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ABSTRACT: Larvae of the shrimps Crangon crangon L. and C. alImanni Kinahan were reared in the 
laboratory from hatching through metamorphosis. Effects of rearing methods (larval density, 
application of streptomycin, food) and of salinity on larval development were tested only in C. 
crangon, influence of temperature was studied in both species. Best results were obtained when 
larvae were reared individually, with a mixture of Artemia sp. and the rotifer Brachionus plicatilis 
as food. Streptomycin had partly negative effects and was thus not adopted for standard rearing 
techniques. All factors tested in this study influenced not only the rates of larval survival and 
moulting, but also morphogenesis. In both species, in particular in C. crangon, a high degree of 
variability in larval morphology and in developmental pathways was observed. Unsuitable condi- 
tions, e.g. crowding in mass culture, application of antibiotics, unsuitable food (rotifers, phytoplank- 
ton), extreme temperatures and salinities, tend to increase the number of larval instars and of 
morphological forms. The frequency of moulting is controlled mainly by temperature. Regression 
equations describing the relations between the durations of larval instars and temperature are 
given for both Crangon species. The number of moults is a linear function of larval age and a power 
function of temperature. There is high variation in growth (measured as carapace length), moulting 
frequency, morphogenesis, and survival among hatches originating from different females. The 
interrelations between these different measures of larval development in shrimps and prawns are 
discussed. 

INTRODUCTION 

The common bay shrimp (or brown shrimp), Crangon crangon, is in tensively  
exploi ted by coastal  fisheries in the North Sea, and thus plays an impor tant  economic  

role in this region (for recent  rev iews  on life cycle, production,  and landings  see e.g. 

Boddeke & Becker, 1979; Tiews, 1983; Kuipers & Dapper,  1984). C. crangon is also one  of 
the most f requent  prey i tems for commercia l ly  exploi ted fish populat ions  such as plaice, 

flounder, and cod (Miiller, 1968; Arntz, 1971; Summers,  1980). Its h igh a b u n d a n c e  in 

shallow coastal areas, part icularly i n  the Wadden  Sea, makes  it also one  of the key 

predators of benthic  animals  (Gerlach & Schrage,  1969; Reise, 1979), possibly inc luding 
O-group flat fish (Bergman et  al., 1976). 

The closely related species  C. allmanni is smaller  and less abundant .  Due to their  
similarity, however ,  these two species  might  have  b e e n  often confused,  so that  the actual  
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importance of C. a//manni may be higher than presumed from the relatively scarce 
information existing on its ecology and life cycle (Alien, 1960; Creutzberg & Leeuwen, 
1980). 

In contrast to the extensive literature on many other shrimp species, only very little 
laboratory data are available on development and growth of C. crangon and C. allmanni. 
Descriptions of larval morphology were based mainly on material isolated from plankton 
samples (Du Cane, 1839; Ehrenbaum 1890; Sars, 1890; H. C. Williamson, 1901, 1915; 
Webb, 1921; Lebour, 1931; D. I. Williamson, 1960; Smaldon, 1979). The morphological 
development of laboratory-reared C. crangon from hatching to metamorphosis has only 
recently been accomplished (Gurney, 1982). Comparable studies on C. altmanni have 
not been available. In an unpublished thesis, Criales (1985) described and compared 
laboratory-reared larvae of both C. crangon and C. allmanni (these morphological 
descriptions will be published elsewhere). Influence of ecological factors on larval 
survival has been studied only in C. crangon: salinity (Broekema, 1942), temperature 
(Rochanaburanon & Williamson, 1976), light (Dalley, 1980), and heavy metals (Connor, 
1972). 

The present paper reports on effects of laboratory rearing techniques (larval density, 
application of antibiotics, food), and ecological variables (temperature, salinity) on 
larval development and survival in C. crangon, with preliminary results on C. allmanni. 

After detailed morphological descriptions of the larval stages of both Crangon 
species had become available (Criales, 1985), effects of methodological and ecological 
factors could be measured in conjunction with qualitative (morphological) and quantita- 
tive criteria (rates of moulting and survival). It is well known from many caridean shrimp 
species that various environmental factors can influence the number of premetamorphic 
moults and thus, the rate of morphogenesis (for review of literature see Knowlton, 1974; 
Rochanaburanon & Williamson, 1976). Variation in larval development was found also in 
the study by Gurney (1982) on C. crangon, but the author considered "additional stages" 
as a laboratory artifact and did not include them in the morphological descriptions 
(Gurney, pers. comm.). Rochanaburanon & Williamson (1976) have also suggested that 
the larval development of C. crangon, unlike that of other caridean species may be 
uninfluenced by environmental factors. Criales (1985), however, found considerable 
morphological variation in the larval development of C. crangon and C. attmanni both in 
laboratory cultures and in field samples from the German Bight. This variation in 
development was studied in larvae reared individually under various experimental 
conditions. 

MATERIAL AND METHODS 

Obta in ing  and  h a n d l i n g  of larvae  

Ovigerous female Crangon crangon were dredged from 2-8 m depth near the island 
of Helgoland and off the Wadden Sea coast (St. Peter-Ording). C. attmanni was obtained 
from a depth of 20-40 m southeast of Helgoland ("Tiefe Rinne'). All females were 
maintained separately in flow-through aquaria with filtered seawater, until larvae could 
be collected in sieves (mesh size: 90 Ftm) from the overflow. Actively swimming larvae 
were pipetted to rearing containers (see below) within a few hours after hatching. 

All larvae were reared at constant temperature in 1 F~m-filtered seawater 
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(30-32 %0 S). Rearing of indiv idual  larvae was conducted  in n u m b e r e d  vials with 20 cm 3 
of water, and  mass rear ing exper iments  in bowls with 500 cm 3. Except in an exper iment  
on the inf luence of larval density, these bowls were stocked with an initial  n u m b e r  of 50 
larvae. A prel iminary exper iment  with different f requencies  of water  chang ing  (daily, 
every 2, 3, and 4 days) showed significant negat ive  effects only at the lowest f requency 
(every 4 days). Thereafter,  water  and  food were changed  regular ly  every second day in 
all experiments.  Larvae were checked at daily intervals  for moults and  mortality. W h e n  
moults occurred, larvae were grouped  together  according to their actual  stage, so that all 
larvae in a bowl had the same age within a given instar. 

F o o d  

Various types of food and  mixtures thereof were tested in this study: (1) freshly 
hatched Artemia sp. (San Francisco Bay Brand); (2) rotifers (Brachionus plicatihs); (3) 
phytoplankton (the diatoms Skeletonema costatum and  Thalassiosira rotuda). 

Artemia sp. naupl i i  were g iven at an initial densi ty of ca 10 individuals  • cm -3. 
Rotifers were cult ivated in glass bottles with 10 dm 3 filtered seawater  and  yeast  
suspension. Prior to adding  them as food to larval cultures (at an initial densi ty  of ca 30 
individuals  . cm-3), they were incuba ted  for at least 15 min in a flagellate suspens ion  
(Dunaliella tertlolecta), in order to enrich them with algal matter. Diatoms were culti- 
vated at 10 °C in autoclaved seawater  with F/2 med ium (Guillard & Ryther, 1962) and  an  
addition of silicate (1.47 pgat .dm-3) .  They were g iven to shrimp larvae at initial  
concentrat ions of 100 (S. costatum) and  5 (T. rotula) ce l l s .mm -3 (densities checked by 
the Uterm6hl method). All concentra t ions  given for single food i tems were the same for 
food mixtures. 

When  no o the r in fo rmat ion  on larval food in a part icular  exper iment  is g iven (i.e. in 
all but  food tests), a mixture of Artemia sp. and  B. ph'catilis was given as s tandard  food. 

A n t i b i o t i c s  

Three concentrat ions (10, 25, and  50 mg.  dm -3) of s t reptomycin sulfate were tested 
at 12 °C in cultures with individual ly  reared C. crangon larvae (25 individuals  per 
concentration).  The in termediate  amount  was added to mass cultures at three different 
temperatures  (12 °, 15 °, 18 °C), with 3 replicates (50 larvae each) per  exper imenta l  
condition. 

N o m e n c l a t u r e  of l a r v a l  s t a g e s  

The i n s t a r s (or s t a g e s ) of larval deve lopment  are genera l ly  des igna ted  as 
"zoea I", "zoea II", etc. Since morphological  variations arise after the second moult  (i.e. 
in the zoea III), different larval f o r m s have to be d is t inguished in all instars later than  
zoea II. Detailed morphological  descriptions of these forms were g iven by Criales (1985) 
and  will be publ ished elsewhere.  In the present  study, a relative scale of the degree  of 
development  is sufficient for the detect ion of exper imenta l  effects on shrimp larvae. The 
letter "a" designates  the most " advanced"  form found within a given instar. These forms 
are general ly similar to those descr ibed by Gurney  (1982). The subsequen t  letters, in 



244 M . M .  Criales  & K. A n g e r  

a lphabet ica l  order, refer  to larval  forms which  are morphologica l ly  less developed.  For 

example ,  a zoea  IIIa has uropods  with fully d e v e l o p e d  endo-  and exopodites;  in the zoea 

IIIb, the endopodi tes  of the uropods are less developed ,  ca. half the length  of the 

exopodites ,  and with tittle terminal  setat ion (1-4 setae); in the zoea IIIc, the endopodi tes  

are rud imenta ry  and oval  shaped,  and the exopodi tes  lack a spine at the distolateral 
edge  which  is p resent  in the two more  advanced  forms; the zoea IIId form has no uropods 
at all. 

S t a t i s t i c a l  p r o c e d u r e s  

Statistical t r ea tment  of exper imenta l  data  fol lowed that  of Ange r  & Dawirs (1981). 

RESULTS 

L a r v a l  d e n s i t y  

Table  1 shows d e v e l o p m e n t  durat ion of the  first five larval s tages in relation to 

initial density. Later instars are not included,  because  metamorphos is  to the first juveni le  

occurred after 5-7 larval  stages. There  was a slight t endency  toward increas ing develop-  

ment  durat ion with increas ing  rear ing  density. This p r e s u m e d  crowding  effect, however ,  
was  not statistically significant. Morta~ty rates did not show clear  trends either. 

Since the t echn ique  of mass rear ing  is necessary  for obtaining sufficient material  to 

measu re  larval b iomass  and body composit ion,  the h ighes t  densi ty was considered 

accep tab le  for such purposes  in later exper iments  with both Crangon species. 

The  t racing of deve lopmen ta l  pathways,  however ,  requires  individual  rearing. A 
compar ison of the two s tandard  t echn iques  (mass rear ing with 50 larvae per  bowl vs. 

individual  rear ing  in vials of an equa l  n u m b e r  of larvae) r evea l ed  aga in  similar mortality 

and moul t ing rates, but  differences in morphologica l  d e v e l o p m e n t  (Table 2). In mass 

culture there  was  a clearly h igher  f r equency  of s tunted forms than in individually reared 

larvae.  This t endency  occurred from the zoea  tII and pers is ted until  metamorphosis .  This 

f inding suggests  that  larval  morpho logy  (provided the n u m b e r  of moults, i.e. the instar, is 

known) is a more  sensi t ive indicator  of env i ronmenta l  conditions than mortality or 

moul t ing  rates. 

