi th in  an i n t e g r a t e d  s t r a t a  of 10 ,  5 ,  o r  2-m 

re so lu t ion  (94-170 m h o r i z o n t a l  d i s t ance  t r a v e l e d ) .  

Following t h e  f ine - sca l e  s t a t i o n  observat ions ,  t he  g r i d  

of s t a t i o n s  may be resurveyed and new t r a n s e c t s  added i n  t h e  

d i r e c t i o n  of t he  r e s i d u a l  c u r r e n t ,  o r  MOCNESS 10-m hau l s  may 

be made on a  t r a n s e c t  of s t a t i o n s  i n  the  s tudy area .  The 

10 m MOCNESS i s  used t o  determine the  v e r t i c a l  d i s t r i b u t i o n  

and abundance of p o t e n t i a l  micro-nektonic predators  and 

pos t - la rvae  wi th  15 o r  25 m r e s o l u t i o n ,  each n e t  f i l t e r i n g  

7000-14000 m3 of  water  i n  15-30 min (705-1410 hor i zon ta l  

d i s t ance  t r a v e l e d ) .  A l m MOCNESS hau l  u sua l ly  i s  made 

immediately before  o r  a f t e r  t o  c o l l e c t  l a r v a l  f i s h  o r  o t h e r  

food prey. 

RESULTS AND DISCUSSION 

Some of t he  i n i t i a l  r e s u l t s  a r e  presented  here  from a  two- 

p a r t  s tudy conducted aboard R/V ALBATROSS I V ,  15-30 Apr i l  

1981 and 18-30 May 1981. On t h e  Apr i l  c r u i s e  a  well-defined 

concent ra t ion  of gadid eggs was loca ted  on t h e  sou theas t  p a r t  

of Georges Bank between the  60 and 100 m i soba ths  by the  

bongo sampling g r i d  of s t a t i o n s  (Figs .  4-8). Recently-hatched 

haddock and cod l a r v a e  (3-5 mm SL) were found most abundantly 

towards the  sou theas t e rn  p a r t  of the  g r i d  and a  r a t i o  of t h e i r  

abundance ind ica t ed  t h a t  about 91% of the  gadid eggs were had- 

dock, the  o the r  9% cod. The major i ty  of eggs were a t  a  l a t e  

s t a g e  of development (Colton and Marak, 1962) and were e s t i -  

mated t o  have been spawned 8-10 d  previous ly  i n  the  ~ O C  water .  

Ear ly  s t a g e  eggs were more abundant t o  the  n o r t h e a s t  near  t he  



F i g .  4 .  Haddock l a r v a l  d i s t r i b u t i o n s  from A p r i l  and May 1981 
g r i d  surveys .  D e n s i t i e s  contoured by f a c t o r  l e v e l  of  4 .  
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Fig. 5. Cod larval distributions from April and May 1981 
grid surveys. Densities contoured by factor level of 4. 
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Fig .  6 .  Haddock and cod egg and l a r v a l  d i s t r i b u t i o n s  
g e n e r a l i z e d  from t h e  A p r i l  and May 1981 g r i d  surveys .  



MELANOGRAMMUS AEGLEFIMUS 

60 r 16-18 APRIL 1981 

19-21 MAY 1981 
30 

-. 
8 
L 

20 
L 

2 $ to 

2 
0 

LENGTH (mm)  

Fig.  7. Length-frequency d i s t r i b u t i o n s  of  haddock l a r v a e  
c o l l e c t e d  on t h e  Apr i l  and May 1981 g r i d  surveys.  

h i s t o r i c a l  spawning grounds. Cod l a rvae  were more widespread 

than  haddock and t h e i r  g r e a t e r  s i z e  range was i n d i c a t i v e  of 

t h e i r  e a r l i e r  spawning i n  February-March. 

