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ABSTRACT: The influence of starvation on larval development  of the spider crab Hyas araneus (L.) 

was studied in laboratory experiments.  No larval stage suffering from continual lack of food had 

sufficient energy reserves to reach the next instar. Maximal survival t imes were observed at four 

different constant temperatures (2 °, 6 °, 12 ° and 18 °C). In general,  starvation resistance decreased as 

temperatures increased: from 72 to 12days in the zoea-1, from 48 to 18 days in the zoea-2, and from 

48 to 15 days in the megalopa stage. The length of maximal survival is of the same order of 

magnitude as the duration of each instar at a given temperature.  "Sublethal limits" of early 

starvation periods were investigated at 12 °C: Zoea larvae must feed right from the beg inn ing  of 

their stage (at high food concentration) and for more than one fifth, approximately, of that stage to 

have at least some chance of surviving to the next instar, independent  of further prey availability. 

The minimum time in which enough reserves are accumulated for successfully complet ing the 

instar without food is called "point-of-reserve-saturation" (PRS). If only this minimum period of 

essential initial feeding precedes starvation, development  in both zoeal stages is delayed and 

mortality is greater, when  compared to the fed control. Starvation periods beginning  right after 

hatching of the first zoea cause a prolongation of this instar and, surprisingly, a slight shortening of 

the second stage. The delay in the zoea-1 increases proportionally to the length of the initial fasting 

period. If more than approximately 70 % of the maximum possible survival time has e lapsed 

without food supply, the larvae become unable to recover and to moult to the second stage even 

when re-fed ("point-of-no-return", PNR). The conclusion, based on own observations and on 

literature data, is that initial feeding is of paramount  importance in the early development  of 

planktotrophic decapod larvae. Taking into account hormonal and other developmental  processes 

during the first moult cycle, a general  hypothesis  is  proposed to explain the key role of first food 

uptake as well as the response pattern of the zoea-1 stage to differential starvation periods. 

I N T R O D U C T I O N  

M e r o p l a n k t o n i c  l a r v a e  h a v e  p a r t i c u l a r  s i g n i f i c a n c e  as  a l i nk  b e t w e e n  p e l a g i c  a n d  

b e n t h i c  c o m m u n i t i e s  (Cos t l ow  & Bookhou t ,  1970). T h e i r  su rv iva l ,  m a i n l y  c o n t r o l l e d  b y  

food  l imi t a t ions ,  t e m p e r a t u r e ,  a n d  p r e d a t i o n ,  is  t h e  p r i n c i p a l  k e y  for  u n d e r s t a n d i n g  

va r i a t i ons  in  r e c r u i t m e n t  a n d  e s t a b l i s h m e n t  of b e n t h i c  m a r i n e  c o m m u n i t i e s  (Thorson ,  

1946, 1966). 
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The re  is some e v i d e n c e  that  the  amoun t  of su i t ab le  p l ank ton i c  food organisms,  

a v a i l a b l e  du r ing  this  cr i t ical  per iod,  can  l imi t  the  size of y e a r  c lasses  in fish and  d e c a p o d  

popu la t i ons  (for r ecen t  d i scuss ion  see Paul  et  al., 1979). This is not  un l ike ly ,  s ince the 

authors  obse rved  a lower  th resho ld  for successful  da i ly  f eed ing  response  in l a rvae  of 

th ree  d i f ferent  d e c a p o d  species .  This  th re sho ld  was  much  h ighe r  than  a ve ra ge  zoop lank-  

ton concen t ra t ions  in the  sea  (cf. a lso Omori ,  1979). A n u m b e r  of o ther  authors  also 

r epo r t ed  u n n a t u r a l l y  h igh  food dens i t i es  as op t ima l  for l abora to ry  r ea r ing  of severa l  

d e c a p o d  spec ies  (e.g. T e m p l e m a n ,  1936; Sandoz  & Rogers, 1944; Reeve, 1969; Brick, 