Table 1. Crangon crangon. Duration of development (days; mean + 95 % confidence intervals) in 
larval stages I-V, in relation to initial density 

Larval density Duration of development (days) 
Individuals cm 3 per Zoea I Zoea II Zoea III Zoea IV 
per 500 cm 3 individual 

Zoea V 

12 41.7 5.5 ----- 0.3 5.4 + 0.3 6.0 + 0.8 6.0 + 0.8 6.3 +___ 0.9 
15 33.3 6.1 ----- 0.3 5.5 __+ 0,4 5.8 + 0.7 6.2 + 0.8 6.3 -+ 0.8 
25 20.0 5.9 + 0.4 5.6 --+ 0.4 5.9 -- 0.7 6.3 "4- 0.8 6.7 __+ 0.9 
50 10.0 6.0 +-- 0.3 5.8 + 0.4 6.1 + 0~6 6.2 + 1,0 6.8 __+ 1.0 
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Table 2. Crangon crangon. Frequency (%) of different morphological  forms in individually and  
mass  reared larvae 

Rearing t echn ique  

Larval form Individual  Mass culture 

I I Ia  33 13 
III b 42 40 
III c 25 33 
III d - 13 

IV b 60 15 
tV c 30 55 
IV d 10 30 

V a 50 20 
V b 50 60 
V c - 20 

V I a  50 20 
VI b 50 80 

Antib iot ics  

T h e  first  e x p e r i m e n t  c o m p r i s e d  s e t s  of 25 i n d i v i d u a l l y  r e a r e d  l a r v a e  u n d e r  t h r e e  

d i f f e r e n t  s t r e p t o m y c i n  c o n c e n t r a t i o n s  a n d  a s e a w a t e r  c o n t r o l  ( w i t h o u t  an t ib io t i c s ) .  Su rv i -  

va l  r a t e s  a n d  o c c u r r e n c e  of l a r v a l  m o u l t s  a r e  s h o w n  in  F i g u r e  1. It is  o b v i o u s  t h a t  t h e  

h i g h e s t  s t r e p t o m y c i n  c o n c e n t r a t i o n  (50 m g . c m  -3) h a d  tox ic  e f fec ts :  a d e c r e a s e  of 

s u r v i v a l  a n d  a d e l a y  of m o u l t i n g .  L o w e r  c o n c e n t r a t i o n  h a d  n o  s t a t i s t i ca l ly  s i g n i f i c a n t  

i n f l u e n c e  o n  t h e s e  c r i te r ia ,  b u t  d i d  a f f ec t  t h e  d e v e l o p m e n t a l  p a t h w a y s  (Fig. 2). In  t h e  
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Fig. 1. Crangon crangon. Time of moul t ing (days after hatching;  mean  +__ 95 % confidence intervals, 
range  be tween  minimum and maximum) and rate of survival (%) in larvae reared without  (= 

control) and  with streptomycin (three concentrations) 
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Fig. 2. Crangon crangon. Pathways of larval development with and without streptomycin (cfi Fig. l) 

control  the re  were  five larval  s tages  fol lowed by  a normal  juveni le  (called "Juv a"), and  
only ht t le  morpho log ica l  var ia t ion  occur red  (in s tage  III). S t rep tomycin  caused  increased  
var ia t ion  with  more  s tun ted  forms, which  showed  h ighe r  mor tah ty  than  the more 
a d v a n c e d  ones.  The  zoea  IIIc larvae,  occurr ing  only at the  h ighes t  concentrat ion,  were  
unab l e  to deve lop  any  further  and  died.  The zoea  IIIb also had  a low survival  rate  (in all 
exper iments ;  cf. Fig. 1: drop  of survival  before  s t age  IV). 

In all expe r imen t s  wi th  s t r ep tomycin  there  was  also a d i s tu rbance  of the  metamor-  
phic  process.  Some l a rvae  mou l t ed  from the zoea  IVa di rec t ly  to a s tun ted  juven i le  ("Juv 
b ' ) .  It still had  some larval  charac te rs  bes ides  its gene ra l ly  juveni le  morpho logy  
(Criales, 1985). Most  (at the  h ighes t  concentra t ion,  all) of these  abnorma l  individuals  
died,  a l though  some d e v e l o p e d  successful ly  to the  normal  juveni le  ("Juv a") which 

usua l ly  o r ig ina ted  from a zoea  Va. 
Ano the r  e x p e r i m e n t  was  conduc t ed  to find out  if s t r ep tomycin  could  improve  the 

resul ts  of mass  rear ing,  in par t i cu la r  at  h ighe r  t empera tu res .  Only  the in te rmedia te  
concen t ra t ion  (25 m g - c m  -3) was  tes ted ,  s ince the  h ighe r  concent ra t ion  had  clearly 
nega t ive  effects and  the lowest  one was  cons ide red  ineffective.  Larvae  were  rea red  
communa l ly  in bowls  at cons tant  12 °, 15 °, and  18 °C, wi th  and  wi thout  antibiotics.  

D e v e l o p m e n t  (moulting) ra te  was,  in this exper iment ,  control led only by  tempera-  
ture, not  by  p re sence  or a b s e n c e  of antibiotics.  Table  3 suggests ,  however ,  that  strep- 
tomycin  had  a slight,  posi t ive effect on survival  ra te  at 15 ° and  18 °C. Morta l i ty  was, in 
any  case,  consp icuous ly  h ighe r  at  18 °C than  at the  two lower  t empera tures .  

Since  mass  rea r ing  is the  p r inc ipa l  me thod  for g rowth  studies,  the  ca rapace  length  of 
larval  exuv iae  was  m e a s u r e d  in this e x p e r i m e n t  in order  to de tec t  poss ib le  improvement  
of g rowth  ra tes  by  s t reptomycin .  Tab le  4 shows that  t e m p e r a t u r e  m a y  be  an important  
factor inf luencing  larval  size, w h e r e a s  the  ant ibiot ic  had  no signif icant  effects. There 
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Table 3. Crangon crangon. Survival (%) of larvae (stages I-V) with (+) and without (-) streptomycin 
(25 mg.cm ~3), at 3 different temperatures 

Stage Survivalrate (%) 

12°C 15°C 18°C 
(+) I-) (+) (-) (+) (-) 

I 100 100 100 100 86 80 
II 80 60 70 50 50 30 

ItI 50 40 60 30 20 10 
IV 30 30 30 20 0 0 
V 20 24 24 16 

Table 4. Crangon crangon. Carapace length (mm) of exuviae in larvae (stages I-IV) reared with (+) 
and without (-) streptomycin (25 mg.cm <~) at different temperatures. Mean (x) _+ 95 % confidence 

intervals 

Temperature 

(+) 

Larval stage 

I II III IV 
(-) (+) (-) (+) (-) (+) (-) 

x 0.841 0,842 0.930 0.927 1.025 1.024 1.121 1.117 
12 °C _+ 0.008 0.008 0.009 0.007 0.013 0.012 0.010 0.016 

x 0.839 0.840 0.935 0.928 1.021 1.023 1.100 1.095 15oc 
_+ 0.009 0.008 0.008 0.007 0.010 0.016 0.017 0.018 

x 0.830 0.827 0.920 0.918 1.005 1.010 
18 °C 

_+ 0.009 0.009 0.009 0.009 0.011 0.010 

was a decreas ing t endency  in ca rapace  length  with increas ing t empera tu re  in almost  all 

stages, regardless  of p re sence  or absence  of s treptomycin.  
The  exper iments  sugges t  that  rear ing of Crangon l a rvae  is in genera l  not  improved  

by the addit ion of streptomycin.  Therefore,  all la ter  exper iments  w e r e  carr ied out 

without  antibiotics. 

Food 

A number  of exper iments  with different types of food (all with 25 individual ly  rea red  
larvae in each  subexper iment ;  at constant  12 °C) was  carried out dur ing  the initial 

{methodological) part  of this study (Criales, 1985). Most  results will only be  summar ized  

in the following chapter.  

The first exper iment  was conducted  with three  groups of Crangon crangon la rvae  

fed brine shrimp (Artemia sp.) nauplii,  rotifers (Brachionus plicatihs), and a mixture  of 

these organisms. The group feed ing  on the mixed  diet showed  highes t  survival  and 

fastest moult ing rates th roughout  deve lopment .  In the first 3 larval  stages, survival  was 
h igher  in the group fed rotifers as compared  to that  fed Artemia nauplii,  a l though in later  

s tages the Brachionus group had the lowest  survival  of all. D e v e l o p m e n t  (moulting) rate 

was consistently slowest in la rvae  fed exclusively  rotifers. 
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J 
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This exper iment  sugges ted  that a mixture of br ine  shrimp naupl i i  and  rotifers is a 
bet ter  food than  ei ther  of these organisms alone, and  that (presumably due to their 
differential  size) rotifers are consumed  part icularly by earlier stages, whereas  Artemia is 
a sui table prey for later stages of C. crangon. Moult ing rates, however,  were similar in 
the two groups fed the mixed diet and Artemia alone. Therefore, the comparison of these 
two types of food was repea ted  twice, with C. crangon larvae hatched from different 
females. 

In the first repeti t ion (Fig. 3), there was h igher  mortality dur ing the zoeal stages I 
and  II in the group fed only Artemia. This difference in survival rates did not further 
increase  in later larval stages. The group feeding on the mixed diet not only showed 
higher  survival rates but  consistent ly also faster deve lopment  (Fig. 3, upper  graph). 

In the second repet i t ion of this comparison, larval size (carapace length) was 
measured  as an addi t ional  criterion of food value. The larvae were much more viable 
than those in the first two experiments :  survival to stage VI was 76 % in the group with 
mixed diet  and  64 % in the Artemia fed group. The difference in survival rate was small 
but  consistent  throughout  development .  The same was true for the rate of moulting, 
again  with faster deve lopment  in larvae fed the mixture. Larval size, however,  was 
almost ident ical  in the two exper imenta l  groups. 

So far, these results indica ted  that an  addi t ion of rotifers will increase the food value 
of an  Artemia diet, at least in  the earlier stages of Crangon development .  In another  
experiment ,  one group of larvae was fed this mixture throughout  development ,  whereas  
the other group received the same food only dur ing  the zoeal stages I-III, and exclusively 
Artemia thereafter.  Both survival  and  moul t ing  rates were not inf luenced  by this change  
of diet. This means  that  br ine  shrimp naupl i i  are sufficient for the later larval instars. 

