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I MROWCTI ON 

Good and poor year classes o f  f i s h  may be determined during the l a rva l  stage by physical 
events tha t  ac t  upon larvae d i r e c t l y  o r  i n d i r e c t l y  by con t ro l l i ng  t h e i r  food supply (Hjort,  
1914; 1926). The goal o f  t h i s  workshop i s  t o  evaluate cur a b i l i t y  t o  i d e n t i f y  and monitor 
these physical events, a t  appropriate scales, which might f a c i l i t a t e  forecasting la rva l  f i s h  
survival.  Larval survival  depends not only on environmental variables and prey a v a i l a b i l i t y  
a t  first feeding but also on a su i te  o f  species spec i f i c  behavioural and physiological charac- 
te r i s t i cs .  
f i s h  survival  w i l l  vary a o n g  species due t o  in te rspec i f i c  dif ferences i n  egg s ize  (hence 
developnent a t  hatching), resistance t o  starvation, feeding strategies, growth rates, growth 
e f f i c ienc ies ,  and metabolic demands. 
parameters i n  models designed t o  p red ic t  survival  and recruitment must incprporate species- 
spec i f i c  functions. Presented here are pert inent l i f e  history,  behaviwral  and physiological 
parameters o f  four important pelagic representatives o f  re lated species o f  the Ca l i fo rn ia  and 
Pew Currents, as ne11 as twelve predominantly demersal species o f  the north A t l an t i c  Ocean 
(Table 1). 

Thus, mininum food concentrations needed t o  i n i t i a t e  feeding and promote l a rva l  

Therefore, these food concentrations and other input 
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SPAWN I NG 

With the exception o f  the cod, cadus mrhua, the A t lan t i c  species discussed here form 
local ized coastal populations and do not undertake extensive migrations. The stocks o f  
these species are considered t o  be r e l a t i v e l y  d i s t i n c t  i n  t h e i r  various l o c a l i t i e s  f o r  t ha t  
reason. Each species has i t s  own preference f o r  bottan te r ra in ,  depth and temperature. A l l  
undertake a t  l eas t  a short  migrat ion b e f o e  o r  during t h e i r  spawning period, most o f  them 
toward shallower, inshore waters. 

Peak spawning t i m s  vary w i th  each species i n  each loca l i t y .  
hemisphere spawning begins i n  the southern par t  o f  the species' range and moves northward as 
the season advances fo l low lng  the advance o f  primary production cycles. This i s  reversed i n  
the southern hemisphere. 
Northern artchovy, Engrautis d m ,  and northeastern Pac i f i c  sardine, W i m p s  sagaz, spawn 
i n  ear ly  spring, and Pac i f i c  mackerel, s a b e r  japaMcs and jack mackerel, Truths 
eymretricLcs, spawn la te r .  Kramer and Smith (1970) sumnarized spavming from 1951-1960 i n  the 
Ca l i fo rn ia  Current, 20-300 miles o f f  the coast as fol lows: 
i n  small areas i n  January o f f  both southern Ca l i fo rn ia  and Baja Cal i fornia,  the centers o f  
the northern and southern subpopulations. Spawning areas continue t o  expand t o  the north 
and scuth and by May-June spawning i s  maximum, appearing as one area extending from Point 
Conception, Ca l i fo rn ia  t o  mid-Baja Cal i fornia.  Spawning o f  northern anchovy extends from 
Point Conception t o  southern Baja Ca l i fo rn ia  from January t o  May; 
decreases sanewhat i n  June and July. Lasker and Smith (1977) could f i n d  no r e l a t i o n  between 
amount or loca t ion  o f  northern anchovy spawning and changes i n  temperature or zooplankton 
production over the spawning area between 1953 and 1960. Pac i f i c  mackerel spawning begins 
i n  the Spring o f f  southern Baja Cal i fornia,  moves north w i th  warming water t o  southern Ca l i -  
fornia i n  May, June and cluly. Major spawning o f  jack mackerel f i r s t  occurs i n  March o f f  
northern Baja Cal i fornia,  and spawning gradually spreads northward o f f  southern Ca l i fo rn ia  
i n  Ap r i l  and peaks i n  May and June as the water warns. Thus, between A p r i l  and July, spawn- 
ing o f  the four Ca l i fo rn ia  Current species overlaps both temporally and spat ia l l y .  

Generally, i n  the northern 

Spawning times o f  the four Cal i fo rn ia  Current species overlap. 

Pac i f i c  satdine spawning begins 

the spawning area 

Frequency 

Although l i t t l e  informat ion i s  avai lable on spauntng frequency, sane species are known 
t o  spawn a t  i n te rva l s  dur ing the spawning season. 
aegtefimcs, not a l l  o f  the eggs w i th in  the ovary r ipen a t  once; f o r  cod there are a t  l eas t  
three and possibly up t o  e igh t  batches o f  eggs i n  a season (Hardy, 1978). 
flounder, L i m n d a  fefnrginerr, a lso  spawn more than once throughout a prolonged spawning 
season (Mart in and Drewry, 1978). Hunter and Goldberg (1980) give evidence o f  batch spam- 
ing i n  the northern anchovy w i th  a pe r iod i c i t y  o f  about seven days and perhaps as many as 
20 sparnrings over the season. Thus, relat ionships between adu l t  b imass and apparent egg 
abundance are complex. 

I n  cod and haddock, MetrmOgroraus 

Yel lowtai l  



EGGS 

The eggs of the subject species range i n  size fran 0.65 t o  2.2 IIM i n  diameter (Table 1) 
and, w i th  the exception o f  ancho\y, eggs a r e  spherical. Egg buoyancy varies; most eggs are 
pelagic except f o r  those o f  winter flounder, p a a c d o p ~ o t e s  wneriuams, and herring, 
C t u p  kzzwq7ue. Early-stage pelagic eggs are f w n d  i n  the sur4ace waten  but they my des- 
cend t o  mid o r  bottom depths as development proceeds. Cod eggs are an example o f  t h i s  l a t t e r  
process (Hardy, 1978). Variations i n  density w i th in  the water colunn may "trap" eggs i n  
t h e i r  iso-density surfaces o r  ve r t i ca l  mixing may d i s t r i bu te  them t h r w g h w t  the mixed water 
layer, but  most pelagic eggs are found a t  o r  near the surface. 

Size - 
Within species, egg size has been shown t o  decl ine from spring t o  summer and vary 

inverseley w i th  temperature (Ware, 1975). 
s h i f t  i n  spawning fran alder t o  younger females (Ah ls t rw,  pen. cum.). Within species 
larger eggs are hypothesized t o  improve survival by producing larger larvae tha t  are able to  
swim fas ter  and search a greater volume o f  water f o r  food (Hunter, i n  press). However, 
Hempel and B l w t e r  (1963) f w n d  tha t  w i th in  a race o f  herring, the larvae hatching f ran  
large eggs d i d  not survive longer than those fran smaller eggs (no food was added), presunably 
because la rger  larvae have proport ionately higher metabolic demands. 
tha t  jack mackerel hatched fran large eggs can grow twice as fas t  w i th  the same feeding t rea t -  
ment as those hatched fran small eggs (.09-.15 d d a y  versus .05 mn/day; Theilackcr, 1980a). 

t o  hatch a t  s im i l a r  temperatures (Table 1). Egg size also a f fec ts  duration o f  yolk-sac stage 
(Ware e t  at . ,  1980), tim to  i r revers ib le  starvation (Blaxter and Hempel, 1963), and hatching 
size (Blaxter and Hempel, 1963; Theilacker.1980a; Eldridge, pers. cam.). Temperature has a 
s ign i f i can t  and rep*oducible e f f e c t  on each o f  these parameters. However, a t  constant tempera- 
ture, the inf luence o f  d i f f e r i n g  egg sizes on these parameters may vary; i n  part icular,  jack 
mackerel incubation time, yolk-sac stage, and time t o  i r reve rs ib le  starvat ion d id  not d i f f e r  
k t m n  egg sizes (0.9 versus 1.0 ma), yet  s ize a t  hatching and growth rates d i d  d i f f e r  
(Thei 1 acker 1980a) : 

Decreasing egg size wi th season may be due t o  a 

But i t  has been. shown 

Incubation tine i s  a function o f  egg size and temperature; larger eggs take more t i m e  
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LARVAE 

A t  hatching larvae range fm 1.89 mn f o r  l ined  sole, Achirus lineatus, t o  over 6.0 mn 
f o r  the plaice, PZeuraectes ptatessa, and herr ing (Table 1). Larvae show varying degrees 
o f  development a t  hatching, but a t  yo l k  absorption, the described larvae have pignented 
eyes, open guts, and functional mouths i f  development occurred w i th in  the species' optimal 
temperature range. Most larvae, w i th  the exception o f  anchovy and sardine, are capable o f  
feeding before t h e i r  yo lk  i s  canpletely absorbed. 
present the yolk i s  absorbed a t  a constant rate, but i f  food i s  not present the ra te  o f  
u t i l i z a t i o n  beg'ins t o  decl ine (Ryland and Nichols, 1975). 

There i s  evidence tha t  when food i s  

A t  the time o f  complete u t i l i z a t i o n  o f  the yo lk  reserves, l a rva l  survival  i s  dependent 
upon the la rva 's  a b i l i t y  t o  f f n d  and capture s u f f i c i e n t  prey. The amount o f  time a la rva  
can survive without food, before i t  i s  too weak t o  feed and death i s  inevi table,  has been 
termed the t ime  t o  "point o f  no return" (Blaxter and Hempel, 1963). 
return ( i r reve rs ib le  starvat ion) are qu i te  s imi la r  among described A t lan t i c  species and among 
described Ca l i fo rn ia  Current species (Table 1). I n  general, the At lan t ic  species have one 
.week t o  capture a c r i t i c a l  nunber o f  prey organisms f o r  survival  and subsequent development. 
The Ca l i fo rn ia  Current and t rop ica l  A t l an t i c  species have only 2-5 davs u n t i l  i r reve rs ib le  
starvation, but they are general ly exposed t o  higher ten 
swcies.  The time t o  i r reve rs ib le  starvat ion has been s 

Days t o  po in t  o f  no 

tbpe ra tu re  (Lasker et  al . ,  1970; Hunter and Kimbrell, 

Survival vs starvat ion 

Af te r  the yolk has been absorbed, larvae must eat. 

era&res than the subject A t l an t i c  
own t o  decrease w i th  increasing 
980). 