1974; Knowlton,  1974; Mootz  & Epifanio,  1974; Roberts,  1974; Welch  & Sulkin,  1974; 

P rovenzano  et  al., 1976; Bigford, 1978; Johns  & Pechen ik ,  1980). It m a y  be  a r g u e d  that  

the  most  c o m m o n l y ' u s e d  diet ,  Artemia salina, w h i c h  is not  a na tu ra l  p rey  organism,  

migh t  be  qua l i t a t ive ly  infer ior  to na tu ra l  p r ey  i tems. However ,  it  is we l l  su i ted  to suppor t  

p l ank to t roph ic  d e v e l o p m e n t  in m a n y  d e c a p o d  spec ies  in the  laboratory ,  w he re a s  na tura l  

z o o p l a n k t o n  is g e n e r a l l y  at  leas t  two orders  of m a g n i t u d e  less  concen t r a t ed  in the  sea, 

and  much  of i ts b iomass  is not  a v a i l a b l e  to c rus t acean  larvae,  b e c a u s e  po ten t ia l  p rey  

o rgan i sms  m a y  have  an  unsu i t ab l e  size, qual i ty ,  s w i m m i n g  speed,  defense  mechan i sm 

or o ther  charac ter i s t ics  p r e v e n t i n g  p r e d a t i o n  (cf. Her rnk ind ,  1968; Roberts,  1974; Sulk in  

& H e u k e l e m ,  1980). 

A l t h o u g h  Thorson (1950) " e x p e c t e d  tha t  most  p e l a g i c  l a rvae  l iv ing  unde r  na tura l  

condi t ions  w o u l d  s tarve" ,  the  eco log ica l  factor "s ta rva t ion"  has  not r ece ived  much 

a t ten t ion  as o p p o s e d  to abio t ic  va r i ab l e s  such as t empera tu re ,  sal ini ty,  oxygen  etc. The 

fact that  r ec ru i tmen t  in ben th i c  communi t i e s  does  t ake  p l ace  desp i t e  a p r e suma b le  

chronic  l a ck  of food, can  b e  e x p l a i n e d  by  the  combina t ion  of two p h e n o m e n a :  the  

ex i s t ence  of c o n s i d e r a b l e  pa t ch ines s  in p l a n k t o n  (for r ev iew see  e. g. Parsons et al., 1977) 

and  a d a p t a t i o n  m e c h a n i s m s  for surv iva l  u n d e r  h igh ly  f luc tua t ing  resources .  Ikeda  (1974, 

1977 and  ea r l i e r  papers) ,  M a y z a u d  (1973, 1976), and  Ho l l and  (1978) r epor t ed  on phys-  

io log ica l  a n d  b i o c h e m i c a l  c h a n g e s  du r ing  s ta rva t ion  condi t ions .  However ,  not  much 

in format ion  exis ts  abou t  u l t ima te  l imi ts  of s ta rva t ion  res i s tance  in  carn ivorous  zoop lank-  

ton, and  even  less abou t  a d a p t i o n  to t empora ry  l ack  of su i tab le  prey.  

S ta rva t ion  was  r e c o g n i z e d  very  ear ly  as a factor seve re ly  in f luenc ing  d e v e l o p m e n t  

of fish l a rvae  (for r ev iew see  May,  1974; Ehrl ich et  al., 1976), but  ha rd ly  any th ing  is 

k n o w n  abou t  its s ign i f i cance  for o ther  m e r o p l a n k t o n  organisms.  