Days after hatching 
5 10 15 20 25 

, , , . . . . . . . . . . .  , , , , . . . . .  , t 

II III IV V 

~ o ~ o o  ~-~ 
_ , h  _ ~ , 4 . ~  _ . . , ,  I , _ ~ I , -  
- ~  - - ~ - i  - I i - r } J -  
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60 

~- /,0 
g'J 

2O 

o Artem /a [-~ 

,Artemla + 
Brach/onus [ ]  

II III IV V 
Larval stage 

Fig. 3, Crangon crangon. Time of moulting and rate of survival (explanation: see Fig, 1) in larvae 
reared with two types of food (Artemia sp. with or without Brachionus plicatilis) 
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The small  size of ear ly  shr imp la rvae  s u g g e s t e d  tha t  d ia toms,  in s t ead  of rotifers, 
might  be  a su i tab le  a l te rna t ive  add i t ion  to an  Ar temia  diet.  In an e x p e r i m e n t  wi th  C. 
crangon larvae,  first a d i rec t  compar i son  of monospec i f ic  foods was  conduc ted :  (1) B. 
plicatih's, (2) S k e l e t o n e m a  costatum, and  (3) Thalassiosira rotula. The zoop lank ton  
(rotifer) diet  gave  consis tent ly  bes t  results,  i.e. shor tes t  d e v e l o p m e n t  and  h ighes t  survi- 
val. Morta l i ty  with S. costatum was only little higher ,  but  d e v e l o p m e n t  in all s tages  la ter  
than  zoea  III was s ignif icant ly  de layed .  Larvae  which  were  fed exc lus ive ly  T. rotula 
consis tent ly  r evea led  h ighes t  mor ta l i ty  and  s lowest  deve lopment .  

The  larval  forms occurr ing  in this expe r imen t  showed  that  all  th ree  diets  t es ted  we re  
inferior  to the  mixture  of b r ine  shr imp naupl i i  and  rotifers. All  th i rd - s t age  l a rvae  
b e l o n g e d  to type  zoea  IIIc. On ly  a few of these  (a total  of 17 %) d e v e l o p e d  further,  aga in  
to the  s tunted form zoea  IVc and  (only with B. ph'catilis) IVb. Still fewer  r e a c h e d  the 
following instar  (zoea Vb) and,  eventua l ly ,  metamorphos i s .  

Since T. rotula had  p roven  to be  a va luab le  food for a n u m b e r  of o ther  zoop lank ton  
cul t ivated in our laboratory,  its sui tabi l i ty  as an  addi t ive  was  c h e c k e d  aga in  in ano ther  
expe r imen t  wi th  (1) exc lus ive ly  Ar temia  sp., (2) a mixture  of Artemia  sp. and  B. plicatilis, 
and  (3) a mixture  of Arternia sp. and  T. rotula. As in prev ious  exper imen t s ,  the  mixed  
zooplankton  die t  y i e lded  far be t t e r  results.  The  addi t ion  of d ia toms ins t ead  of rotifers d id  
not improve  survival  of shr imp la rvae  as c o m p a r e d  to those  fed exclus ive ly  Artemia  sp., 
but  dura t ion of d e v e l o p m e n t  in the  zoea  II, III and  IV was  s o m e w h a t  (not s tat is t ical ly 
significant) abb rev i a t ed  when  T. rotula was added .  The  effect of the  p h y t o p l a n k t o n  
addi t ion  was  clear ly vis ible  only in p a t h w a y s  of morpholog ica l  d e v e l o p m e n t  (Fig. 4). 
When  only Artemia  sp. was  g iven  as food, most  l a rvae  s h o w e d  r e d u c e d  morphogenes i s ,  
and  some par t icu lar ly  s tun ted  forms (IHd, IVc) occurred  but  d id  not  deve lop  any  further.  
The addi t ion  of T. rotula h a d  a c lear ly  posi t ive  effect on deve lopment ,  t hough  it was  less  
p ronounced  than  the effect of rotifers. Metamorphos i s  was  a lways  r e a c h e d  after 5 larval  

A r t e m i a  sp. 
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Fig. 4. Crangon crangon. Pathways of larval development with three types of food 
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ins tars  w h e n  the  mixed  zoop lank ton  die t  was  given,  after  5 or 6 instars,  however ,  in the 
other  subexpe r imen t s  (Fig. 4). 

The  food r equ i r emen t s  of C. aUmanni were  s tud ied  in one p re l iminary  exper imen t  
compar ing  (1) Ar temia  sp.; (2) Artemia  sp. and  B. ph'catilis, and  (3) S. costatum. 
Metamorphos i s  occur red  (at 12 °C) af ter  36 to 54 days.  Survival  was  h ighes t  in la rvae  fed 
diatoms,  s l ight ly  lower  in those  fed mixed  zoop lank ton  diet, and  clear ly  lowest  in the 
group fed exc lus ive ly  Artemia  sp. Ne i the r  dura t ion  of d e v e l o p m e n t  nor size (measured  
as c a r a p a c e  length)  of the  la rva l  s t ages  was  s ignif icant ly  in f luenced  by  the type  of food. 
The  n u m b e r  of larval  ins tars  was  6 to 7 in the  zoop lank ton- fed  groups,  and  6 to 9 in 
l a rvae  fed diatoms.  Morpho log ica l  variabi l i ty ,  par t icu la r ly  in the  zoeal  s tages  V to VII, 
was  s t ronger  (with more  r e d u c e d  forms) in the  la t ter  group.  This sugges t s  that  large  
d ia toms are  su i tab le  food for ear ly  C. al lmanni  larvae,  bu t  la te  p r e m e t a m o r p h i c  s tages  
deve lop  be t te r  w h e n  zoop lank ton  is ava i lab le .  This conclusion is cor robora ted  by  the 
fact that  mor ta l i ty  i nc r ea sed  in s tage  V la rvae  f eed ing  on S. costatum. 

Summar iz ing ,  one  can  say  that  a mixture  of Artemia  sp. and  B. phcatiHs is a sui table  
l abora to ry  food for r ea r ing  of Crangon spp.  larvae.  D e v e l o p m e n t  and  growth  are, in 
pr inciple ,  also poss ib le  with d ia toms as a sole food source,  or in combina t ion  with 
zooplankton .  Since consis tent ly  a ccep t ab l e  resul ts  were  ob ta ined  with br ine  shr imp 
naupl i i  and  rotifers, and  both  food spec ies  a re  eas i ly  avai lab le ,  they  were  in all la ter  
expe r imen t s  g iven  as a s t anda rd  diet. 

T e m p e r a t u r e  

Larvae  of Crangon crangon could be  r ea r ed  successful ly  from ha tch ing  to metamor-  
phosis  at t e m p e r a t u r e s  b e t w e e n  9 ° and  18 °C. D e v e l o p m e n t  at 6 °C did not p roceed  
b e y o n d  s t age  III. The  first juveni le  s t age  was  usua l ly  r e a c he d  after  5-7,  or in a few 
excep t iona l  cases  af ter  4 or 8 -9  motflts (Fig. 5). The  l a rvae  of the  ha tch  e m p l o y e d  for this 
r ea r ing  expe r imen t  at five different  cons tant  t e m p e r a t u r e s  showed  in gene ra l  a t endency  
to h igh  var iabi l i ty  in larval  morpho logy  and  the n u m b e r  of p r e m e t a m o r p h i c  instars.  This 
var iab i l i ty  was  lowes t  at  9 °C, w h e r e  all  survivors  (32 %) moul t ed  to the  first juveni le  
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Fig. 5. Crangon crangon. Frequency (%) of different numbers of larval stages occurring prior to 
metamorphosis, in relation to temperature 
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af ter  5 l a rva l  s tages .  6 - 8  moul t s  w e r e  n e c e s s a r y  at 12 °C, w h e r e  64 % s u r v i v e d  to 

m e t a m o r p h o s i s .  Var iab i l i ty  w a s  h i g h e s t  at 15 ° a n d  18 °C (Fig. 5), w h e r e  70 a n d  60 % 

r e a c h e d  the  first j uven i l e ,  r e spec t ive ly .  O n e  i n d i v i d u a l  m o u l t e d  at 15 °C d i rec t ly  f rom an  
a d v a n c e d  form IVa to t he  first j u v e n i l e .  S o m e  others ,  h o w e v e r ,  n e e d e d  as m u c h  as 8 or 9 

moults .  In the  la t te r  case,  t h e r e  w a s  no m o r e  m o r p h o l o g i c a l  d e v e l o p m e n t  a f te r  s t a g e  VII, 
i.e. m o u l t i n g  a n d  g r o w t h  b e c a m e  i n d e p e n d e n t  of t he  p roce s s  or  m o r p h o g e n e s i s .  

T h e  n u m b e r  of l a rva l  forms also i n c r e a s e d  w i t h  t e m p e r a t u r e .  At  9 ° a n d  12 ° t h e r e  
w e r e  usua l ly  two d i f fe ren t  forms in e a c h  l a rva l  ins ta r  s u b s e q u e n t  to III. At  h i g h e r  

t e m p e r a t u r e s ,  t h r ee  forms pe r  ins ta r  u s u a l l y  o c c u r r e d  w i t h  t he  n u m b e r  of d e v e l o p m e n t a l  
p a t h w a y s  i n c r e a s i n g  c o r r e s p o n d i n g l y .  T h e  m e t a m o r p h i c  mou l t  to t he  first j u v e n i l e  w a s  

o b s e r v e d  mos t  f r e q u e n t l y  in t he  z o e a  Va, Vb, Via,  a n d  VIIa,  a n d  less  in fo rms  IVa, VIb, 

VIII, a n d  IX. 
The  size ( ca rapace  l eng th)  of t he  l a rva l  ins tars  w a s  not  or v e r y  l i t t le  i n f l u e n c e d  by  

t e m p e r a t u r e .  T h e r e  w a s  on ly  a w e a k  (not s ta t is t ica l ly  s igni f icant )  t e n d e n c y  t o w a r d s  

d e c r e a s i n g  s ize wi th  i n c r e a s i n g  t e m p e r a t u r e .  T h e  m e a n  size v a l u e s  for t he  l a rva l  s t a g e s  
I -VII  a re  g i v e n  in T a b l e  5, t o g e t h e r  w i t h  t he  du ra t i ons  of d e v e l o p m e n t  at d i f f e ren t  

t e m p e r a t u r e s .  S t a g e s  VIII a n d  IX a re  no t  i n c l u d e d  in T a b l e  5, b e c a u s e  on ly  a f e w  
ind iv idua l s  w e n t  t h r o u g h  t h e s e  s tages ,  a n d  the i r  d e v e l o p m e n t  d u r a t i o n  a n d  m o r p h o l o g y  

did not  differ  s ign i f i can t ly  f rom t h e  p r e c e d i n g  s t a g e  VII. T h e  r e l a t i onsh ip  b e t w e e n  

t e m p e r a t u r e  (T; °C) a n d  du ra t i on  of d e v e l o p m e n t  (D; days)  in a g i v e n  ins ta r  m a y  b e  

d e s c r i b e d  by  the  p o w e r  funct ion:  

D = b - T  m, (1) 

w h e r e  b and  m a re  f i t ted  cons tan ts .  T h e y  a re  g i v e n  for t he  l i n e a r i z e d  e q u a t i o n  

l n D =  l n b  + r e . I n  T (2) 

in Tab l e  6, as  c o m p u t e d  f rom s ing l e  o b s e r v a t i o n s  ( ind iv idua l ly  r e a r e d  la rvae) .  D u e  to 

h i g h  i nd iv idua l  var ia t ion ,  t h e  co r r e l a t i on  coef f ic ien ts  (r) a re  r e l a t i ve ly  low,  a l t h o u g h  
mos t  differ  s ign i f ican t ly  f rom ze ro  (P < 0.05). W h e n  the  m e a n  v a l u e s  of d e v e l o p m e n t  

t ime  a re  u s e d  i n s t ead  of i n d i v i d u a l  f igures ,  t he  co r re l a t ion  coef f i c i en t s  v a r y  b e t w e e n  

- 0 . 9 0 3 3  (s tage  IV) a n d  - 0 . 9 9 9 9  (s tage  VI). 