The locomotory and perceptual capa- 
the behavioural patterns o f  larvae b i l i t i e s  o f  the-larvae, the density o f  sui table prey and 

and prey a re  the important factors tha t  inf luence feeding, and thus survival  and growth. 
Delaying l a rva l  feeding f o r  one o r  more days a f t e r  yolk absoption decreases survival  and 
growth rate. For example, starving northern anchovy f o r  three days a f t e r  they were capable 
o f  feeding decreased survival  t o  age 13 days fran 70% ( f o r  fed larvae) t o  20% ( f o r  delayed- 
fed larvae) and decreased size f ran  7.1 mn standard length (SL) t o  4.6 mn SL respectively. 
Four days o f  starvat ion decreased survival  a t  age 13 days t o  6% and size t o  3.6 mn SL 
(Theilacker, unptbl.). 

Starved northern anchovy larvae were ac t ive  during the f i r s t  day without food but 
a c t i v i t y  decreased thereafter; larvae began t o  sink, head down, but they exhibi ted avoidance 
behaviour throughcut the four-day s ta rva t ion  period. As anchovy larvae sink, reduction o f  
a c t i v i t y  may reduce r i s k  o f  predation (Hunter, i n  press). The larvae may also enter an area 
o f  higher food concentration o r  enter cooler water, thus increasing avai lable calor ies and/or 
decreasing metabolic demands, thereby increasing probab i l i t y  o f  survival  f o r  a longer time. 
A t  the time o f  i r reve rs ib le  starvation, Pac i f i c  mackerel, un l i ke  anchovy and jack mackerel, 
continue t o  swim and eat but they cannot eat enough t o  survive (Hunter and Kimbrel l ,  1980). 

The onset o f  starvat ion i n  anchovy and mackerel larvae i s  characterized by changes i n  
the h is to log ica l  character ist ics o f  the pancreas, l i v e r  and gut (O'Connell, 1976; Theilacker, 
1978). 
vation, and they do not grow during t h i s  period. The gut i s  the f i r s t  t issue degenerated by 
starvat ion and apparently the l a s t  t issue t o  be repaired (Theilacker,1980a). 

time t o  i r reve rs ib le  starvat ion from the onset o f  feeding (when the larvae had no body 
reserves) was 3-4 days (Table 1); a t  metamorphosis (when the f a t  leve l  was 30%, dry weight) 
i t  was 15 days. Fat leve ls  decl ined t o  about 12% i n  the 15-day starved metamorphosed f i s h  
and recovered t o  the o r ig ina l  leve ls  a f te r  5-8 days o f  feeding (Hunter, 19760. Results were 
s imi la r  for herr ing larvae; time t o  i r reve rs ib le  starvat ion increased from s i x  days a t  yolk 
absorption (6 days o f  age) t o  15 days a t  88 days o f  age (Blaxter and Erhl ich,  1974). 

The mackerels require two days o f  eating t o  repa i r  t issue damaged by one day o f  s ta r -  

The number o f  days t o  i r reve rs ib le  starvat ion increases w i th  age. For northern anchovy, 



Swinming modes 

The food-searching a b i l i t y  o f  larvae i s  a function o f  t h e i r  swimning capabi l i t ies,  
a c t l v i t y  levels, perceptive distances and t h e i r  a b i l i t y  t o  successfully canplete the attack 
sequence on a prey organism. 

ming (Hunter, 1972). I n  contrast, Pac i f i c  mackerel (Hunter and Kimbrell, 1980) and jack 
mackerel beat continuously (Theilacker, unpubl.). Vlymen (1974) has calculated tha t  slow, 
in te rmi t ten t  swimning i s  e f f i c i e n t  f o r  la rva l  anchovy while Ueihs (1974) shows tha t  i n te r -  
mit tent  swimning i s  less e f f i c i e n t  f o r  mackerels o f  a l l  sizes. 
a t  more than twice the speed o f  northern anchovy (.46 versus .2 m/s; Table 2), owing i n  
part  t o  t h e i r  dif ferences i n  swimming mode. 
intennedlate between Pac i f i c  mackerel and northern anchovy o f  the same slze (Table 2). 
O'Connell ( i n  press) suggests tha t  the dif ferences i n  swimning modes between northern anchovy 
and Pac i f i c  mackerel may be due t o  anatomical differences. The short post-anal t a i l  (thus 
short f lexure) o f  anchovy i s  due t o  t h e i r  long digest ive t ract ,  and the long post-anal tai l  
(thus long f lexure) i n  mackerel i s  due t o  t h e i r  short, canpact digest ive t rac t .  

The dan iMnt  swimning mode o f  l a rva l  anchovy i s  a beat and gl ide, or i n tenn l t tan t  swim- 

Larval Pac l f l c  mackerel swim 

Swimning speeds f o r  6 mn jack mackerel are 

Swimning speed 

Voluntary swimming (cruis ing) speeds for young larvae (Table 2) range between 0.1-0.5 
a d s ;  sardlne, anchovy, sole and p la ice  are a t  the low end o f  the range w i th  mackerel and 
herring a t  the high end. Variat ion i n  experimental methods has produced widely d i f f e r i n g  
results. For example, i n  forced swimning experiments (Ryland, 1963) plaice swam about 2 t c  
7 times fas te r  than during voluntary swimning experiments (Blaxter and Staines, 1971; 
Table 2). Swimning speeds o f  young larvae i n  experimental tanks may be comparable to, or 
t yp ica l  of ,  speeds achieved i n  the f i e ld ;  but container s ize probably a f fec ts  a c t i v i t y  o f  
older larvae. I n  part icular,  Hunter (pers.Com.) has seen 10 mn northern anchovies swim 
apprxanately 1 m i n  about two seconds (about 50 m/s) i n  a large, deep tank (5 m x 10 m). 
This i s  much fas te r  than burst speeds over short distances measured i n  smaller experimental 
tanks f o r  northern anchovy (e.g., 15 d s ;  Hunter, 1972). 

Althargh voluntary and sustained swimning speeds are needed t o  detennine rout ine energy 
expenditures o f  l a rva l  fish, estimates of burst swimning speeds are essential t o  detennine 
energy required t o  capture prey and avoid predators. Both burst  speeds f o r  northem anchovy 
larvae and distance travel led per burst (endurance) increased l i n e a r l y  w i th  length (Webb and 
Carolla, MS; Table 2); 
length while the wmber o f  bursts per minute increased (von Westernhagen and Posenthal, 1980). 
Jack mackerel burst speed and endurance i s  about twice tha t  o f  anchovy a t  the same age 
(Table 2). 

For example. p la ice  
(Wyatt, 1972) and cod (El ler tsen e t  u t . ,  1980) increased t h e i r  swimning a c t i v i t y  i n  the 
absence o f  food, and northern anchovy, 4-8 days o f  age, swam a t  0.5 m/s outside a food patch 
and a t  0.3 an/$ ins ide a patch (Hunter and T)Iomas, 1974). Thus, swimning speeds are apparent- 
l y  reduced when food organisms a re  encountered, and the cannensurate expenditure o f  energy due 
t o  swiming a c t i v i t y  could conceivably be less i n  high food concentrations. 
tha t  w i th in  a food patch the canbined emrgy expended i n  slow swimning plus at tacking prey i s  
greater than energy used outside a food patch f o r  fas te r  swiming (see section on Attack d e s ) .  
Owing t o  these observed decreases i n  swinming s p e t d  w i t h  increasing prey density, - 0 m n S  
t o  calculate volume o f  water searched and hence prey density requirements from swiming speeds 
should be made w i th  caution. 

f o r  herr ing larvae the duration o f  s ingle bursts decreased with 

Swimning speeds appear t o  be inversely correlated w i th  prey density. 

But it may be 

http://pers.Com


IOC Workshop Report no. 28 
page 113 

Ykitefishr 
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Attack modes 

A t  the onset o f  feeding there are two bas ica l l y  d i f f e r e n t  l a rva l  feeding behav iwn,  
"S" and "C" postures. 
moves i n t o  an "5" posture. Then, using t h e i r  pectorals t o  move toward the prey, they 
straighten t h e i r  body, d r i v ing  i t  forward t o  capture the prey (Hunter, 1972). "S" posture 
feeding behaviarr i s  also typ ica l  f o r  young larvae o f  engraulids (bay anchovy,'Anchoa 
rnitchotti; Hade, 1973); clupeoids (Pac i f i c  sardine; Schumann, 1965); herr ing (Rosenthal 
and Hempel, 1970); and f lat f ishes (Jones, 1972). I n  contrast t o  the '5" posture behaviarr, 
larvae of Paci f ic  mackerel stop swimning and assume a "C" posture when s igh t ing  prey, then 
they open t h e i r  mouths and lunge toward prey by d r i v ing  the t a i l  pos ter io r ly  (Hunter and 
K i m b r e l l ,  1980). This "biting-lunge" technique i s  also typ ica l  f o r  larvae o f  jack mackerel 
(Theilacker, unpubl.) and cod (E l le r tsen  et at .  , 1980), but cod also appear t o  expand t h e i r  
oral  cav i ty  and suck i n  prey. Sane f ishes are more enerqy-ef f ic ient  and opportunist ic. For 
example, Se&stes, the rockfishes, use the "bit ing-lunge" technique but are less ac t ive  and 
wait  f o r  prey t o  swim nearby (But ler ,  pers. corn.). 

Hunter ( i n  press) stresses two other important dif ferences i n  feeding between northern 
anchovy and Pac i f i c  mackerel: the f i r s t ,  anchovy s t r i k e  only once a t  a food p a r t i c l e  and 
mackerel w i l l  move backward and pe rs i s t  i n  s t r i k i n g  u n t i l  successful. 
persistent feeding strategy i s  advantageous because the large prey they prefer t o  eat are 
harder t o  capture and less abundant than the smaller prey eaten by anchovy (Hunter, i n  
press). Larval p la ice (Blaxter and Staines, 1971), cod (E l le r tsen  e t  a t . ,  1980) and jack 
mackerel (Devonald, pers. camn.) a lso have been observed moving backward and repeatedly 
s t r i k i n g  a t  the same par t i c le .  