By May, a  concent ra t ion  of l a r v a l  haddock and cod was 

l o c a t e d  a long the  southern  f l ank  of Georges t o  t h e  southwest  

of t h e  A p r i l  d i s t r i b u t i o n ,  s i t u a t e d  between t h e  shoa l  t i d a l  

f r o n t  and t h e  deeper she l f / s lope-water  f r o n t .  The mean 

l eng th  of both l a r v a l  popula t ions  sampled on t h e  g r i d  was 

6 mm and i s  c o n s i s t e n t  w i th  l abo ra to ry  growth r a t e s  over  t h e  

pe r iod  of time between ha tching  i n  Apr i l  and t h e  May survey 

(Laurence, 19 78; Bolz and Lough, 1983) . Also, an e s t ima ted  

t r a n s p o r t  of  1-2 miles/d,  which i s  c o n s i s t e n t  wi th  t h e  long- 

term r e s i d u a l  c u r r e n t s  r epo r t ed  f o r  t h i s  a r e a ,  would account 
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Fig.  8. Length-frequency d i s t r i b u t i o n s  of cod l a rvae  col -  
l e c t e d  on the  Apr i l  and May 1981 g r i d  surveys.  

f o r  t he  displacement between t h e  h ighes t  concent ra t ion  of 

eggs i n  Apr i l  and l a rvae  i n  May. Coupled wi th  t h e  f a c t  t h a t  

no o t h e r  egg o r  l a r v a l  concent ra t ions  were found i n  the  a rea ,  

t hese  observat ions  suppor t  t h e  view t h a t  t h e  egg and l a r v a l  

concent ra t ions  def ined belonged t o  the  same spawning popula- 

t i o n .  

An important  f e a t u r e  of these  egg and l a r v a l  concent ra t ions  

i s  t h e i r  coherence and s t a b i l i t y  which provide c o n t i n u i t y  i n  

the sampling program. The g r i d  s t a t i o n  d e n s i t i e s  have been 

contoured by a f a c t o r  of 4 a s  t he  c o e f f i c i e n t  of v a r i a t i o n  of 

a s i n g l e  plankton haul t y p i c a l l y  i s  i n  the  range of 22-44% 

(Cass ie ,  1963) .  Note the  i n t e r n a l  cons is tency of t h e  s t a t i o n  

values wi th in  t h e  contoured a reas .  Resampling a g r i d  t r an -  

s e c t  once on the  A p r i l  survey and again  i n  May 4-7 d l a t e r  



produced egg and l a r v a l  concent ra t ions  nea r ly  i d e n t i c a l  t o  

the  previous  s t a t i o n  values  (wi th in  a f a c t o r  of 4 ) .  Using 

a l l  a v a i l a b l e  informat ion ,  t h e  haddock and cod egg and l a r v a l  

concent ra t ions  have been gene ra l i zed  i n  Fig .  6 t o  show t h e i r  

s i z e ,  shape,  and d i s p e r s a l  between surveys .  The h ighes t  con- 

c e n t r a t i o n s  of eggs and l a rvae  contoured were e l l i p t i c a l  i n  

shape wi th  major and minor axes of about 30 X 15 mi l e s  

(56 X 28 km). The s m a l l e s t  pa tch  resolved is  about 10 X 5 

mi l e s  (19 X 9 km), which i s  on the  s c a l e  of t he  t i d a l  excur- 

s ions  and the  sampled g r i d  of s t a t i o n s .  The lowest  concen- 

t r a t i o n  of l a rvae  def ined and contoured a s  a pa tch  was about 

60 mi l e s  ( I l l  km) long between t h e  shel f / s lope-water  f r o n t  

and the  t i d a l  f r o n t .  I f  one assumes t h a t  t h e  pa tch  dimen- 

s i o n s  a r e  r easonab lyaccura t e ,  an e s t ima te  of m o r t a l i t y  can 

be made between the  eggs i n  Apr i l  and the  l a rvae  i n  May. 

Using methods s i m i l a r  t o  those  descr ibed i n  Lough e t  a l .  