Table 5. Crangon crangon. Average carapace length (CL; ram) of larval stages; duration of 
development (days; mean + 95 % confidence intervals) in relation to temperature (°C) 

Stage CL (ram) Development (days) 
6 °C 9 °C 12 °C 15 °C 18 °C 

I 0.78 18.0 + 1.1 10.0 + 0.4 5.5 + 0.1 4.6 _+ 0.1 3.6 + 0.3 
II 0.89 13.8 + 2.8 7.8 _ 0.3 4.7 ___ 0.2 4.1 _+ 0.4 3.0 + 0.4 

III 0.95 8.0 + 1.1 4.5 + 0.4 3.7 _ 0.5 3.2 _+ 0.5 
IV 1.01 8.1 + 1.0 4.6 _+ 0.4 4.5 + 0.7 4.1 _+ 1.2 
V 1.07 11.7 + 4.1 4.8 + 0.5 4.1 + 0.5 3.5 + 0.8 

VI 1.10 5.5 +_ 0.4 4.3 _+ 0.4 3.5 + 0.4 
VII 1.14 6.0 _+ 1.1 4.5 _+ 0.7 3.5 + 0.6 
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Table 6. Crangon crangon. Parameters of the regression Eq. (2) for development  duration in relation 
to temperature (ln b, m; see text) in larval stages I-VIII. r = correlation coefficient; n = number of 
observations; P = level of significance for r (n. s. = not significant). * = only premetamorphic 

individuals 

Stage In b m r n P < 

I 5.30 - 1.406 - 0.98 102 0.001 
II 4.30 - 1A00 - 0.78 95 0.001 

III 4.55 - 1.202 - 0.84 84 0.001 
IV 3.70 - 0.864 - 0.71 72 0.001 
V 3.50 - 0.758 - 0,56 65 0.001 

VI 2.91 - 0.554 - 0.42 54 0.001 
VII 1.89 - 0.153 - 0.16 42 n.s. 

VIII 4.16 - 1.003 - 0.74 19 0.001 
V* 5.63 - 1.482 - 0.89 16 0.001 

VI* 3.64 - 0.776 - 0.59 24 0.001 
VII* 3.26 - 0.632 - 0.71 10 0.05 

T a b l e  6 s h o w s  a d e c r e a s i n g  t e n d e n c y  in  b o t h  t h e  m a n d  r va lues ,  i.e. d e v e l o p m e n t  

d u r a t i o n  is c o n t r o l l e d  i n c r e a s i n g l y  by  fac to rs  o t h e r  t h a n  t e m p e r a t u r e .  This  a c c o m p a n i e s  

i n c r e a s i n g  m o r p h o l o g i c a l  var ia t ion .  T h e r e  a r e  a l w a y s  s o m e  l a r v a e  in  s t a g e s  V, VI a n d  

VII w h i c h  p r e p a r e  t h e m s e l v e s  for  m e t a m o r p h o s i s  a n d  e v e n t u a l l y  will  m o u l t  to t h e  first 

j u v e n i l e .  O t h e r s  wil l  no t  c h a n g e  m u c h  in  the i r  m o r p h o l o g y  a n d  will  m o u l t  to a n o t h e r ,  

m o r p h o l o g i c a l l y  s imi la r  l a rva l  s t age .  W h e n ,  in  t h e s e  ins tars ,  on ly  p r e m e t a m o r p h i c  

i n d i v i d u a l s  a re  c o n s i d e r e d ,  b o t h  m a n d  r v a l u e s  b e c o m e  h i g h e r  (*in T a b l e  6). This  

s e p a r a t i o n  w a s  no t  n e c e s s a r y  in  s t a g e  VIII, b e c a u s e  on ly  ve ry  f e w  i n d i v i d u a l s  in this  

i n s t a r  m o u l t e d  to a z o e a  IX i n s t e a d  of m e t a m o r p h o s i n g .  

F u r t h e r  a n a l y s i s  of d e v e l o p m e n t a l  p a t h w a y s  a n d  d u r a t i o n s  f rom all e x p e r i m e n t s  

s h o w e d  that ,  in  g e n e r a l ,  d e v e l o p m e n t  of a l a rva l  i n s t a r  w a s  s h o r t e r  w h e n  t h e  fo l lowing  

s t a g e  w a s  a r e d u c e d  ( s tun ted )  form,  a n d  l o n g e r  w h e n  it d e v e l o p e d  to a m o r e  a d v a n c e d  

one .  Th is  r e l a t i o n s h i p  w a s  a p p a r e n t l y  no t  i n f l u e n c e d  b y  t h e  fo rm i tself  w h i c h  cou ld  

d e v e l o p  o n e  w a y  or  t h e  o the r .  

W h e n  t h e  n u m b e r  of l a rva l  m o u l t s  (M) w a s  p l o t t e d  a g a i n s t  t h e  t ime  of d e v e l o p m e n t  

(D), l i nea r  r e l a t i o n s h i p s  w e r e  o b t a i n e d :  

M = b ÷ m - D  (3) 

w h e r e  b a n d  m are  a g a i n  f i t t ed  c o n s t a n t s .  S ince  t h e  r e g r e s s i o n  l ines  t h e o r e t i c a l l y  pass  

t h r o u g h  t h e  ze ro  po in t ,  t h e  i n t e r c e p t  (b) s h o u l d  b e  c lose  to zero.  T h e  r e g r e s s i o n  

c o e f f i c i e n t  (m) is c l ea r ly  i n f l u e n c e d  b y  t e m p e r a t u r e  (Fig. 6). T h e  c o n s t a n t s  of Eq. (3) are  

g i v e n  in T a b l e  7. 
T h e  s l o p e  of t h e s e  r e g r e s s i o n  l ines  c a n  b e  e x p r e s s e d  as a p o w e r  func t ion  of 

t e m p e r a t u r e  (T): 

m = 0.00584 • T 1'347 (4)  

S i n c e  th i s  r e l a t i o n s h i p  is r a t h e r  c lo se  (r = 0.992) a n d  t h e  s a m e  is t rue  for t h e  re la t ion  

b e t w e e n  t h e  n u m b e r  of m o u l t s  a n d  la rva l  a g e  (Table  7: all r _> 0.997), m m a y  be  
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Fig. 6. Crangon crangon. Frequency of larval  moult ing (cumulative n u m b e r  of moults plot ted 
against  time of development)  at different temperatures .  Parameters  of l inear  regression equat ions 

g iven  in Table 7 

Table 7. Crangon crangon. Parameters  of the hnea r  regression Eq. (3) for the n u m b e r  of larval 
moults in relation to t ime (days) of development ,  at different constant  temperatures ,  r, P: see Table 6 

Parameter  Tempera ture  (°C) 

6 9 12 15 18 

b 0.04 - 0.10 0.05 0.06 0.02 
m 0.061 0.119 0.183 0.215 0.272 
r 0.997 0.998 0.999 0.999 0.997 
P <  0.05 0.001 0.001 0.001 0.001 

s u b s t i t u t e d  for Eq. (4) in  Eq.  (3). If b is n e g l e c t e d ,  t h e  n u m b e r  of l a r v a l  m o u l t s  (5//) c a n  b e  

e x p r e s s e d  as  a f u n c t i o n  of b o t h  t e m p e r a t u r e  (T) a n d  t i m e  of d e v e l o p m e n t  (D): 

/ V / =  0 . 0 0 5 8 4 '  D '  T 1"347 (5) 

Th i s  m u l t i p l e  r e g r e s s i o n  m a y  s e r v e  as  a m o d e l  to p r e d i c t  t h e  a v e r a g e  n u m b e r  of 

m o u l t s  ( a n d  thus ,  a l so  t h e  a p p r o x i m a t e  size) in  C. crangon l a r v a e  r e a r e d  u n d e r  k n o w n  

c o n d i t i o n s  in  t h e  l a b o r a t o r y .  D i f f e r e n c e s  a m o n g  d e v e l o p m e n t a l  p a t h w a y s ,  h o w e v e r ,  

c o m p l i c a t e  th i s  r e l a t i o n  a n d  m a y  r e d u c e  t h e  fit of o b s e r v e d  a n d  p r e d i c t e d  da t a .  F i g u r e  7 

d e m o n s t r a t e s  t h e  e f fec t s  of s h o r t e r  m o u l t  cyc les  in  l a r v a e  d e v e l o p i n g  to m o r p h o l o g i c a l l y  
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r educed  forms on the l inear  regressions,  which  may be obta ined  at a single tempera ture  
(15 ° t aken  as a ra ther  ex t reme  example ;  see above). Since, in this case, larvae with 

re la t ively abbrev ia t ed  d e v e l o p m e n t  (m = 0.166) occurred much  less f requent ly  than 

those deve lop ing  through many  r educed  stages (m = 0.227), the ave rage  m was closer to 
the latter (m = 0.215; Table  7). In other  hatches,  however ,  where  the larvae may  tend to a 
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Fig. 7. Crangon crangon. Frequency of larval  moul t ing (explanation: Fig. 6) at 15 °C, in larvae 
developing through morphologically reduced forms (b, c) and those showing abbreviated develop- 

ment (a); m = slope; r = correlation coefficient 
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Fig. 8. Crangon aflmanni. Pathways of larval development at different temperatures 
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Table 8. Crangon allmanni, Average carapace length (CL; ram) of larval stages; duration of 
development (days; mean + 95 % conficence intervals) in relation to temperature (°C) 

Stage CL (ram) Development  (days) 

6 °C 9 °C 12 °C 15 °C 18 °C 

I 0.74 20.4 ± 0.7 11.6 ± 0.6 6.5 + 0.2 5.4 +_ 0,1 4.7 ± 0.3 
II 0,81 14.5 + 0,6 9.3 + 0,9 5.6 + 0.3 4.8 + 0.2 3.6 ± 0.5 

III 0.86 13.1 _+ 2.4 8.8 _+ 0.7 5.5 + 1.0 4,4 ± 0.5 4,3 _+ 1.0 
IV 0.94 15.5 + 2,4 9.2 _+ 1.2 5.7 + 0.3 4.3 ± 0.7 4.6 _+ 2.2 
V 0.99 12.5 8.8 _+ 1.3 5.0 + 0.8 4.1 _+ 0.8 4.3 ± 1.6 

VI 1.08 15,5 8.5 5.3 ± 0.4 3.7 _ 0.5 3.0 ± 2.4 
VII 1.17 12.5 6.0 ± 2.4 4.7 + 0.7 4.8 ± 2,4 

VIII 1.25 6,5 5.5 + 3.6 2.5 

shor te r  d e v e l o p m e n t  wi th  less  m o r p h o l o g i c a l  var ia t ion ,  m v a l u e s  m a y  b e  cons i s t en t ly  
l o w e r  than  e x p e c t e d  f rom r e g r e s s i o n  Eq.  (4). In such  ca se s  Eq,  (5) wil l  o v e r e s t i m a t e  l a rva l  

m o u l t i n g  rate .  