The second important di f ference i n  feeding between northern anchovy and Pac i f i c  mackerel 
i s  t ha t  mackerel are cann iba l i s t i c  a t  10 mn (20 days) and la rva l  anchovy are never piscivorous 
(Hunter. i n  Dress 1. S i  b l  i na cannibal ism i s  considered t o  be a densi tv-dewndent d i  sadvantaae 

To i l l u s t r a t e ,  as northern anchovy s igh t  prey t h e i r  sinuous body 

The mackerel's 

o f  patchy spawning (Hunter,-in press; Hewitt, 1980). Neither jack mackerel nor Pac i f i c  - 
sardine are cann iba l i s t i c  i n  the laboratory; whether t h i s  i s  due t o  behaviarral dif ferences 
o r  an i n a b i l i t y  t o  physical ly manoeuvre t h i s  sor t  o f  prey i s  unknown. 

t h e i r  feeding success and habits. 
and Staines. 1971) and northern anchovy, 10% ( h a t e r ,  1972). 
bay anchovy, Anehoa mitchatli, l i ned  sole (Houde and Schekter, 1980). and big-eye anchovy, 
~ n c h w  Z.mpw-, (Chi t ty,  1980) also require several days o f  feeding t o  establ ish and 
improve feeding success. 
t i v e l y  high i n i t i a l  feeding success; sea bream A r c h o . g ~ ~ ~ ~ u s  rhanboidatis, (Hade and Schekter 
1980), p la ice(8 lax te r  and Staines, 1971), cod (E l le r tsen  et a t . ,  1980), Pac i f i c  mackerel 
(Hunter and Kimbrell, 1980),and jack mackerel (Theilacker, 1978) are e f f i c i e n t  feeders a t  the 
onset o f  feeding. 

The di f ference i n  manoeuvrability between species probably accounts f o r  d i f ferences i n  
I n i t i a l  feeding success i s  low f o r  herring, 2 6 %  (Blaxter 

Winter flounder (Laurence, 1977 

On the other hand, larvae w i th  greater manoeuvrability have re la -  

For larvae tha t  are i ne f fec t i ve  feeders on the f i r s t  day o f  feeding, the energy cost o f  
at tacking prey must be r e l a t i v e l y  great. For example. the nu t r i t i ona l  condi t ion of firrt- 
feeding northern anchovy (determined by h is to log ica l  techniques) was poorer i n  larvae tha t  
had been feeding f o r  one day than i n  larvae which were starved. Most f i r s t  feeding northem 
anchovy larvae were not i n  a healthy, robust condi t ion u n t i l  they increased t h e i r  Capture 
ef f ic iency,  usual ly on the t h i r d  day o f  feeding (O'Connell, 1976). On the other hand, the 
same experimental s i t ua t i on  w i th  jack mackerel larvae had opposite resu l ts  ( fhei lacker,  1978); 
fed larvae were always i n  be t te r  h is to log ica l  condi t ion than starved larvae. 
mackerel are probably more e f f i c i e n t  than anchovy a t  capturing prey on the f i r s t  and second 
day o f  feeding. I n  addit ion, yolk reserves i n  unfed jack mackerel were greater than i n  fed 
larvae, again ind ica t ing  tha t  energy expenditure f o r  non-feeding larvae WAS larvae was less 
than f o r  feeding larvae (Theilacker, 1978). 

Thus, jack 
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Visual Perception 

Most larvae a r e  believed t o  be purely visual  feeders .  Perceptive d is tances  may depend 
on prey movement, o r ien ta t ion  i n  r e l a t i o n  t o  the eye, cont ras t  t o  the background and illumina- 
t ion .  
during slow swimning than f a s t  swimning (Rosenthal and Hempel, 1970). A t  f i r s t  feeding,  move- 
ment of prey does not appear t o  be a c r i t e r i o n  f o r  acceptance, as  larvae of ten  e a t  non-motile 
foods such as  copepod eggs. Distance t o  the prey and prey s i z e  probably a r e  the important 
f a c t o r s  i n  prey de tec t ion .  In a l l  l a rva l  f ish s t u d i e s ,  perceptive d is tance ,  usual ly  expressed 
a s  a function of body length (BL), has been shown t o  increase w i t h  age/s ize  (Hunter, i n  p ress ) .  
For example, over an eight-week per iod,  the percept ive d is tance  of p la ice  increased from 3.5 
t o  5.5 mn, t h a t  of pi lchard,  Surdinu p i k h d u s ,  increased from 1.0 t o  2.5 mn, and of herr ing 
f r a n  3.5 t o  5.0 mn (Blaxter  and S t a i n e s ,  1971). 
Hunter ( i n  press )  a re :  

Perceptive ranges f o r  herr ing even depended on their swimning speed; ranges were g r e a t e r  

Average percept ive d is tances  sumnarized by 

BL 

herr ing 0.7-1 .O Rosenthal and Hempel 1970 
herr ing 0.4 Blaxter  and Staines  1971 
p la ice  0.5 Blaxter  and Sta ines  1971 
pi 1 chard 0.2 Blaxter  and Sta ines  1 9 1  
anchovy 0.4 Hunter 1972 
whi  tef i s h 0.4-0.7 Hoagman 1974 

Most f i s h  la rvae  feed only during the day, b u t  some larvae feed in  dim l i g h t ,  and some 
may feed a t  night .  Houde and Schekter (1980) noted l imited feeding of young bay anchovy, 
l ined  s o l e ,  and sea bream, a t  50 nu. Freshwater la rva l  whitefish, Coregonus clupeafamnis, 
feed a t  one mc (Hoagman, 1974), and Smith e t  a l .  (1978) mentioned four  species  t h a t  feed a t  
n ight ;  rockfish,  Sebastes d n u s  (Marak, 1974), s o l e ,  SoZea solea (Blaxter ,  1969), p la ice  
(Shelbourne, 1953) and ye l lowta i l  flounder. Blaxte (19 9 )  found t h a t  feeding b came 

mc. reduced in  herr ing a t  a l i g h t  i n t e n s i t y  range of 10E-lO-f mc and in p la ice  a t  10 5 
Increased visual  s e n s i t i v i t y  probably occurs in  northern anchovy when rod recruitment 

begins begins a t  about 10-11 mn SL o r  20 days of age (O'Connell, in  press ) .  Appearance of 
rods occurs a t  about the same size i n  P a c i f i c  hake, Merluccius productus, (O'Connell, pers .  
comn.). Indeed, o lder  la rvae  of p la ice  
were capable of feeding i n  the dark (Blaxter ,  1969). 
recrui tment)  and young cod (of  unknown rod appearance) feed in tens ive ly  a f t e r  sunset (Sumida 
and Moser, 1980; El le r t sen  e t  aZ., 1980). The r o l e  of bioluminescence should be considered. 

herr ing larvae shw increased a c t i v i t y  when e x t r a c t s  of BatrmuS, Art& o r  herr ing a r e  
added to t h e i r  tank (Dempsey, 1978) and northern anchovy appear t o  loca te  dense patches of 
Gymnodin&m p r i o r  t o  eye pigmentation (Hunter and Thomas, 1991). 

Thus ,  o lder  f i s h  may feed a t  n ight  or in  dim l i g h t .  
Yet, young P a c i f i c  hake (before  rod 

Chemical s t imuli  may be a f a c t o r  f o r  loca t ion  of prey by la rva l  fish. For example, 

D i  s t ri but i  on 

Our knowledge of . larval  d i s t r i b u t i o n  i n  time and space is  extremely l imited.  Diurnal 
v a r i a t i o n s  i n  la rva l  d i s t r i b u t i o n  a r e  a t t r i b u t e d  t o  a c t i v i t y ,  phototaxis ,  temperature prefe- 
rence, prey d i s t r i b u t i o n ,  and current movements. Vertical d i s t r i b u t i o n  s t u d i e s ,  like most 
f i e l d  s t u d i e s ,  suffer from the d i f f i c u l t y  i n  determining the importance of net avoidance 
i n  sampling. 
la rvae ;  use of high-speed nets appears t o  decrease avoidance. 

Net avoidance results i n  fewer la rvae  co l lec ted  by day, e s p e c i a l l y  l a r g e r  
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Results o f  ve r t i ca l  d i s t r i bu t i on  studies of two A t lan t i c  species, ye l lowta i l  flounder 
and haddock, show tha t  young larvae nay have a d i f f e ren t  d i s t r i bu t i on  than older larvae. 
The young larvae o f  both species d id  not migrate and remained below a thermal gradient; 
ye l lowta i l  flounder remained a t  20-24 m, be txen  the shal lad and deep thermal gradients 
(Smith e t  a t . ,  1978). and haddock seemed t o  x c u r  below the thennocline (M i l l e r  u t  a t . ,  
1963). Older haddock (8-20 ma) d id  not migrate and appeared t o  be more abundant w i th in  
the l i m i t s  o f  the temperature discont inui ty layer while older ye l l ow ta i l  flounder (4-10 mn) 
migrated as much as 15-34 m, crossing two separate So C thermal gradients. Ahlstrom (1959), 
on the other hand, found that the species he studied i n  the Cal i fornia Current d id  not move 
across the thennocline, a gradient o f  4-8O C; offshore, l a rva l  Pac i f i c  mackerel and jack 
mackerel were observed i n  the upper 30 m and Pac i f i c  sardine and northern anchovy ranged 
deeper, t o  50 m. The range i n  temperature where the major i ty o f  larvae were col lected was 
res t r i c ted  t o  2O C f o r  jack mackerel, 14-16' C; 3O C f o r  northern anchovy and Pac i f i c  mackerel, 
14-17O C; and 4' C f o r  Pac i f i c  s;lrdine, 13-170 C. 

t a i l  flounder larvae would be caught i n  the wind-driven surface layers, and during the day, 
a t  mid-depth, they would be transported i n  the opposite direct ion,  resu l t ing  i n  r e l a t i v e l y  
local ized s e t t l i n g  o f  the demersal stages. 

An adaptive advantage o f  ve r t i ca l  migration f o r  l a rva l  f i s h  would be t o  accompany the 
d i e l  migration o f  prey, and sane larvae (Pac i f i c  hake, Sumida and h e r ,  1980; cod, El ler tsen 
e t  aZ., 1980) do show high post-sunset peaks i n  feeding incidence. But Smith u t  a t .  (1978) 
analyzed la rva l  stanach contents and concluded that the dai ly.  movements o f  ye l lowta i l  flounder 
were not related t o  feeding. 

below 10 m during the day migrate t o  the surface a t  n ight  t o  f i l l  t h e i r  sw im bladders; f o r  
larvae 13.5 mn and larger, the energy saved by using the swim bladder t o  maintain posi t ion 
i n  the water column a t  n ight  exceeds the energy used t o  migrate t o  the surface (Hunter and 
Sanchez, 1976). Another advantage o f  these n igh t ly  migrations may be that they concentrate 
young larvae a t  the surface, thus increasing visual contacts that  may f a c i l i t a t e  schooling 
behaviour which begins a t  about 12 mn SL (Hewitt, 1980; Hunter, i n  press). 