(1980) ,  mor t a l i t y  of haddock and cod from t h e i r  ha tching 

midpoint through the  6-mm s i z e  c l a s s  (18-24 d post-hatch) 

was e s t ima ted  t o  be 6-8%/d. These l o s s  r a t e s  a r e  consis-  

t e n t  wi th  the  range of r a t e s  (5-15%/d) repor ted  by S a v i l l e  

(1956) f o r  Faroe haddock l a rvae .  

I t  a l s o  i s  of i n t e r e s t  t o  note  t h a t  t h e  l a r g e s t  and pre- 

sumably o l d e s t  l a rvae  c o l l e c t e d  on t h e  g r i d  survey were found 

t o  the  extreme southwest  and on t h e  shoa l s  (c60 m ) .  This 

p a s t  May 1983, us ing  the  10 m MOCNESS, r e l a t i v e l y  high den- 

s i t i e s  (70-450/10 000 m3) of cod pos t - la rvae  (15-50 mm) and 

sand e e l ,  Ammodytes sp.  (45-80 m m ) ,  were c o l l e c t e d  through- 

o u t  t h e  shoa le r  p a r t s  of  western Georges Bank, both of which 

have been observed t o  prey upon young f i s h  l a rvae .  

In  A p r i l ,  winter  condi t ions  s t i l l  p reva i l ed ;  t he  water 

column was well-mixed throughout t h e  s tudy a rea ,  i so thermal  

( ~ O C )  from su r face  t o  bottom. Only dur ing  the  f i n a l  days of 

t he  c r u i s e  was a s l i g h t  warming of su r face  waters observed,  

i n d i c a t i n g  the  onse t  bf sp r ing  thermal s t r a t i f i c a t i o n  on the  

f l ank  of t he  bank. Net-phytoplankton (220 um) biomass in-  

c r eased  wi th  depth from 1-2 mg c h l  a/m3 near  the  s u r f a c e  t o  5- 



10 mg c h l  ./m3 nea r  t h e  bottom, appa ren t ly  due t o  s ink ing  of  

l a r g e r  diatoms and d i n o f l a g e l l a t e s  (Busch and Mountain, 

19 82) . Nanno-phytoplankton ( c 2 0  um)  biomass was evenly d i s -  
3 

t r i b u t e d  throughout t h e  water  column a t  1-2 mg c h l  a/m . 
The v e r t i c a l  d i s t r i b u t i o n  of  gadid eggs was low a t  t h e  sur-  

f ace  and a l s o  gene ra l ly  i nc reased  i n  dens i ty  w i th  depth t o  

a maximum a t  t h e  bottom (Fig.  9 ) .  The cod l a r v a e  were sepa- 

r a t e d  i n t o  two s i z e  groups f o r  a n a l y s i s  (3-8 mm and >8 mm) 
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Fig.  9. V e r t i c a l  d i s t r i b u t i o n  of  cod l a r v a e  and gadid  eggs 
c o l l e c t e d  by 1 m MOCNESS (333 um mesh) on t h e  s o u t h e a s t  p a r t  
of  Georges Bank (41020'N 66053'W), 25-29 A p r i l  1981. 



because of r epo r t ed  d i f f e r e n c e s  i n  behavior  of  t h e  l a r g e r  

l a r v a e  (Wiborg, 1960; M i l l e r  e t  a l . ,  1963) .  The i r  mean 

day and n i g h t  abundances w i th in  10 m sampling s t r a t a  over  

a 54 h pe r iod  a r e  shown i n  Fig.  9. The s i z e  range of  l a r v a e  

c o l l e c t e d  by t h e  1 m MOCNESS a r e  e s s e n t i a l l y  t h e  same a s  

t h a t  c o l l e c t e d  by t h e  61  cm bongo n e t  shown i n  Figs .  7 and 

8. Both s i z e  groups of  cod l a r v a e  a r e  broadly  d i s t r i b u t e d  

throughout t h e  water  column wi th  weighted mean popula t ion  

depths  between 30 and 40 m i n  water  66-70 m bottom depth. 