T h e  s a m e  e x p e r i m e n t  was  c o n d u c t e d  w i t h  C. allmanni. L a r v a e  c o u l d  be  r e a r e d  f rom 

h a t c h i n g  t h r o u g h  m e t a m o r p h o s i s  on ly  at 9 °, 12 ° a n d  15 °C. T h e  su rv iva l  w a s  g e n e r a l l y  
m u c h  l o w e r  t h a n  in C, crangon, w i t h  on ly  1 -2  i nd iv idua l s  r e a c h i n g  the  first j u v e n i l e  

instar.  Mor ta l i t y  w a s  at  18 °C v e r y  h i g h  f rom the  b e g i n n i n g  of t he  e x p e r i m e n t .  At  6 °C, it 

i n c r e a s e d  dras t ica l ly  in t he  s econd ,  a n d  at  t h e  i n t e r m e d i a t e  t e m p e r a t u r e s ,  in t he  th i rd  

la rva l  s tage .  As in C. crangon, t h e r e  w a s  a t e n d e n c y  of i n c r e a s i n g  m o r p h o l o g i c a l  
var iab i l i ty  (more  l a rva l  ins tars  a n d  forms) w i t h  i n c r e a s i n g  t e m p e r a t u r e  (Fig. 8), b u t  this 

var iab i l i ty  was,  in g e n e r a l ,  m u c h  l o w e r  t h a n  in C. crangon d e v e l o p m e n t .  

Larva l  s ize was ,  in g e n e r a l ,  no t  s ign i f i can t ly  i n f l u e n c e d  by  t e m p e r a t u r e ,  as  in C. 
crangon. O n l y  in t h e  z o e a l  s t a g e s  VI a n d  VII w a s  t he r e  a c l ea r  t e n d e n c y  of d e c r e a s i n g  

s ize wi th  i n c r e a s i n g  t e m p e r a t u r e .  T h e  a v e r a g e  c a r a p a c e  l e n g t h s  of al l  l a rva l  ins ta r s  

( m e a s u r e d  in exuv iae )  a r e  g i v e n  in T a b l e  8, t o g e t h e r  w i t h  d e v e l o p m e n t  d u r a t i o n  at 

d i f fe ren t  t e m p e r a t u r e s .  
T h e  d e c r e a s e  of d e v e l o p m e n t  t ime  wi th  i n c r e a s i n g  t e m p e r a t u r e  can  a g a i n  b e  

e x p r e s s e d  by  Eq. (1) or  (2), T h e  f i t ted  p a r a m e t e r s  for C, allmanni l a r v a e  a r e  g i v e n  in 

T a b l e  9. T h e  m a n d  r v a l u e s  v a r y  a m o n g  t h e  l a rva l  ins ta rs  w i t h o u t  s h o w i n g  t h e  s a m e  

t r end  as C. crangon (cf, T a b l e  6). 
The  n u m b e r  of mou l t s  is a g a i n  a h n e a r  func t ion  of l a rva l  a g e  (Fig. 9), a n d  t h e  s lope  of 

this func t ion  d e p e n d s  on  t e m p e r a t u r e .  T h e  p a r a m e t e r s  of Eq.  (3) a r e  g i v e n  in T a b l e  10. 

T h e  re la t ion  b e t w e e n  t h e  s l ope  (m) a n d  t e m p e r a t u r e  (T) m a y  a g a i n  b e  d e s c r i b e d  by  a 

p o w e r  func t ion  [cf. Eq.  (4)]: 

m = 0 .00955 .  r 1'128, (6) 

wi th  a cor re la t ion  coe f f i c i en t  r = 0.997. W h e n  w e  inse r t  Eq.  (6) in Eq.  (3), w e  obta in :  

M = 0.00955 • D . T H28, (7) 

t h e  e q u i v a l e n t  of Eq.  (5) l i nk ing  t h e  n u m b e r  of l a rva l  mou l t s  (M) wi th  bo th  t he i r  a g e  (D) 
a n d  w a t e r  t e m p e r a t u r e  (T). 
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Table 9. Crangon allmanni. Parameters of Eq. (2) for development  duration in relation to tempera- 
ture (for further explanation see Table 6) 

Stage In b m r n P < 

I 5.46 - 1.399 - 0.97 106 0.001 
II 4.80 - 1.213 - 0.97 82 0.001 

III 4.21 - 0.990 - 0.79 48 0.001 
IV 4.84 - 1.234 - 0.80 39 0.001 
V 4.32 - 1.064 - 0.79 29 0.001 

yI  5.26 - 1.455 - 0.97 18 0.001 
VII 4.96 - 1.229 - 0.74 10 0.05 

VIII 7.09 - 2.073 - 0.72 4 n.s. 

7 - -  v * 
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Crangon allmanni 1- Crangon allmanni 

8 16 24 32 /~0 48 5 6 64 72 80 88 
Development (doys) 

Fig. 9. Crangon allmanni. Frequency of larval moulting (explanation: Fig. 6) at different tempera- 
tures. Parameters of linear regression equations given in Table 10 

T h e  r e s u l t s  of t h e s e  r e a r i n g  e x p e r i m e n t s  c a r r i e d  ou t  a t  d i f f e r e n t  t e m p e r a t u r e s  may  

b e  s u m m a r i z e d  in a b r i e f  c o m p a r i s o n  of l a rva l  c h a r a c t e r i s t i c s  in t h e  t w o  Crangon 
s p e c i e s .  T h e  g r o w t h  p a t t e r n s  a r e  s imilar ,  so tha t ,  in  p r inc ipa l ,  s imi la r  r e g r e s s i o n  m o d e l s  

m a y  b e  e m p l o y e d  to e s t i m a t e  t h e  n u m b e r  of l a rva l  m o u l t s  in  r e l a t i o n  to t e m p e r a t u r e  a n d  

t i m e  of d e v e l o p m e n t :  Eqs.  t5) a n d  t7). T h e  e x p o n e n t s  in t h e s e  e q u a t i o n s  s u g g e s t  that  

t e m p e r a t u r e  h a s  a s t r o n g e r  e f f ec t  on  m o u l t i n g  r a t e s  in  C. cranffon t h a n  in C. allmanni 
(1.347 vs. 1.128). This  i n c r e a s e d  m o u l t i n g  f r e q u e n c y  at  h i g h e r  t e m p e r a t u r e s  is, par t icu-  

lar ly in C. cranffon, a c c o m p a n i e d  b y  t h e  o c c u r r e n c e  of m o r e  m o r p h o l o g i c a l l y  r e d u c e d  

la rva l  forms,  i.e. t h e  r a t e  of m o u l t i n g  is i n c r e a s e d  to a h i g h e r  d e g r e e  t h a n  the  ra te  of 

m o r p h o l o g i c a l  d e v e l o p m e n t .  It a p p e a r s  f rom d e v e l o p m e n t  a n d  surv iva l  da t a  (cf. Figs 6, 
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Table 10. Crangon aflmanni. Parameters of the linear regression Eq. (3) for the number of larval 
moults in relation to time (days) of development,  at different constant temperatures, r, P: see Table 6 

Parameter Temperature (°C) 
6 9 12 15 18 

b 0.30 0.16 - 0.05 - 0,13 - 0.13 
m 0.072 0.110 0.166 0,209 0.238 
r 0.996 0.996 0.9999 0.999 0.997 
P <  0.001 0.001 0.001 0.001 0.001 

9) that  C. allmanni is b e t t e r  a d a p t e d  to c o l d e r  w a t e r  t h a n  C. crangon. Larva l  s ize  is on ly  

s l ight ly  or  no t  cons i s t en t ly  a f f ec t ed  by  t e m p e r a t u r e  (Tab les  4, 5, 8). T h e  c a r a p a c e  l e n g t h  
is sma l l e r  in s t a g e  I - V  C. atlmanni as c o m p a r e d  to C. crangon in e q u a l  s tages ,  b u t  t h e  

last  ( p r e m e t a m o r p h i c )  ins ta rs  h a v e  a s imi la r  s ize in t he  two  spec i e s  (Tables  5, 8). 

In C. crangon t h e r e  is a pa r t i cu l a r ly  h i g h  d e g r e e  of d e v e l o p m e n t  va r i ab i l i t y  b o t h  

b e t w e e n  and  wi th in  s ing le  ha t ches :  l a rva l  s ize (cf. T a b l e s  4, 5), n u m b e r  of ins ta rs  
p r e c e d i n g  m e t a m o r p h o s i s  (Pig. 5), a n d  d e v e l o p m e n t a l  p a t h w a y s  a n d  l a rva l  forms {e.g. 

Figs 2, 4). T h e  low n u m b e r  of e x p e r i m e n t s  w i t h  C. allmanni, h o w e v e r ,  d o e s  no t  a l low 

final  conc lus ions  on the  ac tua l  va r i ab i l i t y  in t h e  d e v e l o p m e n t  of this  spec ies .  So far, t he  

mos t  f r e q u e n t  d e v e l o p m e n t a l  p a t h w a y s  f o u n d  in t he  two  spec i e s  w e r e  as fol lows:  

C. crangon 
I - II - IIfb - IVb - Va  - Juv ,  a n d  

I - II - I I I c  - IVb, c - Vb, c - V ia  - J u v  

C. allmanni: 

I - II - I I I a ,  b - IV - Va, b - Via ,  b - VII - VIII - J u v  

S a l i n i t y  

T h e  i n f l u e n c e  of sa l in i ty  on  l a rva l  d e v e l o p m e n t  w a s  s t u d i e d  on ly  in Crangon 
crangon. L a r v a e  h a t c h e d  at a m b i e n t  sa l in i ty  [32 9;0) w e r e  g r a d u a l l y  a d a p t e d  in s teps  of 
5%oS p e r  h o u r  to t h e  e x p e r i m e n t a l  sa l in i t ies  a n d  r e a r e d  i n d i v i d u a l l y  wi th  s t a n d a r d  
t e c h n i q u e s  (25 l a r v a e  p e r  condi t ion) .  