Current measurements by Smith et 42. (1978) seemed t o  indicate that  a t  n ight the yellow- 

Vert ical  migration may be an energy saving device. Northern anchovy (11 mn SL) tha t  a r e  
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PREY 

Size - 

The dimensions of prey organisms re la t ive  t o  larval f i sh  mouth size are important variables 
which require consideration i n  any modelling e f fo r t .  The s ize  (usually measured a t  maximum 
width) of the prey eaten by f i sh  larvae is a function of larval mouth w i d t h ;  w i t h i n  species 
mouth width is  related t o  length, b u t  mouth widths  vary between species (Arthur, 1976; Beyer, 
1980; Hunter and Kimbrell, 1960; Hunter, i n  press). 
anchovy and Pacific mackerel a t  f i r s t  feeding i s  approximately the same s ize ,  0.20 mn. 
between 5-15 mn SL, mouth width of Pacific mackerel rapidly increases i n  s ize ;  northern anchovy 
m o u t h  a l so  increases i n  s ize  with age, ye t  a t  the same SL, northern anchovy m o u t h  w i d t h  averages 
about 30 percent smaller than Pacific mackerel w i d t h  (Hunter, i n  press).  

Although mouth width l imits the maximum prey size, in nature f i sh  larvae often do not 
ea t  maximum s ize  prey. For example, a t  14 mn Pacific mackerel have a mouth  width of 1 mn; 
par t ic les  up  t o  0.8 mn are  found in t h e i r  g u t s ,  b u t  the mean diameter of prey eaten by larvae 
in the sea was only 38 percent of t h e i r  mouth width ( i . e .  0.34 mn, Hunter and Kimbrell, 1980). 
Anchovy a t  the same standard length have a mouth  width of 0.7 mn, and the maximum s ize  prey 
observed in anchovy guts was 0.3 mn (Arthur, 1956; de Ciechomsky, 1967). 
greater fo r  hake larvae. Mouth width of 5 mn Pacific hake is.0.6 mn, and the mean w i d t h  of 
prey eaten was about 0.08 mm, 13 percent of hake-mouth width (Sumida and Moser, 1980). Beyer's 
(1980) model of feeding success of clupeid f i s h  larvae shows why optimum prey s i ze ,  that  allows 
the highest feeding success, i s  l ess  than the maximum potential prey s ize  determined from 
mouth measurements. However, there i s  a tendency fo r  larvae in the sea to  feed on progessively 
larger prey as they grow (Marak, 1960; Shelbourne, 1953; Rojas de Mendiola, 1974; A r t h u r ,  1956). 
F u r t h e m r e ,  the dynamic population model of Jones and Hall (1974) postulates tha t  cohorts o f  
cod and haddock larvae must be spawned in the proper time t o  grow up  with a cohort of t h e i r  
copepod prey ( ~ a " a z s  sp. ) .  

t o  grw a t  maximum ra tes .  Small food par t ic les  (Cyrrmodiniwn; Table 3)  sustained northern 
anchovy fo r  more than two weeks, b u t  growth was reduced (Lasker e t  a l . ,  1970). 
northern anchovy a larger par t ic le  (Brach?bmcs) increased the growth r a t e  (Theilacker and 
McMaster, 1971), however copepods were soon required fo r  anchovy t o  a t t a in  maximum growth and 
survival through metamorphosis in the laboratory (Hunter, 1976). 
described a similar increase i n  required par t ic le  s ize  f o r  rearing Pacific mackerel, as has 
Stepien (1976) f o r  sea bream, Ware e t  a l .  (1980) f o r  the anchoveta, Engratis ringens, Jones 
et at .  (1974) fo r  turbot,  ScophthaZmus mazirmLB, and Houde (1978) f o r  three species of sub- 
tropical marine f i sh .  

I t  should be sti-essed that both large- and small-mouth larvae ea t  small, more ubiquitous 
prey and tha t  i t  is possible that f i sh  larvae can ea t  enough small prey t o  meet metabolic 
demands f o r  several days. 
Jack mackerel (large-mouth larvae) 
12 days were the same size and as "healthy" (determined by histological assessment) as larvae 
eating CynOlodirriM,, Bmciriomurand copepods (Theilacker, unpubl. 1.  
fed on a Gymnalinim d i e t  grew a t  maximum ra t e  fo r  three days only (Lasker e t  a t . ,  1970). 

Beyer and Laurence (1980) conclude from their model of growth and mortality of larval 
herring that a s  larva reach certain sizes the energetic cost of each attack exceeds the gain 
from ingesting smaller food par t ic les ;  t h i s  size depends upon t h e  l a rva ' s  metabolic require- 
ments, which are both genetically and environmentally imposed. 

For example, mouth width of northern 
B u t ,  

Deviations are 

In the laboratory i t  was found that s ize  of prey fed to  larvae must increase fo r  larvae 

Feeding 

Hunter and Kimbrell (1980) 

T h i s  is the case w i t h  larval jack mackerel i n  the laboratory. 
fed Gynmodiniwr; from the onset of feeding (day 5 )  t o  age 

However, northern anchovy 



Table 3. Prey size and caloric content. 

Width Dry w t .  
Calories Refewnce Partlcle (c) (ro 1 

- 0. ooO05 Hunter 1977 

Brachi onus pl f cati l i s  
133 0.16 .oO085 Thellackar and HcWaster 1971 rotifer 

CoOePodr 1 
nauplii 
nauplll 
copcoodl d 
nauplii 

200 0.80 .0042 Laurence 1977 
250 1.30 .0068 
600 15.40 .om 

0.15 Hade and Schekter 1980 

236 .oo% Hunter 1977 

Copepod w i g h t  and fat  varies seasonally causing caloric vrrfrtionr. 

Selection 

There is evidence fo r  selection by food type. Gut analyses indicate that field-collected 
jack mackerel less than 10 days of age may select brightly coloured harpacticoid copepods 
(bficzusetetta, Onccrcu, Corycuuus) ( A r t h u r ,  1976), and laboratory-reared jack mackerel may 
either be unable t o  catch or  may reject tabidocero nauplii i n  favour o f  A c a r t ~ ~  . and Pam- 
ccltcrmur (Devonald, pen. comn.). Although naupliar body size, .06-.09 m diameter, of 
Lub&iocara and Acartw i s  similar, Lubid0ce.o'~ appendages are 2-3 times longer than 
Acmctio's appendages;- hence, &a&idoce.o nauplii may be too large t o  ingest, o r ,  owing to  
larger appendages, simply too fast  t o  catch. However, most evidence points t o  selection 
related to  particle size (Stepien, 1976; Uotani e t  aZ., 1978; Hunter, i n  press). 
reasanable that larval f i s h  exhibit l i t t l e  selectlvity for food type; i f  food particles 
a re  rejected, selectivity costs energy. Sonsthing must be gained by being selective; selec- 
tion o f  large food particles offers a gain, i.e. more calories ingested per energy expended 
(as particle diameter increases 2.5 times, calories increase by a factor of 10; Hunter, 
i n  press; Table 3). 
nrrmbars o f  small organisms; however t h e  large adult copepods that they a te  accounted for 74 
percent of the volume (hence, 74 percent o f  t h e  calories) o f  food eaten (see table below, 
frm Swaida and Moser, 1980). 

I t  is 

In t h e  field, large-mouth larval Pacific hake, 3-8 mn contained large 
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Range Mean food Standard Frequency x o f  
max.width v o i ~  d e v k a t p  Frequency x vg1uT t o t a l  

(m) (10 ulll ) (10 u ) (10 um ) volume 

Copepod eggs 50-100 0.364 0.083 674 0.24534 0.7 

Copepod naupl i i 40-300 4.013 5.148 441 1 .76973 5.3 

Copepodi tes 80-450 14.698 24.308 393 5.77631 17.4 

W u l t  copepods 110-600 57.418 54.850 426 24.46007 73.8 

Other 40-550 49.401 107.783 18 0.88922 2.7 
C = 33.14067 

Density 

C r i t i c a l  prey density, the food concentration required f o r  f i r s t - f eed ing  larvae t o  
i n i t i a t e  feeding, i s  a component o f  l a rva l  survival  which has caused great controversy among 
sc ien t i s t s  involved w i t h  l a r v a l  f i s h  research. 
been done w i th  sanewhat uni form and high concentrations o f  prey and a r e l a t i v e l y  high densi ty 
of larvae. 
dered "successful" when there was high survival  and f a s t  growth o f  larvae. 
accepted tha t  f i e ld -mor ta l i t y  rates i n  excess o f  90 percent during the egg and l a r v a l  stages 
produced healthy year-classes, but i n  the laboratory b io log i s t s  demanded high survival  rates. 
The c r i t i c a l  prey densi t ies determined by these experiments were higher than dens i t ies  
measured i n  the integrated natural  l a rva l  habitats. Lowest survival  rates i n  laboratory 
feeding experiments (Table 4) were usua l ly  a t  p a r t i c l e  densi t ies reported t o  be cannon i n  the 
f i e l d  (Table 5) ;  thus, these experiments may represent leve ls  charac ter is t i c  to  the f i e l d .  
Hade 's  (1974; 1978) work on three species o f  subtropical f i s h  reported s ign i f i can t  survival  
a t  low prey densi t ies;  sea bream required 50 plankters/ l  and l i ned  sole required 100/1 
(Table 4). These food leve ls  are c m n  i n  coastal and p a r t l y  enclosed areas (Table 5; f r o m  
Hunter, i n  press, and Hcude, 1978). 

C r i t i c a l  prey dens i t ies  detennined i n  the laboratory and presented i n  Table 4 are con: 
stant prey concentrations required f o r  optinum survival  from f i r s t  feeding t o  2-7 weeks o f  
age (w i th  the exception o f  the herr ing experiment tha t  was conducted w i th  older larvae). 
These densi t ies vary among species and w i l l  a lso vary w i th  l i f e  stages w i th in  species. For 
example, Laurence (1977) showed tha t  the i n i t i a l  required prey densi ty f o r  winter f lounder 
t o  meet metabolic requirements ( inc lud ing  growth) was 800 naup l i i / l ;  a f t e r  successful feed- 
i n g  behav iwr  was established, the c r i t i c a l  densi ty decreased t o  300 naup l i i / l .  
growth and metabolic demands increased, c r i t i c a l  densi ty increased t o  600 n a u p l i i / l .  
Laurence a lso  showed t h a t  a t  the onset o f  feeding, w in te r  f lounder s ta r ted  feeding a t  10 and 
100 M u p l i i / l  but d i d  no t  survive longer than two weeks. 
f i r s t  feeding (Table 4) are no t  i nd i ca t i ve  of p a r t i c l e  concentrations required f o r  survival  
during a l l  l i f e  stages. 

rates, rat ion, a c t i v i t y ,  evacuation time, growth ra tes  (t ime t o  metamorphosis), and gross 
growth e f f i c i enc ies  (Werner and Blaxter, 1980; Hade  and Schekter, 1980; Uyatt, 1972; 
Laurence, 1977; t t rnter and Thomas, 1974). Generally, as prey densi ty increases. feeding 
rates, r a t i o n  and growth ra tes  increase (Table 6); gross growth e f f i c i enc ies  may increase o r  
decrease (Table 9) and a c t i v i t y ,  evacuation t i m e  (Table 10) and t ime  t o  metamorphosis 
decrease. Due t o  dif ferences i n  experimental technique, canparisons of studies t h a t  depend 
on cont ro l led  prey l eve l s  need sane qua l i f i ca t ions .  These r e s t r i c t i o n s  are discussed i n  the 
f i n a l  sect ion o f  t h i s  review, wherein laboratory techniwes and f a c i l i t i e s  f o r  obtaining 
relevant physiological  data are described. and comparative observations are tabled. 