More cod l a r v a e  a r e  u sua l ly  caught by n i g h t  than  day, es-  

p e c i a l l y  i n  t he  upper 20 m. A s i g n i f i c a n t  v e r t i c a l  d i sp l ace -  

ment between day and n i g h t  i s  shown by t h e  l a r g e r  s i z e  group. 

Night mean abundance of  t he se  l a r v a e  i n  t h e  upper 20 m of  

t h e  water  column (mean l eng th  of 11 mm) was g r e a t e r  by a 

f a c t o r  of 14-26 than t h a t  of t h e  mean day abundance. 

By mid-May, t h e  water  column was w e l l - s t r a t i f i e d  a t  

bottom depths g r e a t e r  than 60 m. A t  t h e  f i r s t  t ime-ser ies  

s t a t i o n  (80 m ) ,  2 1  May, t he  s u r f a c e  temperature approached 

100C, a s t r o n g  thermal g r a d i e n t  (0.750C/m) was e v i d e n t  be- 

tween 15 and 20 m, and below t h e  thermocline t h e  water  was 

5.g°C t o  bottom ( r e f e r  Fig.  3 ) .  Both ne t -  and nanno-phyto- 
3 

p lankton  biomass were reduced t o  <l mg c h l  a/m , b u t  showed 

a s l i g h t  i nc rease  i n  t he  nanno-phytoplankton biomass above 

20 m. Both haddock and cod l a rvae  were almost  exc lus ive ly  

conf ined  t o  t h e  upper 20 m of t h e  water  column wi th  maximum 

abundance wi th in  t h e  thermocline (F igs .  10 and 1 1 A ,  MOC 191) . 
An i n t e n s e  storm swept t he  a r e a  w i th  h igh  n o r t h e a s t e r l y  winds, 

35-40 knots  (18-21 m/s) ,  and upon resuming ope ra t ions  a t  t h e  

same s i t e  s e v e r a l  days l a t e r  on 24 May, it was ev iden t  t h a t  

t he  water  column was well-mixed, c .  7OC iso thermal .  Phyto- 

p lankton  biomass was uniformly d i spe r sed  from top  t o  bottom. 

Haddock and cod l a r v a e  now were broadly  d i s t r i b u t e d  through- 

ou t  t h e  water  column wi th  a weighted mean depth between 30 and 

42 m,  a l though t h e r e  was a sugges t ion  of an upper s h i f t  i n  

t h e  v e r t i c a l  d i s t r i b u t i o n  of  l a r v a e  dur ing  t h e  n i g h t  (F igs .  

10 and 1 1 A ,  MOC 193-207) . On 28 May, a  s i n g l e  MOCNESS haul  
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Fig .  10. V e r t i c a l  d i s t r i b u t i o n  of  haddock l a r v a e  on (A) 
s t r a t i f i e d  s t a t i o n  (40°55'N 6 7 O 1 6 ' ~ )  be fo re  and a f t e r  s torm,  
22-24 May 1981,  and on (B) s h o a l ,  well-mixed s t a t i o n  
( 4 1 ° 0 7 ' ~  67O35'W), 27-29 May 1981. 

(220) showed t h a t  a  sha l low thermocl ine  had formed and t h e  

l a r v a e  were r eagg rega t i ng  i n  t h e  upper 20 m a s s o c i a t e d  w i th  

t h e  r e s t r a t i f i c a t i o n .  By p l o t t i n g  wa te r  column d e n s i t y  