T h e  first e x p e r i m e n t  c o m p r i s e d  18 c o m b i n a t i o n s  of 3 t e m p e r a t u r e s  (6 °, 12 °, 18 °C) 

and  6 sal ini t ies  (10, 15, 20, 25, 32, 37 %oS). T h e  two  l o w e s t  sa l in i t ies  c a u s e d  c o m p l e t e  

mor ta l i ty  in t he  first l a rva l  s tage ,  at all t h ree  t e m p e r a t u r e s  (Fig. 10). At  20 %oS, v e r y  f e w  

l a rvae  m o u l t e d  succes s fu l ly  to t he  s e c o n d  s tage ,  a n d  e x c l u s i v e l y  at 12 °C. At  this 

t e m p e r a t u r e  su rv iva l  w a s  h i g h e s t  for t he  o the r  sa l in i t ies  as  wel l .  Bes t  resu l t s  w e r e  
o b t a i n e d  at a c o m b i n a t i o n  of 12 °C a n d  32 %0 S, w h i c h  r e p r e s e n t s  na tu r a l  cond i t i ons  n e a r  

H e l g o l a n d  in la te  spr ing ,  w h e n  C. crangon l a r v a e  d e v e l o p  in t h e  field.  S l igh t ly  r e d u c e d  
(25 %o) and  e n h a n c e d  (37 %0) sa l in i ty  c a u s e d  cons i s t en t ly  l o w e r  su rv iva l  ra tes ,  w i t h  37 %0 

f igures  s o m e w h a t  h i g h e r  t h a n  at  25 %0 S. 
T i m e  of d e v e l o p m e n t  in t h e  s ing le  ins tars  w a s  also p r o l o n g e d  at  sa l in i t ies  d e v i a t i n g  

f rom 32 %0. T h e  d e l a y  w a s  a lmos t  e q u a l l y  g r ea t  for e n h a n c e d  (37 %0) a n d  l o w e r e d  (25 %0) 

salinity.  
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Fig. 10. Crangon crangon. Survival rate (%) during larval development at different combinations of 
salinity (designated as numbers) and temperature 

Survival  in this e x p e r i m e n t  was  very  poor  in genera l ,  even  at op t imum condit ions 
(Fig. 10), and,  a s econd  e x p e r i m e n t  was  therefore  conduc ted .  This t ime, the  two lowest  
sal ini t ies  (10 and  15 %o S) and  the lowest  t e m p e r a t u r e  (6 °C) were  omit ted.  Larvae were  
r e a r e d  at  12 combina t ions  of 9, 12, 15 and  18 °C, and  25, 32, and  37 % S. 

Survival  ra tes  in this e x p e r i m e n t  we re  in gene ra l  much  h igher  than  in the  first one, 
Successful  d e v e l o p m e n t  th rough  me tamorphos i s  occur red  at 32 %0 S at all t empera tu res  
in ca 20-30 % of the  larvae.  A few ind iv idua ls  r e a c h e d  the first juveni le  s tage  (albeit  the 
r e d u c e d  form "Juv b")  also at  25 %oS (only at  9 °C) and  37 %oS (at 12 and 15 °C). As in the 
first expe r imen t  (Fig. 10), survival  ra tes  were  at all t e mpe ra tu r e s  consis tent ly  h igher  
th roughou t  d e v e l o p m e n t  at  32 %oS than  at  the  o ther  salinit ies,  aga in  with absolute  
lowest  f igures  at 25 %° S. Rates  and  dura t ions  of survival  at 25 and  37 %o S were  clearly 
lower  at 18 °C than  at lower  t empera tu res ,  i.e. the  l a rvae  become  more  s tenohal ine  at the 
end  of their  r ange  of t e m p e r a t u r e  to lerance.  

Not only morta l i ty  but  also the  t ime of d e v e l o p m e n t  in surviving larval  instars  was 
consis tent ly  h ighe r  at 25 and  37 as o p p o s e d  to 32 %oS. This effect was  c lear ly  visible in 
s ingle  s t ages  as wel t  as in the  cumula t ive  n u m b e r  of moults  p lo t ted  aga ins t  larval  age. 
Again ,  h igh ly  s ignif icant  l inear  regress ions  we re  ob ta ined  for this re la t ionship  (cf. Figs 
6, 9). The p a r a m e t e r s  of these  regress ions  are  g iven  in Table  11 for all t empera tu re s  and 
sal ini t ies  t es ted  in this exper imen t .  Since d e l a y  in d e v e l o p m e n t  was  very similar  at 25 
and 37 %o S, the  resul ts  of these  two sal ini t ies  were  pooled.  Again ,  the  s lopes of these 
regress ion  l ines  were  cont ro l led  p r e d o m i n a n t l y  by  t empera tu re ,  but  also by salinity 
(Table 11). At  both sal ini ty  r eg imens  d i s t ingu i shed  he re  (32 and  25/37 %oS), the slope 
can be  desc r ibed  as a power  function of t e m p e r a t u r e  (with r = 0.993 and 0.987, 
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Table 11. Crangon crangon. Parameters of the linear regression Eq. (3) for the number of larval 
moults in relation to time (days) of development, at different constant temperatures (°C) and 

salinities (%0 S). r, P: see Table 6 

Parameter 9 °C 12 °C 15 °C 18 °C 

32 %o 25/37 %o 32 %o 25/37 ~/~ 32 %o 25/37 ~ 32 %° 25/37 %o 

b 0.01 - 0.03 
m 0.118 0.112 
r 0.9998 0.9998 
P< 0.001 0.001 

0.02 0.02 0.06 - 0.02 0.16 0.02 
0.154 0.143 0.190 0.174 0.251 0.235 
0.9999 0.9998 0.9998 0.9999 0.9992 0.9994 
0.001 0.001 0.001 0.001 0.001 0.05 

respectively). This function can be inser ted in Eq. (3) as above, in order to obta in  a model  
to predict the n u m b e r  of larval moults (M) in relat ion to t ime of deve lopment  (D) and  
temperature  (T): 

32 %oS: M = 0.011 - D • T I'069 (8) 
25/37 %oS: M = 0.011 • D • T 1"039 (9) 

The exponent  in both equat ions  is lower than in the correspondin 9 Eqs. (5) and  (7). 
This shows that the rate of moul t in  9 may vary more among  larvae orginat in  9 from 
different females than be tween  the two Crangon species studied. 

The deve lopmenta l  pa thways  were aga in  s tudied in detail  (Fig. 11). Metamorphosis  
was reached after 4-8  larval stages. The n u m b e r  of different larval  forms was this t ime 
not so clearly inf luenced  by tempera ture  as in previous experiments .  Only the occur- 
rence of reduced zoea III and  IV forms was (at s tandard salinity, 32 %0) more conspicuous 
at 18 and 9 °C than at in termedia te  temperatures .  The inf luence  of unsu i tab le  salinities 
(25 and 37 %0) on deve lopmenta l  pathways,  however,  was clearly visible (Fig. 11). Larval 
development  t ended  to go through reduced  morphological  forms (no "a" forms found), 
but  at the same time there were signs of abbreviat ion.  W h e n  metamorphosis  occurred, it 
was always a moult  from a zoea IVb to a reduced juveni le  (Juv b). This type of 
metamorphosis  occurred only in one individual  at 32 %o S, where  the normal  (Juv a) form 
dominated.  

Another  pecul iar  moult  (dashed l ines in  Fig. 11) occurred only at e levated  tempera-  
tures {15 and  18 °C) combined with unsui tab le  salinities: a direct deve lopment  from 
stage I to a zoea II morphologically identical  with a IIIc form. This "skipping"  shows 
again that the coordinat ion of morphogenesis  with the moult  cycle may be dis turbed by 
env i ronmenta l  conditions. 

DISCUSSION 

R e a r i n g  t e c h n i q u e  a n d  a p p l i c a t i o n  of s t r e p t o m y c i n  

The present  study has shown that there is a high degree  of variabil i ty in the 
morphological deve lopment  of Crangon spp. larvae, which may  be in f luenced  by 
genet ic  factors (hatches from different females), rear ing techniques ,  and  env i ronmenta l  
variables such as tempera ture  and  salinity. Morphogenet ic  variabil i ty is probably  
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normal  in the  larval  d e v e l o p m e n t  of shr imps  and  p rawns  (e.g. Knowlton, 1974; 
Rochanaburanon  & Wil l iamson,  1976; F incham,  1977, 1979a, b; Wienberg ,  1982). In C. 
crangon it appea r s  par t icu la r ly  strong, and  it reflects  minor  dif ferences  in envi ronmenta l  
condi t ions.  C r o w d i n g  effects,  for example ,  often occurr ing  in mass  cul tures  may  be 
obse rved  in morta l i ty  and  moul t ing  ra tes  (Table 1; for rev iews  see also Reeve, 1969; Odai  
et al., 1978; Emmerson  & Andrews ,  1981; Dawirs,  1982; S h u m w a y  et al., 1985). When  
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Fig. 11. Crangon crangon. Pathways of larval development at different combinations of salinity and 
temperature 
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these effects are weak however, they may only be found in larval morphogenesis (Table 
2). This natural variability plus the possible interfering effects of methodology reduce 
the comparability of results obtained by different workers, in different studies, and even 
from different hatches. 

The present results suggest that individual rearing is a suitable cultivation techni- 
que for Crangon spp. larvae, and allows the tracing of development pathways. If, 
however, great amounts of larval material are required for studies of biomass or 
biochemical composition, mass rearing with its disadvantages may be necessary. 

Antibiotics have often been applied to reduce negative effects of mass rearing, but 
with contradictory results (e.g. Wickins, 1972a, b; Brick, 1974; Fisher & Nelson, 1978; 
Fincham, 1979b). C. crangon larvae showed mostly negative responses to streptomycin 
in the present study, particularly in their morphogenesis (Fig. 2). Fincham {1979b) 
observed additional larval stages in prawn (Palaemon longirostris) development when 
antibiotics were applied. The toxicity of streptomycin may have a direct effect on the 
larvae (D'Agostino, 1975) or perhaps damage their symbionts (Brick, 1974). 