Laboratory experiments t o  date have usua l ly  

P r i o r  t o  1970, threshold food-density experiments i n  the laboratory were consi- 
Fishery b io log i s t s  

Then as 

Thus, threshold dens i t ies  f o r  

Laboratory experiments reveal t h a t  var iat ions i n  prey densi ty a f f e c t  l a rva l  f i s h  feeding 



Survival a t  v a r l w s  

Orns i ty  Percmt 

cOnCJ(lyc stock food drnSit1.S 
v o l e  Duration swcies n d  -- 

c m n  n m  ( l i t e r s )  (days)  Food t y p  k . / L  M . / L  r u r v l v a l  Refermcc 

PUIU 
Plwumr*cm p l r r e s s a  

I 

5 

10.8 

76 

76 

38 

37.8 

20 

6b 

14 

12 

16 

16 

16 

u 

2 1-63 
58-64 

49 

Wild ZOO- 10 
plankton  
( nauplii) 

Mild zoo- 0 . 5 - 2  
plankton  (899s) 
(Muglli- 

cop.poditrs) J 

72l 
72 
54 
32 

51 
It 
0.5 
0 

64 
4a 

S 
0-12 

72 
37 
13 
7 
4 

54 
\ 3  

I 

39 
22 

3 
0 
0 

4-8 
3-12 
0-8 
0-12 
0- 1 

3b 
4 
3 
1 
0 

Wyatt 1972 

O ' C o n n l l  6 R a m 4  
1970 

node 1978 

. .  

I .  

Laumnm 1971 

LaupIlla 1977 
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Table 5. Average' densit ies o f  nicroco#pods i n  the sea 

Average dens1 ty o f  
nicrocopcpods 

( n u k r  ow l i t e r )  

naup l i i  copepod1 tes t o t a l  Location R e f e m c  

13 2 15 Southeast Coast of Kyushu Vokota et. 1961 

22 36 !# Cal i forn ia  Current Beers and Stewart 1967 

" 4 0  5 49 Southern Cal i forn ia  war shore Beers and S t c u r t  1970 

% 27 7 343 Eastern Tropical Pac i f i c  Beers and Stewart 1971 

3 
E 

76 13 95 Azov Sea Ouka 1969 

5 8  - 223" Gulf of Taganrog 

40 North Sea (0-10 m) 

M l k h n U  1969 

El lcr tsen c. 1980 

20- 30 25 North Sea (10-20 m) 

Man for a l l  stat ions and years given i n  publ icat ion l i s t e d  i n  table (Hunter, In press). 
Includes a l l  copepods passing 202 fl  mesh net. 
Includes a l l  copepods passing 202 rn mesh net and caught on 35 jm mesh. 

I, Ocflned as food o f  Clu ne l l a  del icatula; microcopepods account for over 90% 
of i t m s  eaten (Mt&l. 

9 
Reported concentrations o f  s w  potent ia l  l a rva l  f i s h  food o anisns fran coastal and estuarine areas. 

(Table 10 fmu Hwde 1 9 7 3  

Reference P 1 ace orgrn 1 Sms toncentration 

50-100/1 c(IIIDII 
200/1 soactims present 

Burdick (1969. c i t ed  lbneohe Bay. H w i l  copepod naupl i i  

Ouka (1969) Sea of Azw Acart ia clausi naup l i i  62-65/1 
i n  My. 1974) 

O t h c r o p e p o d m u p l  f i > 30/1 

Total > 90/1 
and copepodids 

39-546/ 1 M l t h u ,  (1%9) Gulf o f  Taglnrog , Early stages o f  
Sea of Arw copcpoda 

HIrgrave and Two eastern Canada Copepod naup l i i  and 

Rnve md Corper card sound. Copepod st.pcs 20-200 range 23-209/1 

T int inn ids range 40-369/1 

Green (1970) eStUJr fa copepodids 

(1973) South Florida 111 i n  b m d t h  mean f a  28 c o l l u t i m s  72/1 

(1975) =mv copcpodids >2.000/1 O C C J S l O M l l y  
Helnle m d  Flcrr Patuxmt River  Eu tQora a f f i n i s  >loo/l frequently 

Houde (unpublished Biscayne cay. C a # p o d  naupl i i  and 
&tal South F lor ida copepodids <lo0 f l  usually 50-100/1 

in  breadth 
T i  n t l  nni ds frcpucntly .1o0/1 
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Houde and Schekter (1980) canpared feeding rates, ra t i on  and growth among three marine 
f i sh ,  bay anchovy, sea bream and l i ned  sole, fed a t  several low but constant prey concentra- 
t ions (Table 6). Feeding rates o f  the three species increased w i th  increasing prey density; 
however, a t  the onset o f  feeding, the sea bream, a sparid, was more e f fec t i ve  a t  capturing 
prey a t  the lowest density, 50 prey/l ,  than onchovy o r  sole. But, anchovy had the highest 
feeding capab i l i t y  a t  50 and 100 prey/l  a f t e r  the f i r s t  few feeding days when anchovy had 
increased t h e i r  prey-capturing ef f ic iency.  Sea bream had the best po ten t ia l  t o  increase 
growth rates a t  higher food levels, 500-1 O ( M / l ,  and were capable o f  higher survival  a t  low 
prey densities, 100/1 (37 percent surv iva l )  than anchovy o r  sole (5-13 percent survival ;  
Table 4) .  
o f  these three species, that  d i f f e r  i n  morphology and behaviarr, varied a t  the d i f f e r e n t  
prey densit ies. 

f lounder (Laurence, 1977) fed a t  several prey leve ls  also increased w i th  increasing prey 
density u n t i l  a maximum ra t i on  was achieved. This maxinum r a t i o n  was achieved i n  both cases 
a t  1 OOO prey/l .  
3 000 prey/l ,  but were s ign i f i can t l y  less a t  100/1. Laurence (1977) found tha t  survival  o f  
winter flounder increased w i th  increasing prey levels, but Werner and Blaxter (1980) d i d  not 
f i n d  t h i s  wi th herr ing larvae. Perhaps, s u i t a b i l i t y  o f  prey type was a factor a f fec t i ng  
survival;  winter f lounder were eat ing copepods, a natural  prey, and herr ing were eat ing 
A r t s m k .  

Thus, although ra t i on  increased w i th  increasing prey density, the feeding a b i l i t i e s  

Feeding rates o f  o lder herr ing larvae (Werner and Blaxter, 1980) and older winter 

Growth rates w i th in  species were the same a t  prey densi t ies from 300 t o  

I n  addi t ion t o  depending on prey density, feeding rates also depend on l i f e  stage and 
temperature. 
a 5-6 day increase i n  age o f  young larvae raises feeding ra te  2-7 times (Table 6). 

ingestion o f  the prey; furthennore, the prey were evacuated fas te r  from the stomach and 
were not canplete digested o r  assimilated (Werner and Blaxter, 1980). Harde and Schekter 
(1980) also recorded a decrease i n  gross growth e f f i c i ency  a t  the highest prey concentrations 
f o r  the three species they tested (Table 9). 

A 3-60C increase i n  temperature may t r i p l e  feeding rates (Stepien, 1976), and 

A t  high prey densi t ies o f  ArtemM naup l i i  ( 5  000/1), herr ing larvae exhibi ted reduced 

D is t r i bu t i on  

One o f  the major questions a r i s ing  from the evaluation o f  laboratory feeding experiments, 
such as those mentioned i n  the preceding sections, i s  where areas e x i s t  i n  the f i e l d  w i th  the 
necessary concentrations o f  esculent food f o r  l a rva l  f i sh .  
employed (pumps and plankton nets) sample large volumes o f  water and gives resu l ts  tha t  
average numbers o f  organism over depths o r  distances. 
Lasker (1975) found natrrral occurrences o f  the high prey densi t ies (20 00040 000/ml) t ha t  
are needed by northern anchovy t o  i n i t i a t e  feeding. The prey par t i c les ,  a d inof lagel late,  
~ymrodin&,m sphndens, occurred i n  water taken f ran  the chlorophyl l  maxinum layer. 
bioassay exper imnts w i th  cod larvae showed feeding a t  30-40 naup l i i / l .  The maxinum naupl iar  
biomass was found a t  0-15 m and 60-80 percent o f  the larvae sampled f ran  these depths bad 2-3 
naup l i i  i n  t h e i r  guts (E l le r tson  e t  at., 1980). 
attempted t o  apply more sensi t ive and discrete sampling techniques. They have found micro- 
s t r a t i f i c a t i o n  o f  esculent food pa r t i c l es  i n  appropriate numbers t o  support l a rva l  f i s h  
survival .  
t i o n  on the scale relevant t o  a l a rva l  f i sh .  

o f  food microstructure (geanetry) and behaviaur, and how they a f f e c t  growth o f  no6them 
anchovy larvae. He found tha t  the c r i t i c a l  hab i ta t  o f  an anchovy la rva  should contain between 
14 and 32 part icles/ml. Within t h i s  range the  wmbers represent a structured envirotnnent with 
14 part ic les/ml i n  the interpatch areas and 32 part icles/ml i n  the c r i t i c a l l y  dense regions o f  
contagion. 