(s igma-t)  va lues  du r ing  t h i s  pe r iod  i n  F ig .  12, one can s e e  

t h e  process  of r e s t r a t i f i c a t i o n  between t h e  t ime t h e  s t o r m  

aba t ed  s u f f i c i e n t l y  t o  resume sampling on 24 May (MOC 193) 

and t h e  l a s t  h a u l  on 28 May (MOC 220 ) .  At t h i s  r a t e  it 

would t a k e  a t o t a l  of  about  7-10 d f o r  t h e  water  column and 

f i s h  l a r v a e  t o  r e s t r u c t u r e  t o  t h e  same degree  observed p r i o r  

t o  t h e  storm. M i l l e r  e t  a l .  ( 1963 ) ,  i n  a  mid-May 1958 ver -  

t i c a l  d i s t r i b u t i o n  s tudy  o f  l a r v a l  haddock around t h e  f l a n k  
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F i g .  11. V e r t i c a l  d i s t r i b u t i o n  o f  cod l a r v a e  on (A)  s t r a t i -  
f i e d  s t a t i o n  ( 4 0 ~ 5 5 ' ~  67O16'W) b e f o r e  and a f t e r  s to rm,  22- 
24 May 1981, and on ( B )  s h o a l ,  well-mixed s t a t i o n  ( 4 1 ° 0 7 ' ~  
67O35'W), 27-29 May 1981. 

of Georges Bank, found t h a t  84% of  t h e  l a r v a l  p o p u l a t i o n  

o c c u r r e d  w i t h i n  t h e  d i s c o n t i n u i t y  l a y e r ,  t h e  c o n f i n e s  o f  a  

t h e r m o c l i n e ,  which occupied  a b o u t  25% o f  t h e  w a t e r  column. 

A shoa l -wate r  s t a t i o n  (50 m  bot tom d e p t h )  was occupied  

f o r  25 h ,  27-29 May, where t h e  w a t e r  column was well-mixed,  

8 -~OC.  Haddock and cod l a r v a e  were b r o a d l y  d i s t r i b u t e d  

th rough  t h e  w a t e r  column w i t h  weighted mean d e p t h s  between 

20 and 30 m  ( F i g s .  10 and 11B). There was no s i g n i f i c a n t  

d i f f e r e n c e  between t h e i r  day and n i g h t  v e r t i c a l  d i s t r i b u t i o n .  



Fig .  12. Water-column d e n s i t y  (s igma-t)  p r o f i l e s  on s t r a t i -  
f i e d  s t a t i o n  ( 4 0 ° 5 5 ' ~  67016'W) b e f o r e  and a f t e r  s to rm,  22- 
24 May 1981. Corresponding MOCNESS h a u l  numbers shown. 

Phytop lankton  biomass was un i formly  low t h r o u g h o u t  t h e  w a t e r  

column w i t h  a  n o t i c e a b l e  i n c r e a s e  i n  t h e  bot tom few m e t e r s ,  
3 b u t  s l i g h t l y  h i g h e r  (1-2 mg c h l  a/m ) t h a n  t h e  deeper  s t a t i o n  

(80 m ) .  

The dominant copepods on Georges Bank i n  l a t e - w i n t e r  and 

s p r i n g  a r e  Pseudocalanus s p . ,  Calanus f i n m a r c h i c u s ,  and 

Oithona s i m i l i s .  Pseudocalanus t e n d s  t o  be  more abundant  on 

t h e  s h o a l  a r e a  o f  Georges w h i l e  Calanus deve lops  h i g h  abun- 

dance i n  t h e  n e a r - s u r f a c e  w a t e r s  o f  t h e  s t r a t i f i e d  zone 

a l o n g  t h e  s o u t h e r n  f l a n k .  Oithona,  a  s m a l l  copepod, i s  wide- 

s p r e a d  i n  i t s  d i s t r i b u t i o n .  Prey  s e l e c t i o n  s t u d i e s  o f  l a r v a l  



haddock and cod show t h a t  t h e  n a u p l i a r  and copepodite 

s t a g e s  of P s e u d o c a l a n u s  and C a l a n u s  a r e  t h e i r  most impor tant  

prey (Sherman e t  a l . ,  1981; Kane, i n  p r e s s )  . Eggs of t he se  

two spec i e s  can sometimes comprise a  s i g n i f i c a n t  number of 

prey i tems f o r  t h e  s m a l l e s t  l a rvae  ( < 6  m m ) ,  e s p e c i a l l y  f o r  