Food  

There is an immense literature on nutrition of shrimps and prawns, including their 
larval stages (New, 1980; Liao et al., 1983). Phytoplankton as a sole food source allows 
some but only rarely complete development in Crangon spp. larvae, which concurs with 
results from larvae of many other decapod species (e.g. Broad, 1957a; Regnault, 1969a; 
Sandifer, I972; Roberts, 1974). These observations show that although decapod larvae 
are generally able to eat and convert phytoplankton, either the biochemical composition 
or the relatively small size of this food type make it inadequate. The rather good 
development in early larval stages (see above) and in small species (Broad, 1957a; 
Simon, 1979) suggest that algal cell (or chain) size relative to larval size, morphology 
(mouth parts), and behavioural traits are determinant factors for the suitability of 
phytoptankton as a food source. The same is probably true for small zooplankton such as 
rotifers (Brick, 1974; Sulkin & Norman, 1976; Sulkin, 1978; Anger & Nair, 1979; Sulkin & 
van Heukelem, 1980). Particularly positive rearing results with mixed diets (Regnault, 
1969a; Ingle & Rice, 1971; Sandifer, 1972; Christiansen & Yang, 1976; Manzi et al., 1977) 
show, however, that qualitative (biochemical) aspects are also very important in larval 
nutrition. In the present study, a mixed diet of Artemia sp. and Brachionus plicatilis 
supported larval growth better than any of these items alone. 

Malnutrition and other unsuitable conditions apparently affect morphogenesis more 
than the moulting cycle of shrimp larvae. Similar observations in many other shrimp 
(Broad, 1957a, b; Tesmer & Broad, 1964; Knowlton, 1974; Fincham, 1977, 1979a, b) and a 
few brachyuran larvae (Sulkin, 1978; McConaugha, 1982) indicate that the uncouphng 
of these two processes is more likely in Natantia than other decapods. The regulation of 
larval development (moulting, growth, morphogenesis) by genetic, hormonal, and exter- 
nal factors has been discussed in detail by Knowlton (1974) and Fincham {1979b). 

T e m p e r a t u r e  and  salinity 

It is not surprising that two of the classical key factors of marine ecology, tempera- 
ture and salinity, influence larval development and survival in Cranffon spp. High 
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t e m p e r a t u r e  (18 °C) caused  inc reased  moul t ing  f requency,  dec rea sed  survival, and an 
inc reas ing  morpho log ica l  variat ion,  wi th  more  larval  forms and  instars  preceding  
metamorphos i s .  S imilar  effects of h igh  t e m p e r a t u r e  were  found by  Knowtton (1974) in 
Palaemonetes vulgaris. Sandi fe r  (1973) also found in the  s ame  species  that  the lowest  
n u m b e r  of la rva l  ins tars  occur red  at  an i n t e rmed ia t e  (optimum) tempera ture .  Fincham 
(1977, 1979a, b) s u g g e s t e d  that  this factor is one of the  r egu la t ing  forces in the 
d e v e l o p m e n t  of Na tan t i a  larvae.  Its effect on larval  size, however ,  is not ye t  clear (cf. 
Tables  4, 5, 8). As in one  of our  expe r imen t s  (Table 4), Knowlton (1974) found increasing 
size with dec r ea s ing  t empera tu re ,  w h e r e a s  Regnau l t  (1969b) and  Rothl isberg (1979) 
observed m a x / m u m  growth at an intermediate (optimum) temperature. 

Salini ty  exer ts  gene ra l ly  a w e a k e r  inf luence  on larval  d e v e l o p m e n t  than  tempera-  
ture (Regnaul t  & Costlow, 1970; Knowlton,  1974; Sandifer ,  1973; Rochanaburanon  & 
Wil l iamson,  1976; Rothl isberg,  1979). The  p re sen t  s tudy  showed,  however ,  that  not  only 
ra tes  of survival  and  d e v e l o p m e n t  but  also d e v e l o p m e n t a l  p a t h w a y s  are  inf luenced by  
salinity. Crangon crangon is gene ra l ly  cons ide red  a very  euryha l ine  species  (Dornheim, 
1969; Heerebou t ,  1974), but  its l a rvae  d e v e l o p e d  only in a surpr is ingly  nar row salini ty 
range .  This resul t  sugges t s  that  there  m a y  be  phys io log ica l ly  dist inct  popula t ions  in 
a reas  with different  sal ini ty (e.g. Nor th  Sea,  Baltic Sea) and  migra t ions  of ovigerous  
females  from es tuar ies  m a y  t ranspor t  ear ly  l a rvae  to po lyha l ine  regions  (Boddeke,  1976). 
Ktihl & M a n n  (1963) found C. crangon l a rvae  most ly  in the  outer  par t  of the Elbe estuary,  
w h e r e  sal ini ty  var ies  b e t w e e n  18 and  30 %oS. Accord ing  to the p resen t  results,  develop-  
men t  should  be  nega t ive ly  af fec ted  in this sal ini ty  range .  Our  larvae,  however ,  origi- 
n a t e d  not  from es tuar ine ,  bu t  from offshore popula t ions .  

The  p resen t  s tudy has  shown that  var ious  factors m a y  inf luence  the  larval  develop-  
men t  of the  b rown  shrimp, and  it has  p rov ided  a n u m b e r  of quant i ta t ive  da ta  on the 
re la t ionships  b e t w e e n  moult ing,  growth,  morphogenes i s ,  age,  and  tempera ture .  Our  
p re l imina ry  observa t ions  on C. aUmanni d e v e l o p m e n t  as wel l  as l i te ra ture  da ta  on C. 
septemspmosa (Tesmer  & Broad, 1964; Regnau l t  & Costlow, 1970) sugges t  that  there  is 
g rea t  s imilar i ty  in the  gene ra l  fea tures  of larval  d e v e l o p m e n t  in the  Crangonidae .  
Fur ther  e x p e r i m e n t a l  s tudies  on Na tan t i a  larvae,  inc lud ing  ind iv idua l  r ea r ing  with 
t rac ing of d e v e l o p m e n t a l  pa thways ,  should  fur ther  inc rease  our unde r s t and ing  of the  
ear ly  life s tages  in shr imps  and  prawns .  

Acknowledgements. The first author is indebted to Professor Dr. W. Noodt (University of Kiel) for 
supervision and support of her dissertation. She gratefully acknowledges a grant from the 
Deutscher Akademischer Austanschdienst. We also wish to thank all staff members of the 
Biologische Anstalt Helgoland who provided food organisms. Miss B. L~mmel made the line 
drawings, and Mr. J. Selzer corrected the manuscript. 

LITERATURE CITED 

Allen, J. A., 1960. On the biology of Crangon allmanni Kinahan in Northumberland waters. - J. mar. 
biol. Ass. U.K. 39, 481-508. 

Anger, K. & Nair, K. K. C., 1979. Laboratory experiments on the larval development of Hyas araneus 
(Decapoda, Majidae). - Helgol~nder wiss. Meeresunters. 32, 36-54. 

Anger, K. & Dawirs, R. R., 1981. Influence of starvation on the larval development of Hyas araneus 
(Decapoda, Majidae). - Helgol~inder Meeresunters. 34, 287-311. 



L a r v a l  d e v e l o p m e n t  of Crangon  s p p .  263 

Arntz, W. W., 1971. Die N a h r u n g  der Kliesche in der Kieler Bucht. - Ber. dt. wiss. K o m m n  
Meeresforsch.  22, 129-183. 

Bergman,  M., Bowe, K. & Spliethoff, P., 1976. Garne len  en Krabben als mogel i jke preda toren  van  O 
- jarige schot op bet  balgzand.  - Visserij 29, 432-438. 

Boddeke, R., 1976. The  seasonal  migrat ion of the brown shr imp Crangon crangon. - Neth. J. Sea. 
Res. I0, 103-130. 

Boddeke, R. & Becket, B., 1979. A quanti tat ive s tudy of the fluctuations of the stock of brown shr imp 
(Crangon crangon) along the coast of the Nether lands .  - Rapp. P.-v. R~un. Cons. perm. int. 
Explor. Mer. 175, 253-258. 

Brick, R. W., 1974. Effects of water  quality, antibiotics, phytoplankton  and  food on survival and  
deve lopment  of larvae of Scy//a serrata (Crustacea,  Portunidae). - Aquacu l tu re  3, 231-244. 

Broad, A. C., 1957a. Larval deve lopment  of the crus tacean  Thor floridanus Kingsley.  - J. Elisha 
Mitchell scient. Soc. 73, 316-328. 

Broad, A. C., 1957b. The relationship be tween  diet and  larval deve lopment  of Palaemonetes. - Biol. 
Bull. mar. biol. Lab., Woods Hole 112, 162-170. 

Broekema, M. M. M., 1942. Seasonal  m o v e m e n t s  and  the osmotic behaviour  of the  shr imp Crangon 
crangon. L. - Archs neerl. Zool. 6, 1-100. 

Christiansen, M. E. & Yang, W. T, 1976. Feeding  exper iments  on the larvae of the  fiddler crab Uca 
pugilator (Brachyura, Ocypodidae) reared in the laboratory. - Aquacul ture  8, 91-98. 

Connor, P. N., 1972. Acute toxicity of heavy  metals  to some mar ine  larvae. - Mar. Pollut. Bull. 3, 
190-193. 

Creutzberg,  F. & Leeuwen  van  F., 1980. The  life cycle of Crangon allmanni Kinahan,  in the 
Southern North Sea. - C. M./ICES L 71, 1-11. 

Criales, M. M., 1985. U n t e r s u c h u n g e n  zur Larvalentwicklung yon Crangon crangon L. and  Crangon 
allmanni Kinahan (Decapoda, Natantia,  Caridea). Diss., Univ. Kiel, 223 pp. 

D'Agostino, A., 1975. Antibiotics in culture of invertebrates .  In: Culture of mar ine  inver tebrate  
animals. Ed. by W. L. Smith & M. H. Chanley.  P lenum Press, New York, 109-133. 

Dalley, R., 1980. The  survival and  deve lopmen t  of the shr imp Crangon crangon (L.) reared in the  
laboratory under  non-ci rcadian l ight-dark cycles. - J. exp. mar.  Biol. Ecol. 47, 101-112. 

Dawirs, R. R., 1982. Methodical  aspects  of rear ing decapod  larvae, Pagurus bernhardus (Paguridae) 
and Carcinus maenas (Portunidae). - Hetgol~nder  Meeresunters .  35, 439-464. 

Dornheim, H., 1969. Beitr~ge zur Biologie der Garnele  Crangon crangon (L.) in der Kieler Bucht. - 
Ber. dt. wiss. Kommn Meeresforsch.  20, 179-215. 

Du Cane,  R. N., 1839. On the metamorphos i s  of the crustacea.  - Ann, Mag. nat. Hist. 3, 438-440. 
Ehrenbaum,  E., 1890. Zur Naturgesch ich te  von Crangon vulgaris. Fabr. - Mitt. dr. SeefischVer. 

Sonderbeil. 9-124. 
Emmerson,  W. D. & Andrews,  B., 1981. The  effect of stocking densi ty on the  growth, deve lopmen t  

and survival of Penaeus indicus Milne Edwards  larvae. - Aquacul ture  23, 45-57, 
Fincham, A. A., 1977. Larval deve lopment  of British prawns  and  shr imps (Crustacea, Decapoda,  

Natantia). 1. Laboratory methods  and  a review of Palaemon (Paleander) elegans Rathke, 1837. - 
Bull. Br. Mus.  nat. Hist. (Zool.) 32, 1-28. 