The sanpling gear most of ten 

Despite these sampling d i f f i c u l t i e s ,  

S imi la r  

Owens ( t h i s  volume), and Mackas (1976) have 

Further use o f  these techniques should lead t o  more infonnat ion on prey d i s t r i b u -  

Vlymen (1977) used an empi r i ca l l y  based mathematical model t o  demonstrate the importance 
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Lasker and Z w i f e l  (1978), using a m o d i f i e d  version o f  VlyAlan's d e l  (1977) f o r  
northern anchovy l a rva l  growth, de ten ined that "it i s  not the absolute concentration o f  
the large par t i c les  tha t  govern t h e i r  caDture by the larva, but rather t h e i r  concentration 
re la t i ve  t o  the larger number o f  small par t i c les  i n  the l a rva l  environment." 
lat ion,  large par t i c les  made very l i t t l e  contr ibut ion t o  survival when the imnediate environ- 
ment o f  the f i rs t - feed ing  larva contained 40 small p a r t i c l e s h l .  
tha t  there w i l l  be aggregations o f  small par t i c les  than large ones, survival  o f  f i r s t -  
feeding larvae would be enhanced by a favourable nunber o f  patches o f  that density w i th in  
t h e i r  habitat.  

a food patch; however, l a rva l  behaviour t o  patch si tuat ions d i f fe r .  Houde and Schekter 
(1978) found that during a 13 hour feeding day a short, 2-3 hour patch exposure increased 
survival o f  l a rva l  sea bream fm 7.5 percent (on day 16) t o  20 or 30 percent. 
hand, bay anchovy larvae needed a 9 hour exposure for  10 percent survival.  Thus, l a r va l  
sea bream appear t o  be more capable o f  taking advantage o f  per iodic patch condit ions than 
bay anchovy. 

I n  t h i s  sinu- 

Because i t  i s  more l i k e l y  

I n  the laboratory, i t  has been s h m  tha t  la rva l  survival i s  increased by exposure t o  

On the other 
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LARVAL MODEL PARAMETERS AND REQUISITE LABORATORY RESEARCH 

Exist ing l a rva l  survival  models were developed from basic energetic p r inc ip les  based on 
laboratory and f i e l d  studies. 
which excess energy (i.e. the di f ference between the energy expended i n  capturing and pro- 
cessing food and energy gained) resu l ts  i n  growth and/or survival .  Thus, basic physiological 
data are the bases f o r  the models. I n  sp i te  o f  the sophist icated mathematics o f  the models, 
the resu l ts  can be worthless i f  the physiological data i s  gathered through inaccurate o r  
b iasing techniques. This discussion describes sane parameters used i n  models and the tech- 
niques used t o  measure these parameters. 

These models consist o f  conjectures concerning the manner i n  

Reari ng containers 

Container s ize may be a c r i t i c a l  var iab le  i n  l a rva l  f i s h  studies. Size o f  container 
af fected resu l ts  i n  jack mackerel rear ing experiments; larvae grew faster and were i n  be t te r  
n u t r i t i o n a l  condi t ion i n  100 1 than i n  10 1 containers (Theilacker, 1980~) .  Size o f  con- 
ta ine r  also a f fec ts  swimning speed. For example, swimning speed o f  laboratory-held l a rva l  
herr ing was less than i n  &tu contained herring-0.9 an as compared t o  1.59 cm (von Western- 
hagen and Rosenthal, 1980). 
i n  small containers (Hunter, pers. c m . ;  see Swimning speed). 

Likewise, northern anchovy swim 3-4 times fas te r  i n  large than 

Metabolic rates 

The s e n s i t i v i t y  o f  the techniques used t o  determine oxygen consunption i s  l im i ted  by 
experimental container volume. Volumes need t o  be small i n  the case where oxygen consump- 
t i o n  rates a r e  low and very small t o t a l  changes are expected; hence f i s h  larvae are d e f i -  
n i t e l y  confined and movement i s  probably res t r i c ted .  
(10 ml) o r  Winkler (40-60 ml) techniques (Table 7 )  usua l l y  assume tha t  the resp i ra t ion  
estimates are somewhere between "rest ing" and "active". Vlymen (1974), i n  h i s  estimate o f  
swimning energetics o f  northern anchovy, suggested tha t  a c t i v i t y  i n  the confines o f  a small 
container wculd be inh ib i ted  and below natural  levels.  However, i t  has been shown tha t  
average resp i ra t ion  rates (de ten ined by Warburg) o f  grcups o f  ear ly  stage Pac i f i c  sardine 
eggs were the same as rates detennined f o r  single, l a t e  stage eggs housing "active" larvae 
(Lasker and Theilacker, 1962). Because f i s h  eggs probably are not af fected by r e s t r i c t i v e  
containers, t h i s  observations shows tha t  shaking Warburg f lasks, required t o  equ i l ib ra te  
oxygen between water and a i r ,  may induce "active" metabolism. 

Variat ion i n  "rest ing" (standard) metabolic rates among poiki lotherm species can sane- 
times be explained by dif ferences i n  experimental temperature. The temperature coe f f i c i en t  
o f  resp i ra t ion  (Q19, a measure o f  the increase i n  ra te  o f  an a c t i v i t y  f o r  a lOoC temperature 
di f ference) i s  t y p i c a l l y  about 2-4 (Giese, 1962). 
mackerel ( a t  unknown a c t i v i t y )  between 180 and 22oC i s  about 5 (Table 7). But, di f ferences 
i n  metabolic rates between anchovy and mackerel (Table 7) cannot be explained by di f ferences 
i n  temperature and must be caused by di f ferences i n  a c t i v i t y  and metabolic demands. Hence. 
knowledge of a c t i v i t y  i s  needed t o  make meaningful comparisons o f  metabolic rates among 
species. A c t i v i t y  has been shown t o  increase resp i ra t ion  rates up t o  3.5 times f o r  Pac i f i c  
sardine larvae (Lasker and Theilacker, 1962) and 5-10 times f o r  l a rva l  herr ing (Hol l iday e t  
at., 1964). 

Because a c t i v i t y  increases resp i ra t ion  rates, extraoolat ions o f  laboratory-determined 
resp i ra t ion  rates to  the f i e l d  condit ions a r e  d i f f i a i l t  due t o  our i n a b i l i t y  t o  accurately 
measure a c t i v i t y  f n  the f i e l d .  Ware (1975) suggests using a value o f  2.5 times "standard" 
("rc?sting"\ fnetabolic ra te t o  estimate "act iveu f i e l d  metabolism. 
not i i k e i y  account f o r  in te rspec i f i c  d i f ferences i n  metabolic demands, i.e. such as d i f f e r -  
ences i n  a c t i v i t y  a t  first feeding o f  " k a t "  and "gl ide" s w i m r s  l i k e  Pac i f i c  sardine and 

Experimentalists tha t  use Warburg 

The 910 o f  resp i ra t ion  f o r  Pac i f i c  

However one value w i l l  
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northern anchovy tha t  r e s t  50-60 percent of the time (Schumann, 1965; 
the continuous swimning Pac i f i c  mackerel and jack mackerel (Hunter and Kimbrell, 1980; 
Theilacker, unpubl.). These species-specif ic behaviours po in t  t o  la rge  di f ferences i n  
required calor ies a t  the onset o f  feeding. 

Hunter, 1972) and 

Laboratory formal in 10 min. net treatment 

SL HL BO SL HL BO 
Northern anchovy .92 .91 .90 .81 .91 .70 

Pac i f i c  mackerel .92 -- -- .90 .90 .98 

Jack mackerel .92 .91 .80 .90 .91 .84 

Growth 

spec i f i c  d i f ferences i n  growth rates (Figure 1; A t  s i m i l a r  temperatures, Pac i f i c  
mackerel reach metamorphosis twice as f a s t  as Pac i f i c  sardine and northern anchovy. Sardine 
and anchovy reach metamorphosis a t  about the same size, but i n i t i a l l y  l a rva l  sardines grow 
fas te r  than l a r v a l  anchovies, hence sardines reach metamorphosis a t  an e a r l i e r  age. Growth 
rates s f  l a rva l  jack mackerel are slot.; although jack mackerel transform a t  the same size 
and probably s im i la r  weight as Pac i f i c  mackerel, metamorphosis occurs about two weeks l a t e r  
than i n  Pac i f i c  mackerel. 
growth funct ion may be used t o  de f ine  the genet ical ly determined and dynamically changing 
growth rates i n  the e a r l y  l i f e  stages o f  many f i sh .  

t ha t  shrinkage i n  length of laboratory-preserved larvae d i f f e r s  from shrinkage o f  f i e l d -  
col lected larvae (Theilacker, 1980b); hence, t o  compare animals a t  the same developnental 
stage there i s  a need t o  i n te rca l i b ra te  laboratory and f i e l d  measurements. For northern 
anchovy larvae, dif ference i n  shrinkage between laboratory-preserved larvae ( p i  pet ted 
d i r e c t l y  i n t o  Formalin) and netted and preserved larvae (s imi la ted  f i e ld -co l l ec ted )  of the 
same i n i t i a l  s ize decreased w i th  age. 
served i n  Formalin shrank 15 percent more than 3 mm larvae tha t  were laboratory preserved, 
but shrinkage o f  20 mn larvae was the same f o r  both treatments (Theilacker, 1980b). Thus, 
f o r  estimates o f  l a rva l  growth, shrinkage ca l i b ra t i on  i s  important f o r  small larvae. 
Shrinkage appears t o  be species speci f ic ;  
larvae w i th  s im i la r  body forms (e.9. canpare mackerels i n  tab le  below). 

- 
A comparison of laboratory growth o f  the Ca l i fo rn ia  Current species i l l u s t r a t e s  species- 

Table 8). 

Zweifel and Lasker (1976) have shown tha t  the Laird-Ganpertz 

Measuring changes i n  length i s  convenient f o r  est imating growth, bu t  i t  has been shown 

For example, 3 mm larvae tha t  were netted and pre- 

shrinkage o f  body parts i s  no t  the same among 

Formalin preservation 
a f t e r  net treatment 

SL HL BO 
.78 .88 .67 
.a7 .s .8 i  
.86 .86 .94 

A be t te r  e s t i m t e  o f  growth than the change i n  l a rva l  length i s  the change i n  d ry  
weight. 
growth and i s  more su i tab le  f o r  i n te rspec i f i c  comparisons o f  growth. 
days o f  age, northern anchovy raised a t  17% and Pac i f i c  mackerel ra ised a t  16.8% a r e  about 
the same length, 10 nm SL. but t h e i r  weights d i f f e r  by a fac to r  o f  6, anchovy #weigh 0.3 mg 
and mackerel 1.9 mg (Hunter, i n  press). Thus, feeding o f  Paci f ic  mackerel & r i n g  t h i s  2-3 
week period m s t  be more intense and/or the s ize of the food eaten n u s t  k greater (hence 
more calories/foad itern) than food eaten by nortnern anchovy. 

Measuring changes i n  d ry  weight al lows estimates o f  energy incorporated dur ing 
For example, a t  20 



Table 8.  G m c h .  