t h e  more p a s s i v e l y  feeding  haddock l a rvae .  The p r e f e r r e d  

prey s i z e  of  fou r  l eng th  groups of  l a r v a e  i s  depic ted  i n  

Fig.  13. Note t h a t  cod feed  upon l a r g e r  prey  a t  a  sma l l e r  

s i z e  than haddock. Both s p e c i e s  of  l a rvae  ( < l 0  mm) s e l e c t  

50-80% o f  t h e i r  prey i n  t h e  0.10-0.19 mm width c l a s s .  Re- 

cently-hatched l a r v a e ,  3.5-5.9 mm, a r e  p a r t i c u l a r l y  depen- 

den t  on t h i s  s i z e  c l a s s  of prey  which encompasses t h e  nau- 

p l i u s  111 through copepodite I1 s t a g e s  of P s e u d o c a l a n u s  and 

t h e  naup l iu s  1 1 - V  s t a g e s  of  c a l a n u s .  

HADDOCK C O D  

L E N G T H  GROUP l M M I  

Fig .  13. P r e f e r r e d  prey s i z e  of l a r v a l  haddock and cod 
lengthgroups  from May 1980 Georges Bank s tudy  (Kane, i n  p r e s s ) .  



A conservat ive  e s t i m a t e  of  prey dens i ty  i n  t h e  f i e l d  has  

been made by summing t h e  app rop r i a t e  l i f e  s t a g e s  of  P s e u d o -  

c a l a n u s  and C a l a n u s  i n  t h e  same prey s i z e  c l a s s e s  used above 

i n  Fig.  13  from t h e  1/4 m MOCNESS hau l s  made dur ing  t h e  A p r i l  

and May s t a t i o n  t ime- se r i e s .  A comparison of  va r ious  sampling 

gea r  and n e t  mesh s i z e s  i n d i c a t e d  t h a t  t h e  n a u p l i a r  and cope- 

pod i t e  s t a g e s  of t he se  two s p e c i e s  were q u a n t i t a t i v e l y  sampled 

by t h e  1/4 m MOCNESS. I n  well-mixed wa te r s ,  a  c o e f f i c i e n t  of 

v a r i a t i o n  o f  26% was e s t ima ted  f o r  t h e  t o t a l  copepod n a u p l i i  

count  from n e t  samples w i t h i n  a  s e l e c t e d  s t ra tum.  I n  Figs .  

14 and 15 t h e  mean number of prey p e r  l i t e r  w i th in  each  depth 

s t r a tum i s  p l o t t e d  by width  c l a s s .  I n  A p r i l  (F ig .  1 4 ) ,  t h e  

v e r t i c a l  d i s t r i b u t i o n  of  prey was low nea r  t h e  s u r f a c e  and in -  

c reased  wi th  depth. The dominant and most impor tant  s i z e  

c l a s s  of prey ,  <0.19 mm, had < 3  p rey / l  above 20 m depth and 

5-10 p rey / l  a t  g r e a t e r  depths .  The weighted mean depth of t h e  

sma l l  cod l a r v a e  i n  t h i s  same s e r i e s  of hau l s  was between 30 

and 40 m. I n  May (Fig .  15A) , t h e  s i n g l e  1/4 m MOCNESS hau l  

NO. /L 
5 10 15 
I I 1 

t 0-0 TOTAL PREY 
0-0 ~0.19mrnWIDTH 

80 0-0 0.20-0.29 mm 
m-* 0.30-0.45 mm 

Fig .  14. V e r t i c a l  d i s t r i b u t i o n  of l a r v a l  prey f i e l d  c o l l e c -  
t e d  by 1 / 4  m MOCNESS (64 um mesh) on t h e  sou theas t  p a r t  o f  
Georges Bank, 28 A p r i l  1981. 