In severa l  cu l t iva t ion  e x p e r i m e n t s  wi th  d e c a p o d  larvae,  s tarvat ion  was  used  to test  

the  suff ic iency of yo lk  rese rves  for l a rva l  deve lopmen t .  These  expe r imen t s  r e v e a l e d  a 

c o n s i d e r a b l e  speci f ic  var ia t ion  in the  d e g r e e  of d e p e n d e n c e  on prey,  e spec i a l l y  among  

N a t a n t i a  larvae .  Bes ides  a n u m b e r  of spec ies  wh ich  pos i t ive ly  n e e d  food dur ing  thei r  

w h o l e  la rva l  deve lopmen t ,  the re  a re  others  w h i c h  are  a b l e  to comple t e  at leas t  par ts  of 

the i r  p e l a g i c  phase  i n d e p e n d e n t  of food (Broad, 1957; Dobkin,  1971 and a number  of 

ea r l i e r  papers ;  Regnaul t ,  1969; F iedler ,  1970; Foxton & Herr ing,  1970; Choudhury ,  1971; 

Omori ,  1971, 1979; G r e e n w o o d  et  al., 1976). S imi la r  ins tances  have  b e e n  repor ted  in 

Anomura ,  e spec i a l l y  in la te  l a rva l  s t ages  (Coffin, 1958; Bookhout ,  1964, 1972; Rice & 

Provenzano,  1965; Provenzano,  1968a; Scha tz l e in  & Costlow, 1978; Dawirs,  1980). 

In Brachyura  larvae,  rese rves  are  usua l ly  not sufficient  to a l low d e v e l o p m e n t  under  

s ta rva t ion  condi t ions .  One  excep t ion  was  r epo r t ed  by  Provenzano  & Brownel l  (1977) and  

by  Brownel l  et  al. (1977) for the  t rop ica l  sp ide r  c rab  Mithrax spinosissimus, but  not  

e n o u g h  de ta i l s  on the  me thods  were  g i v e n  to e v a l u a t e  its s ignif icance .  Wear  (1967) 
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descr ibed and  reviewed cases of aberrant ,  more or less direct deve lopmen t  in  some 

Brachyura from New Zea land  and  Australia.  Those larvae mostly subsist  on yolk 

reserves. 

The potent ia l  to resist s tarvat ion not only  de pe nds  on the species  and  on the 

part icular  larval  stage considered,  bu t  also on env i ronmen ta l  var iables .  The most 

important  factor control l ing metabol i sm and  thus, the rate of reserve ut i l izat ion,  is 

temperature.  However,  its effect is by no means  clear. In the few exper iments  which  

have b e e n  carried out, results are equivocal :  In some cases, survival  t ime u n d e r  

starvation increases with decreas ing  tempera ture  (Rice & Provenzano,  1966; Gore, 1968; 

Regnault ,  1969), in  other ins tances  there is the opposite t rend (Rice & Provenzano,  1965; 

Provenzano, 1967; Gore, 1970} or survival  t ime is i n d e p e n d e n t  of t empera ture  over a 

wide range (Gore, 1972} or shows a m a x i m u m  at an  in te rmedia te  tempera ture  (Proven- 

zano, 1968b). In the l i terature rev iewed above, only survival  u n d e r  long- term starvat ion 

was considered. Those inves t igat ions  as wel l  as rear ing  exper iments  unde r  more or less 

optimal food condit ions provide the extreme ends  of the scale, in which  na tura l  develop-  

ment  of decapod larvae must  be expected. The next  step toward u n d e r s t a n d i n g  mero- 

p lankton  survival  and deve lopment  dura t ion in a var iable  e nv i r onme n t  is the search for 

"sublethal  limits" and  "suble thal  effects" of starvation. The exis tence of in te rna l  

deve lopmenta l  processes du r ing  each stage (see e.g. Costlow & Sastry, 1966; F r e e ma n  

and Costlow, 1980} and  the h igh probabi l i ty  of only  short- term absence  of su i table  prey, 

together suggest  that such suble tha l  effects must  occur in  na ture  and  that their  k ind  a nd  

extent  depend  on the t ime w h e n s tarvat ion takes place and  h o w 1 o n g it lasts. 