G m t h  rate (nm/dl nctmwP hos i I 
Slrr 4 e  Sjre DlYs 

S o c c I U  *C 1-19  16-30 31-40 41-50 Refrrmce (nm SL) (days1 Refermce (n SL) Refermce 

Pacific u r d f n .  ( b )  
Sardinws 16-19 1.0 0.5 0.5 0.5 (u) 31-35 45-50 (0 120 ( 8 )  

Emrrulls 17 0 .2  0.5 0.5 0.5 ( 5 )  34-40 . 50-60 ( 9 )  95-1152 (11) 
h-km MCflWY. 

'90 (11) 

Jack uckerrl! 
Trichrus s m t r i w s  15 0.1 0.2 0.5 1.0 ( 6 )  11-16 40 (id) 200 (14 

- Scaber jrponl CUI 16.8 0.1 1.0 - ( 7 )  15 25 ( 7 )  272 (13) 
P a d f f C  N C k W 8 1 ,  
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It i s  important t ha t  d ry  weights be determined with f resh samples. Formalin perserva- 
t i o n  caused a 30 percent decrease i n  dry weight of l a rva l  sardines, and preservation i n  
e thy l  alcohol decreased dry weights o f  Pacif ic mackerel by 50 percent (30-80 percent) 
(Theilacker. unprbl.). These detenninations were for young, 4-6 mn SL larvae. Methot (pers. 
comn.) weighed f ie ld-col lected, alcohol-preserved anchovy t o  determine w i g h t  a t  age, 
estimated by increase i n  o t o l i t h  increments. 
percent less than the fresh dry  weights detennined by Hunter (1977). 
alcohol preservative does not appear t o  decrease with increasing l a rva l  size. 

t o  the Anerican east coast. He presented h i s  data as l i nea r  regressions, loglo weight on 
l og lo  length. The species were from d i f f e r e n t  taxonomic fami l ies (Clupeidae, Gadidae, 
Sparidae, 6othidae and Pleuronectidae) but there were no obvious species-specific correlat ions 
w i th  the length-weight regressions. The length exponents ranged between 3.78-4.77 and aver- 
aged 4.15, thus weight was proport ional to  length to  the fourth power. 
t ions  for  northern anchovy and Pac i f i c  mackerel are cu rv i l i nea r  (Hunter, 1976; 
K i m b r e l l ,  1980). therefore extrapolat ions o f  l inear  regressions o f  length-might measurements 
are probably inappropriate. 

H i s  w i g h t s  f o r  15-30 mn SL larvae were 30-40 
Thus, weight loss i n  

Laurence (1978) measured unpreserved dry  weights f o r  seven species o f  l a rva l  f i s h  c m o n  

Length-weight r e l a -  
Hunter and 

Prey densi t ,  

Because var iat ions i n  prey density a f f e c t  l a rva l  f i s h  feeding rates, rat ion,  ac t i v i t y ,  
evacuation t ime, growth rates, and gross growth e f f i c ienc ies ;  accurate estimates o f  prey 
leve ls  are needed for comparisons o f  experimental results. Many young larvae are del icate, 
and extremely susceptable t o  mechanical in jury;  
not mixed to randomize prey d i s t r i bu t i on  u n t i l  larvae a r e  older. As a resul t ,  i n  experi- 
ments tha t  control  prey levels, the e f fec t i ve  density avai lable t o  larvae nust vary; a t  
low prey levels, food patches may form and thereby elevate the actual density o f  food 
encwntered by sane larvae. 
a lga l  concentrations ("green" water) i n  rear ing containers w i th  invertebrate prey and f i s h  
larvae (Stepien, 1976; Hade and Schekter, 1980). 
t o  assess whether consumed algae d i r e c t l y  provided calor ies t o  f i s h  i n  addi t ion t o  the prey 
calories; Inter-exper imntal  canpari- 
sons o f  l i f e  functions tha t  may be af fected by ~ r e y  concentration and media dif ferences 
(i.e. a lgal  content) are d i f f i c u l t  and lead t o  uncertaint ies regarding t h e i r  general can- 
parabi 1 I ty. 

thus, experimental rear ing containers are 

I n  addition, some la rva l  rear ing techniques include use o f  high 

I n  these experiments, i t  i s  d i f f i a r l t  

t h i s  i s  pa r t i cu la r l y  important a t  low prey levels. 

Growth e f f i c i enc ies  

Because i t  i s  presently impossible t o  accurately. measure metabolic rates during various 
swiming and feeding behavioun and t o  describe behaviwr and a c t i v i t y  i n  the f i e ld ,  a com- 
parison o f  i n te rspec i f i c  growth e f f i c i enc ies  my elucida,te those species that maximize t h e i r  
growth r e l a t i v e  t o  others i n  s im i la r  environnents and feeding regimes. 
e f f i c iency  (calor ies o f  growth/calories consumed) indicates e f f i c i e n t  assimi lat ion o f  food 
energy f o r  growth, w i th  l i t t l e  being l o s t  by excretion or used i n  respirat ion, thus conser- 
va t ive  expenditure o f  energy f o r  swimning and feeding. Calories o f  growth can be estimated 
fran d a i l y  increases i n  dry weight, and calor ies consumed can be estimated from the d a i l y  
rat ion.  Meaningful estimates o f  growth calor ies depend on whether energy expenditure f o r  
swimning and feeding i s  the same i n  the laboratory and the f i e ld .  
length measurements are also needed. 

has been estimated by (1) feeding rate x weight of prey x hours feeding (Houde and Schekter, 
1980; Stepien. 1976). (2) weight o f  stomach a t  capture x hcurs feeding/harrs t o  c lear  gt 
(Laurence, :977). or (3) weight of. mean stanach contents x gas t r i c  evacuation ra te  x hours 
feeding + wciaht o f  mean stmach contents (Hunter and Kimbrell. 1980). Da i ly  ra t i on  e s t i -  
mates i n  percent o f  body weight eaten per day range fran 70-300 percent f o r  larvae fed 1 000 
or more prey/: (Table 9). 

A high pronth 

Laboratory and f i e l d  age- 

Procedures used t o  estimate ra t i on  (calor ies consuned) f o r  la rva l  f i s h  vary. Ration 
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Table 9 .  Gross g m t h  effiCl*lcieS. 

Prey Container oailv Gross 
density volume I body efficiency 

"C (d; PO) ( I I L )  ( l i t e r s )  u9 w t .  (I) Reference 

b y  anchovy' 
Anchor a i t c h i l l i  -- 

Hwring 
Cluwa h l r w u s  pal las1 

2! Sed b e a r '  
Archosamus rhanboidalis 

23-26 

Paci f i c  mackerel 2 
Scaiber daoonicus 

L l n d  sole 
Achirus l i ~ a t u s  -- 

29 

'9 

1; 

23 

? 

Z! 

8 
8 
8 
8 

17 d; 200 ug 50 
15d; 2 0 0 ~  100 
11 d; 200 ug 1000 

nrupl 1 i 
( w i l d  
p lanktonl 

12-22 d; 14.000- 
100-150 ug 2o,o00 

r o t i f e r s  

17 d; 200 pg 50 
15 d; 200 ug 100 
10 d; 2W M 500 

naup l i i  
(w i ld )  

2-3 d 1000 
2-3 d loo0 
IO d lo00 

3 d; 38 lrg 157,000 
4 d; 43 ug 47,000 
5 d ;  8 5 ~ 9  198,OOO 

r o t i f e r s  

IS  d; 400 ug 10 
1W 

Artslr 
29 d 10 

100 
500 

1000 
5ooo 

21 d; 200 y9 50 
17 d; 2W#q 100 
12 d; 2 W w  lo00 

nr 111 
(wfd) 

2 wks. 500 
M u p l i i -  7 uks.  

'2 leks. C O W W S  
Y I d s .  3ow 

10 19 31 
37 51 

115 140 

8 

IO 12 ' 

31 42 
45 - 

75 14 68-147 
32 199 - 69 

200 27 70 

86 102 
38 a9 

10 14 - 
20 29 
7 1  -90 

300 
30 

57 
32 
14 

71 

83 
38 
38 

33 
16 
31 

20 
37 
44 

13 
1s 
20 
21 
50 

20 
14 
17 
19 
32 

63 
52 
20 

10 
20 
15 
33 

Houde 6 Schekter 1980 

Eldridge & 1. 1977 

Hwde 6 Schekter 1980 

Stepien 1976 

Hunter 6 K i m b r e l l  
1980 

Eldridge (unpubl.) 

Wde 6 Schektw 1980 

Laurmce 1977 

1 M l l y  ration estimated f r a  grazing u p e r l m t s ;  dry r i g h t s  detemimd wi th  preserved larvae; w i l d  plankton 

2 Ration f r a  stmach conullts Md wactution r a t a  (discontinuous feeding). 
n u e l i i  0.15 q. fresh ut. 

Ration fra s t Q l c h  conul l ts and wacuat lon r a t e  (ac t i ve  feeding). 
W t  g r m h  cff1c1emeln. 
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amount o f  food i n  the stomach (Werner and Blaxter, 1980) and i t  i s  more rap id  a t  high food 
densit ies. Hence, gut clearance rates should probably be estimated f ran  actively-feeding 
larvae. The technique used t o  avoid evacuation-time biases tha t  may occur from discontinuous 
feeding ( t ransferr inglarvae with f u l l  guts i n t o  tanks without food and subsequently not ing 
the t i m e  taken t o  evacuate gut contents), i s  f i r s t  to  present larvae w i th  natural prey t o  
fill guts and then with dyed prey and note t i m e  t o  f i r s t  dyed fecal  material.  Most experi- 
ment?lly-detennined evacuation times (Table 10) are f o r  discontinuous feeding. 

Fran Table 10. the observed evacuation times ranged from 3-9 hcurs; 
(1) increasing prey density (herr ing, 
Fukusho, 1979; 
Table 9). 
having evacuation times measured i n  minutes, 7-13, instead o f  hours. 
noted a f a s t  time, 3 minrtes, f o r  anchovy larvae fed Artm-L naup l i i  t o  fonn a food plug a t  
the anus i n  15 m northern anchovy (Table 10). 

Although Ar tm~ iu  naup l i i  al low survival  o f  herr ing and plaice, Artania are an i n f e r i o r  food 
f o r  northern anchovy; anchovy do not appear t o  digest ArtemiO u n t i l  a f t e r  gut d i f f e ren t i a -  
t i o n  (Hunter, 1976). Jack mackerel a lso may be unable t o  digest Artemia; mackerel defecate 
profusely when fed a d i e t  o f  Artemia (Theilacker, unpubl.). 