A)  S1-RATIFIED STATION 
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Fig.  15.  V e r t i c a l  d i s t r i b u t i o n  of l a r v a l  prey f i e l d  on 
(A)  s t r a t i f i e d  s t a t i o n  before  and a f t e r  storm, 22-24  May 
1981, and on ( B )  shoa l ,  well-mixed s t a t i o n ,  2 7  May 1981. 



(192) ,  21 May, made i n  t h e  w e l l - s t r a t i f i e d  waters  showed a  

peak concent ra t ion  of c .  50 p rey / l  f o r  t he  <0.19 mm prey 
l 

s i z e  c l a s s  a t  10-20 m depth where t h e  thermocline l a y e r  

r e s ided ,  a s  we l l  a s  t h e  peak concent ra t ion  of both haddock 

and cod l a rvae .  A range of 5-25 p rey / l  was observed a t  

o t h e r  s t r a t a  sampled. During 22-24 May, t he  S+x3rm 

which mixed t h e  water column, a l s o  throughly r e d i s t r i b u t e d  

t h e  zooplankton. The impor tant  s i z e  c l a s s  of prey now &ere  

uniformly d i s t r i b u t e d  from top t o  bottom wi th  a  range of 
l 5-10 prey/ l .  On the  shoa l ,  well-mixed s t a t i o n ,  27 May 

(Fig .  15B) , t he  <0.19 mm s i z e  c l a s s  of prey ranged from 12- 

25 prey/ l  w i th  peak d e n s i t i e s  between 15 and 30 m depth. 

The weighted mean depth of l a rvae  a t  t h i s  s t a t i o n  was 

between 20 and 30 m. 

P r o b a b i l i s t i c  l a r v a l  prey encounter models, s i m i l a r  t o  

t h a t  developed by Beyer and Laurence (1980, 1981) ,  a r e  being 

used t o  a s s e s s  t h e  degree of food l i m i t a t i o n  on Georges Bank. 

The most r e c e n t  empi r i ca l  r e s u l t s  from l abora to ry  experiments 

and f i e l d  s t u d i e s  have been incorpora ted  i n t o  t h e  model and 

pre l iminary  s imula t ion  runs  provide some i n t e r e s t i n g  c o n t r a s t s  

i n  the  s u r v i v a l  c a p a b i l i t i e s  of l a r v a l  haddock and cod. One 

model run (Laurence, 1983) shows t h a t  haddock l a r v a e  need 

20 prey/ l  f o r  minimal s u r v i v a l ,  and about 50 p rey / l  f o r  50% 

s u r v i v a l  through 42 days. On the  o the r  hand, cod l a rvae  only 

r equ i r e  about 5  p rey / l  f o r  minimal s u r v i v a l ,  and 20 p rey / l  

f o r  50% su rv iva l .  These k inds  of r e l a t i v e l y  h igh prey den- 

s i t i e s  f o r  l a r v a l  s u r v i v a l  have been observed i n  t h e  Georges 

Bank a r e a  f o r  t h e  f i r s t  time. Our f i e l d  methods and modeling 

techniques now appear s u f f i c i e n t l y  s o p h i s t i c a t e d  t o  produce 

an accu ra t e  p i c t u r e  of t he  environment i n  which t h e  l a rvae  

grow and survive .  Although haddock l a rvae  hatch a t  a  some- 

what l a r g e r  s i z e  than cod and remain l a r g e r ,  cod a r e  more 

e f f i c i e n t  behav io ra l ly  and metabol ica l ly  and consequently,  

r equ i r e  lower prey d e n s i t i e s  f o r  t he  same percentage su rv iva l .  

Cod l a rvae  appear t o  be more adapted a s  a  winter  spec ie s  when 

prey d e n s i t i e s  a r e  gene ra l ly  lower. Haddock l a r v a e ,  more 



adapted t o  sp r ing  cond i t ions ,  r e q u i r e  h igher  prey d e n s i t i e s  

which appear t o  be concent ra ted  by s p r i n g  s t r a t i f i c a t i o n .  