There are a few references to such effects: Kurata (1959), Yatsuzuka (1962), Modin  & 

Cox (1967), and  Kon {1979} observed a par t icular ly  critical per iod in  the very b e g i n n i n g  

of larval life in  decapods:  if first feeding  was delayed,  growth and  survival  of the larvae 

were lowered. Paul & Paul (1980) observed in  k ing  crab zoeae a s ignif icant ly  decreas ing  

abil i ty to catch prey after early starvation. Suble tha l  effects of fast ing periods on 

behaviour  pat terns were also reported (Burton, 1979; Cronin  & Forward, 1980}. 

The present  work is the first a t tempt  to analyze  systematical ly  not only the u l t imate  

limits of starvation resistance, but  also the suble tha l  effects of early lack of food on later  

viabil i ty and deve lopment  dura t ion  in  a mar ine  inver tebrate:  in  larvae of the spider crab 

H y a s  a r a n e u s .  These larvae are common in  the p l ank ton  of the G e r m a n  Bight from mid-  

winter .unt i l  early summer.  Their  deve lopment  in this area p resumab ly  lasts ca. 12 to 16 

weeks (Anger & Nair, 1979); the wide  geographic  d is t r ibut ion  of H. a r a n e u s  (cf. 

Christiansen0 1971) is p robably  re la ted  to this long pe lagic  phase (Thorson, 1961: 

" longdis tance  larvae").  Since H. a r a n e u s  be longs  to the most common  species in the 

waters a round the Is land of He lgo land  (North Sea), it is one of the subjects  inves t iga ted  

wi th in  a joint  research project  (Anger  & Nair, 1979). 

The quest ions on which this s tudy concent ra ted  were:  (1) Does any  larval  stage of H. 

a r a n e u s  unde r  starvation possess sufficient ene rgy  reserves to survive and  to moul t  

successfully to the next  stage at any  ecological ly re levant  tempera ture?  If not: (2) What  is 

the order of magn i t ude  in  the maximal  survival  time, and  how strong is the in f luence  of 

env i ronmenta l  tempera ture  on starvat ion resistance? (3) How long, at least, must  an  

early larva feed well, unt i l  it has accumula ted  enough  reserves to moul t  successfully to 

the next  stage (in which it might  get  the chance to switch to some ne w  k ind  of prey)? 

How is survival and  deve lopment  t ime affected in  this case? 
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(4) Is there  a "poin t -of -no- re turn"  (sensu Blaxter & Hempel ,  1963) after which  

s tarved l a rvae  cannot  recover ,  w h e n  re-fed? If so: How close is this point  to maximal  

survival  t ime under  starvation? (5) Which  effects do ear ly  s tarvat ion per iods exert  on 

la ter  d e v e l o p m e n t  dura t ion and on viabil i ty,  w h e n  app l ied  at different  t imes wi th in  the 

first zoea l  s tage? Are there  par t icular ly  sens i t ive  per iods wi th in  this s tage? 

The t e rmino logy  used  in this pape r  fol lows that  of Wi l l i amson  (1969). The  mis lead-  

ing term "post larva" ,  which  most ly refers to the m e g a l o p a  (clearly a larval  stage), but 

somet imes  to juven i l e  stage, is not used;  it should be genera l ly  avo ided  (see also Wear, 

1967). The  term "s t age"  a lways  refers to an instar (zoea 1, zoea 2, megalopa ,  first crab), 

not  to a uni t  of the moul t  cycle. 

MATERIAL AND ME T H O D S  

O b t a i n i n g  t h e  l a r v a e  

In January  1979 and 1980, ovigerous  females  were  d r e d g e d  from a depth  of ca. 30 to 

50 m off the is land of H e l g o l a n d  (North Sea) and thereaf ter  ma in ta ined  in a laboratory 

rec i rcu la t ing  system. The seawa te r  had  a t empera tu re  of 2 °C and  a sal ini ty of ca. 33 Too. 