Only Laurence's 
(1977) growth estimates i n  Table 9 a r e  f o r  net ef f ic iency (assimilated calor ies/calor ies 
consumed); he assumed the coef f i c ien t  o f  U t i l i z a t i o n  t o  be 0.7. 

Ef f ic iency o f  yolk u t i l i z a t i o n  (conversion o f  yolk to  t issues) o f  f i s h  embryos ranges be- 
tween 50-79 percent (Pac i f i c  sardine 79 percent, Lasker, 1962; herr ing 50-74 percent, 
Blaxter and Hempel, 1966; 
f o r  exogenous feeding, on food not as w e l l  suited f o r  assimi lat ion as yolk, are lower  
(Table 9). 
inconsistent. 
Schekter, 1980), (2)  age (Eldridge, unp-d (3) increasing temperature (Stepien, 1976); 
apparent eff iciencies may also increase w i th  (1) increasing prey density (Laurence, 1977; 
Eldridge, unpubl.) and ( 2 )  age (Hunterand Kimbrell, 1980; As a resul t ,  i t  
i s  impractical t o  t ry t o  make in te rspec i f i c  canparisons. 

cent. 
fish. 
become f as te r  swinmers and more able t o  avoid predators a t  an e a r l i e r  age. 

Gut clearance t i m s  depend on feeding history;  the t i m e  t o  a c lear  gut depends on the 

t i m e  decreased w i th  
Werner and Blaxter. 1980). ( 2 )  age (knifejaw, 

Paci f ic  sardine, Arthur, 1956), and (3 )  temperature (herr ing, Blaxter, 1965; 
Larvae of two A n c k  species (Chitty, 1980) deviate g rea t ly  from the "average", 

Schumann (1965) also 

Sane f i s h  larvae are more capable o f  digesting cer ta in  prey types than other f i s h  larvae. 

Gross growth e f f i c ienc ies  are not dependent on digestive. e f f i c ienc ies .  

It i s  w e l l  known tha t  growth e f f i c ienc ies  o f  the young are higher than i n  older animals. 

herr ing 74 percent, Eldridge et a t . ,  1977). Growth e f f i c i enc ies  

Ef f i c ienc ies  apparently decrease with (1) increasing prey density (Hcude and 
Results from the few measurements o f  l a rva l  growth e f f i c ienc ies  i n  Table 9 are 

Laurence, 1977). 

The growth e f f i c i enc ies  f o r  la?vae fed 1 000 o r  more prey/l  are f a i r l y  high, 14-41 per- 
It seems reasonable tha t  most o f  the food energy would be used i n  growth i n  l a rva l  
Faster growing indiv iduals develop more quickly, hence rap id l y  growing larvae w i l l  

Temperature 

Many ab io t i c  factors (temperature, l i gh t ,  sa l i n i t y ,  currents) may inf luence growth o f  
f i s h  larvae. Because temperature i s  r e l a t i v e l y  easy t o  measure, there i s  more information 
on e f fec ts  o f  temperaare than on other factors. 
inf luencing (1) oxygen content of sea water, (2) ru t r i en ts  tha t  control  a lgal  bloaas, ( 3 )  
time, place and durat ion o f  spawning, (4 )  inarbatfon tim, (5) s ize  a t  hatching, (6) 
e f f i c iency  of yolk u t i l i z a t i o n ,  (7) growth, feeding rates and time to metamorphosis, (8) 
behaviarr and swiming speed, (9) d igest ion and evacuation, (10) metabolic demand, and (11) 
d i s t r i t u t i o n  (Table 11). Thus, i n  laboratory exper imnts designed t o  t e s t  any o f  the above 
eleven parameters, temperature nujt be r i g i d l y  control led. 

Temperature may a f f e c t  l a rva l  f i s h  by 
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Pacif ic sardine 
Sardinws 

Herring2 
Clupea harenaur 

Northern anchovy 
Enaraulis 

9 

7 
15 

17 

17 

Big eye anchovy2 26 - Anchor lamrotaenia 

b y  anchovy2 26 
h C h M  m i  t ch i  11 1 

Uhitefish' 14 

-- 
Coryponus clupeafornir 

Striped tnl fe jaw7 22 
@lCaMChUS f l S C i l t l l S  

Pac i f i c  rnc-17 19 
Scaber japonicur 

Pac i f i c  hake 
Merlucciur productus 

Plaice 
PlNrOncteS p1atessa 

Uinter flounder2 8 
PSWdwleuuroc*CtcS rc r t canur  

- 

5.5 rn 
6-9.5 
10-25 nm 

3-9 w k s .  

3-9 Wks. 

12d; 9 nm 
12 4; 9 I 

4-5 d 

15 mJ 

2 d  
8 d  

2 6  
8 d  

19-20 nm 

7-11 d; 
3-4 nm 

13-18 d; 
5-8 I 

3-5 d 

3-11 m 

f i e ld  

3.m- 
30.000 

30-300 
Artslr 

20.000 
rotifers; 
Artcnlr; 
f i - l d  

1006 
nrupl i i 

1006 
naupl i i  

mx6;  
naup l i i  

4.000- 
1o.Ooo 
rotifers 

30.000 
ro t i f e rs  

f i e l d  

f i e l d  

1 ,000- 
2 .ooos 
MU01 i i 

0.15' 

1-3 

0.5 

0.15 

0.5 

sl.0 

3 

11 
6 
3 

3-4 

I+' 

a 
4 

5-6 
.<.05* 
1-3 

3 .19  
0.12* 

0.22* 
0.18* 

16 
4 i n  6 

6.5-9.4 

2-2.5 

4 i n  2 

-11 

6 

6.6 

Arthur 1956 

&mer  d Blaxter 1980 

Blaxter 1965 

Hunter 1972 
Moffatt. w rs .  c m .  
SchuMnn 1965 
Arthur 19% 

Chit ty 1980 

Chit ty 1980 

HoagRlan 1974 

Fukusho 1979 

Hunter b Kimbrell 1980 

Su ida  Moser1980 

Ryldnd 1 w  

L a u m e  1977 

S c h m u m  1965; 15 I; A r m l a  
2 evacuation d r u r r i n d  du r lnpac t i vc  f e r d i q  

u l o l e t c  digestion; l i t t l e - n o  evacuation ' incmp lc t r  digestion 
5 t o  y)z f u l l m r  

* c v a u t i m  d c t r m i n d  during discontinuous f a d i n g  
' wi ld  pl~RktOn-CWcpod Mup l f f  



HATCHIllE TIM 

HATCHING SIP 

m1m: YOLK-SAC 
STm 

EFFICIENCY OF YOLK 
MSORPTIOW 

TIME TO UObUOUS FfEDIR 
(FROM SPAWING AT 15.C) 

POINT ff M) mum 
( T A l E  11 

FEEDING UTES 
(TAME 6)  

ACTIVITY (TABLE 2 )  

Table 11. Ef fact  o f  y n t u m .  

1) A t  13. Northern anchovy hatch &aut 1 day e a r l l a  
than Pac l f l c  sardlm 

2) Paci f lc  s a r d i n  do not d m l o p  n o m l l y  kla 1YC 
3) Pac i f l c  nudum1 do not hatch kla 14.C 

4) Iforring; drcmam w i t h  lncmaslng t r# ra ture  
5) Pacl f lc  urdlm md M o r t h r r n  mchory; no -a- 

tum e f f w t  

6) PacI f Ic  sardlne; O1oL* 4 for  yo lk  a b s o r p t h .  md 
d e v e l o p n t  o f  plpent rd  eyes a d  tunct faml  ja 
(14-21.C) 

7) Plaice; mom e f f l c l m t  a t  6.5. thrn a t  8.QC; 
larvae 101 larger  

8) Pac l f l c  sardine; 8 d 
Northorn anchovy; 6-7 d 
Jack MCkOWl;* 8-9 d 
Pacl f lc  wckoml ;  7 d 

9) T l r  t o  strrvrtfon decnrus Nlth 1nCt . rs lq  trp. 

LIS& 1964 

Larker 1964 
Wunt.r L Kldwll  1980 

E l u t o r  L Hmpol 1%3 
Lasker 1964 

Ryland L Mlchols 1967 

Lasker 1964 

T h o l l u k r  (unpubl.) 

Hunter (In pmss) 

S-ln 1976 

Wuntar b Kldmll 1980 

nuntar L Kldmll 1900 
nolllday. ea. 1964 

Stapoln 1976 
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Responses t o  the same temperature may d i f f e r  among species (Table 11). For C a l i f o r n i a  
Current species a t  15OC, t i m e  t o  the onset of feeding from spawning i s  e a r l i e s t  i n  no r the rn  
anchovy, 6-7 days, and l a t e s t  i n  j a c k  mackerel, 8-9 days; 
wi thstand s t a r v a t i o n  one day l onger  than P a c i f i c  mackerel and two days l onger  than j a c k  
mackerel. 
mackerel o r  P a c i f i c  sardine; anchovy w i l l  hatch and develop a t  l l O C ,  sard ine do n o t  develop 
below 12OC, and P a c i f i c  mackerel w i l l  n o t  hatch below 14OC. 
ponses a r e  o u t l i n e d  i n  Table 11. 

I n  conclusion, i t  i s  hoped t h a t  t h i s  i n f o m a t i o n  on the  spec ies -spec i f i c  behavioural 
and phys io log i ca l  c h a r a c t e r i s t i c s  o f  f i s h  l a rvae  may lead t o  the i d e n t i f i c a t i o n  o f  c r i t i c a l  
f a c t o r s  needed t o  p r e d i c t  l a r v a l  f i s h  su rv i va l .  Th is  s u m r y  o f  p h y s i o l o g i c a l  l a b o r a t o r y  
research and f i e l d  behaviour describes dif ferences among f i s h  species i n  spawning times, 
res is tance t o  s ta rva t i on ,  feeding rates,  growth ra tes ,  feeding behaviour, swimning a c t i v i t y ,  
and metabol ic  demands. Mon i to r i ng  methods and models designed t o  p r e d i c t  l a r v a l  f i s h  
s u r v i v a l  must i nco rpo ra te  these spec ies -spec i f i c  funct ions.  C lea r l y ,  more comparable 
standardized research techniques need t o  be used i n  producing d e s c r i p t i o n s  o f  e a r l y  l i f e  
h i s t o r i e s ,  and f a r  more behavioural observat ions a re  needed t o  f u l l y  e l u c i d a t e  the d i ve rse  
groups o f  larvae.  

a t  l S O C ,  no r the rn  anchovy can 

Northern anchovy have a g rea te r  to lerance f o r  coo le r  temperatures than P a c i f i c  

Miscel laneous temperature res -  
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