Prey d e n s i t i e s  tend t o  be uniformly h igher  i n  the  shoa l ,  

well-mixed wa te r s ,  b u t  s t r a t i f i c a t i o n  along t h e  southern  

f lank of Georges o f f e r s  a  g r e a t e r  p o t e n t i a l  f o r  h igher  than  

average prey d e n s i t i e s  on which an oppor tun i s t i c  s p e c i e s  

l i k e  haddock can c a p i t a l i z e .  The recrui tment  p a t t e r n  of 

haddock a l s o  tends  t o  be a  'boom o r  b u s t '  type wi th  3-4 good 

yea r s  o u t  of 20, whereas cod recrui tment  tends  t o  be r e l a -  

t i v e l y  low b u t  wi th  l e s s  v a r i a t i o n  (Hennemuth e t  a l . ,  1980).  

Fur ther  eva lua t ion  of popula t ion  growth and s u r v i v a l  i n  

the  s e a  may b e s t  be made through a  comparison of biochemical  

condi t ion  i n d i c e s  der ived from l a rvae  r ea red  i n  l abora to ry  

experiments. The RNA/DNA r a t i o s  of haddock and cod l a r v a e  

c o l l e c t e d  i n  sp r ing  1981 a r e  p l o t t e d  a g a i n s t  s i z e  i n  Fig .  16. 

A minimum laboratory-determined RNA/DNA r a t i o  of 3.2 has  been 

e s t a b l i s h e d  f o r  cod, below which s t a r v a t i o n  and death  occur 

(Buckley, 1979) .  However, very few ( < 2 % )  of t he  l a rvae  ana- 

lyzed from the  f i e l d  had r a t i o s  <4 ,  i n d i c a t i n g  r e c e n t  high 

popula t ion  growth r a t e s .  Never the less ,  d i f f e rences  i n  s t a t i o n  

mean r a t i o s  occur which may be r e l a t e d  t o  short- term va r i a -  

t i o n s  i n  prey dens i ty ,  and may i n  t u r n  be r e l a t e d  t o  p reda t ion  

of t he  slower growing ind iv idua l s .  Perhaps i n  f u t u r e  simu- 

l a t i o n  s t y d i e s ,  popula t ion  growth r a t e s  can be a s soc ia t ed  

wi th  d i s c r e t e  p reda t ion  p r o a b i l i t i e s .  

I n  conclusion,  our sampling scheme i s  s i m i l a r  i n  many as-  

s p e c t s  t o  o t h e r  mul t id i sc ip l ina ry  s t u d i e s  of l a r v a l  growth 

and s u r v i v a l  (Report  of t h e  Working Group on Larval  F i sh  

Ecology, 1982),  but  s p e c i f i c a l l y  designed t o  be c a r r i e d  o u t  

wi th in  t h e  spawning season of haddock-cod and the  phys ica l  

regime of the  Georges Bank region.  Our sampling s t r a t e g y  

i s  unique f o r  a  s i n g l e  ves se l  opera t ion  i n  i t s  a t tempt  t o  

a l l o c a t e  a s u i t a b l e  ba lance  of sampling e f f o r t  among t h e  

var ious  s p a t i a l  and temporal s c a l e s  needed t o  e s t ima te  t h e  

abundance and d i s t r i b u t i o n  of f i s h  l a rvae ,  t h e i r  p rey ,  and 

predators  i n  o rde r  t o  achieve the  proper i n t e g r a t i o n  of 
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obse rva t ions  f o r  eva lua t ing  t h e  causes  of m o r t a l i t y .  Spec i a l  

e f f o r t  i s  made t o  make ou r  program t r u l y  i n t e r d i s c i p l i n a r y  by 

l i n k i n g  l abo ra to ry  s t u d i e s  and model s imu la t ions  wi th  f i e l d  

observat ions .  
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