Fincham, A. A., 1979a. Larval deve lopment  of British" p rawns  and  shr imps  (Crustacea, Decapoda,  
Natantia). 2. Palaemonetes (Palaemon) varians (Leach, 1814) and  morphological  variation. - 
Bull. Br. Mus. nat. Hist. (Zool.) 35, 163-182. 

Fincham, A. A., 1979b. Larval deve lopment  of British prawns  and  shr imps (Crustacea, Decapoda,  
Natantia). 3. Palaemonetes (Palaemon) longirostris H. Milne Edwards,  1837, and  the effect of 
antibiotics on morphogenes is .  - Bull. Br. Mus. nat. Hist. (Zool.) 37, 17-46. 

Fischer, W. S. & Nelson, R. T., 1978. Application of antibiotics in the cultivation of D u n g e n e s s  Crab, 
Cancer  magister. - J. Fish. Res. Bd Can. 34, 432-436. 

Gerlach, S. A. & Schrage, M., 1969, Frei lebende N e ma t o d e n  als N a h r u n g  der S t randgarne le  
Crangon crangon L. (Experimentelle U n t e r s u c h u n g  fiber die Be d e u t u n g  der Meiofauna  als 
Nahrung  fiir das mar ine  Makrobenthos) .  - Oecologia 2, 362-375. 

Guillard, R. R. L. & Ryther, J. H., 1962. Studies of mar ine  planktonic diatoms. I. Cyclotella nana 
Hustedt  and Detonula confervaceae Cleve. - Can. J. Microbiol. 8, 229-239. 

Gurney,  A. R., 1982. The larval deve lopment  of Crangon crangon (Fabr. 1795) (Crustacea, 
Decapoda). - Bull. Br. Mus. nat. Hist. (Zool.) 42, 247-262. 



264 M . M .  C r i a l e s  & K. A n g e r  

Heerebout ,  G. G., 1974. Distribution and  ecology of the Decapoda  Natant ia  of the es tuar ine region 
of the rivers Rhine, M e u s e  and  Scheldt. - Neth.  J. Sea Res. 8, 73-93. 

Ingle, R. W. & Rice, A. L., 1971. The  larval deve lopmen t  of the  m a s k e d  crab Corystes cassivelaunus 
(Pennant), reared in the laboratory. - Crus t aceana  20, 271-284. 

Knowlton, R. E., 1974. Larval deve lopmenta l  processes  and  controlling factors in decapod crustacea, 
with emphas i s  on Caridea.  - Thalass ia  jugosl.  I0, 139-158. 

Kfihl, H. & Mann,  H., 1963. Das Vorkommen  von G a m e l e n l a r v e n  (Crangon crangon L.) in der 
Elbmfindung.  - Arch. FischWiss. 14, 1-7. 

Kuipers, B. R. & Dapper,  R., 1984. Nursery  function of W a d d e n  Sea tidal flats for the brown shrimp 
Crangon crangon. - Mar. Ecol. Prog. Ser. 17, 171-181. 

Lebour, M., 1931. The larvae of the Plymouth Caridea. - I. The  larvae of the Crangonidae.  II. The 
larvae of the Hippolytidae, - Proc. zool. Soc. Lond. 1931, 1-9. 

Liao, I . -C,  Su, H.-M. & Lin, J.-H., 1983. Larval foods for penae id  prawns.  In: Handbook of 
mariculture.  VoL I: Crus tacean  aquacul ture .  Ed. by J. P. McVey. CRC Press, Boca Raton, Fla, 
43-69. 

Manzi,  J. J., Maddox,  M. B. & Sandifer, P. A., 1977. Algal supp lemen t  e n h a n c e m e n t  of Macrob- 
rachium rosenbergii  (De Man) larviculture. - Proc. a° Meet.  Wld Maricult. Soc. 8, 207-223. 

McConaugha ,  J. R., 1982. Regulat ion of c rus tacean  morphogenes i s  in larvae of the mu d  crab, 
Rhithropanopeus harrisii. - J. exp. Zool, 223, 155-163. 

Mfiller, A., 1968. Die N a h r u n g  junge r  Plattfische in der Nord- und  Ostsee.  - Kieler Meeresforsch. 
24, 124-143. 

New, M. B., 1980. A bibl iography of shr imp and  p rawn  nutrition. - Aquacul ture  2I, 101-128. 

Odai, M., Ikegami,  T., Ros, A. O., Alcazar, A. G., Arnal, J. I., Santaella, E., Segarra, J. G., Sandino, 
S. & Pefialver, L., 1978. Experiencias  sobre cultivos de larvas de Palaemon serratus, Penaeus 
kerathurus  y Sparus auratus, real izadas en el Laboratorio del Mar  Menor  del Instituto Espafiol 
de Oceanografia .  - Boln Inst. esp. Oceanogr .  4, 3-54. 

Reeve, M. R., 1969. Growth, me tamorphos i s  and  energy  conversion in the larvae of the prawn 
Palaemon serratus. - J. mar. biol. Ass. U.K. 49, 77-96. 

Regnault ,  M., 1969a. t~tude exp~r imenta le  de la nutrition d'Hippolyte  inermis Leach (D~capode, 
Natantia) au cours de son d~ve loppement  larvaire, au laboratoire, - Int. Revue ges. Hydrobiol. 
54, 749-764. 

Regnault ,  M., 1969b. Influence de la temp6ra ture  et de l 'origine de l ' eau  de mer  sur le d6veloppe- 
m e n t  larvaire au laboratoire d'Hippolyte  inermis  Leach. - Vie Milieu (A) 20, 137-152. 

Regnault ,  M. & Costlow, J. D., 1970. Influence de la t empera tu re  et de la salinit~ sur le d~veloppe- 
m e n t  larvaire de Crangon sep temspmosa  Say (Decapoda, Caridea). - Vie Milieu (A) 21, 
453-466. 

Reise, K., 1979. Modera te  predat ion on meiofauna  by the macroben thos  of the W a d d e n  Sea. - 
Helgol~nder  wiss. Meeresunters .  32, 453-465. 

Roberts, M. H., 1974. Larval deve lopmen t  of Pagurus longicarpus Say reared in the laboratory. V. 
Effect of diet on survival and  molting. - Biol. Bull. mar. biol. Lab., Woods t tole 146, 67-77. 

Rochanaburanon,  T. & Williamson, D. I., 1976. Laboratory survival of larvae of Palaemon elegans 
Rathke and  other Car idean  shr imps in relation to their distribution and  ecology. - Estuar. coast. 
mar. Sci. 4, 83-91. 

Rothlisberg, P. C., 1979. Combined  effects of t empera tu re  and  salinity on the survival and  growth of 
the larvae of Pandalus jordani  (Decapoda, Pandalidae).  - Mar. Biol. 54, 125-134. 

Sandifer, P, A., 1972. Effects of diet on larval deve lopment  of Thor floridanus (Decapoda, Caridea) 
in the laboratory. - Va J. Sci. 23, 5-8. 

Sars, G. O., 1890. Bidrag tfl k u n d s k a b e n  om Decapodernes  Forvandlinger.  III. Crangonidae.  - Arch. 
Math. Naturv.  1890, 139-195. 

Shumway,  S. E., Perkins, H. C., Schick, D. F. & Stickney, A. P., 1985. Synopsis of biological data on 
the pink shrimp, Pandalus borealis Kroyer, 1838. - NOAA techn. Rep. (NMFS) 30, 1-57. 

Simon, M., 1979. Primeros estadios larvarios de Pontocaris lacazei (Gourret) (Decapoda, Macrura, 
Crangonidae)  obtenidos en laboratorio. - Invest igaci6n pesq. 43, 565-580. 

Smaldon,  G., 1979. British coastal shr imps and  prawns.  Acad. Press, London, 126 pp. (Synopses of 
the  British Fauna.  15). 

Sulkin, S. D. & Norman,  K., 1976. A comparison of two diets in the laboratory culture of the zoeal 



Larval  d e v e l o p m e n t  of Crangon spp .  265 

stages of the brachyuran crabs Rhithropanopeus harrisii and Neopanope sp. - Helgol~inder wiss, 
Meeresunters.  28, 183-190. 

Sulkin, S. D., 1978. Nutritional requirements during larval development  of the portunid crab, 
Callinectes sapidus Rathbun. - J. exp. mar. Biol. Ecol. 34, 29-41. 

Sulkin, S. D. & Heukelem, W. F. van, 1980. Ecological and evolutionary significance of nutritional 
flexibility in planktotrophic larvae of the deep  sea red crab Geryon quinquedens and the stone 
crab Menippe mercenana. - Mar. Ecol. Prog. Ser. 2, 91-95. 

Summers, R. W., 1980. The diet and feeding behaviour of the flounder Platichthys flesus (L.) in the 
Ythan estuary, Aberdeenshire,  Scotland. -Es tua r .  coast, mar. Sci. 11, 217-232. 

Tesmer, Ch. A. & Broad, A. C., 1964. The larval development  of Crangon septemspinosa (Say). - 
Ohio J, Sci. 4, 239-250. 

Tiews, K., 1983, Uber die Ver~nderungen im Auftreten von Pischen und Krebsen im Beifang der 
deutschen Garnelenfischerei w~ihrend der Jahre 1954-1981. Ein Beitrag zur Okologie des 
deutschen Wattenmeeres und zum biologischen Monitoring von Okosystemen im Meer. - Arch. 
FischWiss. 34, 1-156. 

Webb, G. E,, 1921. The larvae of the Decapoda Macrura and Anomura of Plymouth. - J. mar. biol, 
Ass. U.K. IX 1-385. 

Wickins, J. F., 1972a. Developments in the laboratory culture of the common prawn, Palaemon 
serratus. - Fishery Invest., Lond. (Ser. 2) 27(4), 1-23. 

Wickins, J. F., 1972b. Experiments in the culture of the spot prawn Pandalus platyceros Brandt and 
the giant freshwater prawn Macrobrachium rosenbergii (de Man). - Fishery Invest., Lond. 
(Set. 2) 27(5), 1-23. 

Wienberg, R., 1982. Larvalentwicklung im Labor erbr~teter Tiefseegarnelen, Pandalus borealis 
(Crustacea, Decapoda). - Verh. naturwiss, Vet. Hamburg 25, 185-205, 

Williamson, D. I., 1960. Crustacea, Decapoda, Larvae. VII. Caridea, Familiy Crangonidae,  
Stenopodidae. - Fich. Ident. Zooplankton 90, 1-5. 

Williamson, H, C., 1901. On the larval stages of decapod Crustacea. The shrimp (Crangon vulgaHs 
Fabr.). - Rep. Fishery Bd Scotl. 19, 92-120, 

Williamson, H. C.. 1915. Crustacea Decapoda. Larven. - Nord. Plankt. (Zool.) 6, 315-588. 