W h e n  the first ha tch ing  p rezoeae  w e r e  observed,  the female  re l eas ing  larvae  was p laced 

in a f low- through aqua r ium (ca. 5 1, wa te r  t empera tu re  ca. 6 °C). The larvae were  

col lec ted  in a s ieve  s tanding  in a second aqua r ium and rece iv ing  the water  from the 

overf low of the first one. In this way  it was assured  that all  zoeae  used in an exper iment  

o r ig ina ted  from the  same mother  an ima l  and ha tched  the same day (within maximal ly  

6 h). 

E x p e r i m e n t s  on  m a x i m a l  s t a r v a t i o n  r e s i s t a n c e  

For all exper iments ,  freshly ha tched  zoea-1 s tage  larvae (Z-l) were  p ipe t ted  indi-  

v idua l ly  into n u m b e r e d  vials  conta in ing  ca. 15 to 20 ml of f i l tered seawater  (Mill ipore 

m e m b r a n e  filter, 0.4 #m pore size) wi th  a sal ini ty of ca. 33 Too. Individual  conf inement  

was necessary,  s ince Ange r  & Nair  (1979) have  shown that  o therwise  canniba l i sm or 

nec r ophagy  seve re ly  falsify survival  t imes under  starvation. Sets of 50 or 100 larvae each 

(100 only at 12°C) w e r e  p laced  into t empera tu re -con t ro l l ed  rooms, where  they 

acc l imat ized  wi th in  a few hours to the expe r imen t  tempera tures :  2 °, 6 °, 12 ° and 18 °C. 

The  exper iments  were  checked  daily at the same t ime; water  was changed  regular ly  

every  other  day. 

Severa l  hundred  zoeae  were  reared  at 12 °C to la ter  s tages  us ing  the same techn ique  

of ind iv idua l  ma in t enance  as descr ibed  above,  but  f eed ing  a mixture  of Brachiomls 

plicatilis and freshly ha tched  Artemia salina naupl i i  ad l ib i tum (ratio ca. 10 : 1, ca. 50 to 

100 food organisms per  ml). This rea r ing  me thod  was  found to be superior  to the mass 

rea r ing  t echn iques  prev ious ly  used  by A n g e r  & Nair  (1979) because  both mortal i ty  and 

d e v e l o p m e n t  dura t ion  could be substant ia l ly  reduced.  

The  br ine  shrimp eggs  came from Kew, Melbourne ,  Australia;  the rotifers were  

cul t iva ted  and p repa red  in the same way as descr ibed  by Ange r  & Nair  (1979). No 

ant ibiot ics  or a lgae  were  a d d e d  to the cul ture  medium.  Water  and  food were  changed  

eve ry  second day. The  vials  were  checked  eve ry  24 h for exuv iae  or dead  larvae.  An 

artifical day-n igh t  rhythm L :D 12:12 was  provided.  
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As soon as possible  after the la rvae  had moul t ed  to the s tage desired,  they  were  

transferred to f i l tered seawate r  and t rea ted  as desc r ibed  above  for the Z-1 stage. In this 

way, the ind iv idua l  survival  t ime of 50 to 75 (75 only at 12 °C) zoea-2 la rvae  (Z-2} and  of 

25 m e g a l o p a e  was also observed  at each  expe r imen ta l  t empera ture ,  i.e. a total of 250 Z- 

1,225 Z-2, and 100 mega lopae .  Larvae were  cons idered  dead  w h e n  opaque  or w h e n  no 

movemen t  of any a p p e n d a g e  or in ternal  s tructure could be seen  under  modera te  

magnif icat ion,  

E x p e r i m e n t s  on  t h e  e f f e c t s  of  e a r l y  s t a r v a t i o n  o n  l a t e r  d e v e l o p m e n t  a n d  s u r v i v a l  

Basically the same expe r imen t  t echn iques  as desc r ibed  above  w e r e  used  to eva lua te  

"suble thal  effects" of early starvation. The  expe r imen ta l  des ign  is shown in Figure  1. 

Each expe r imen t  consis ted of two to seven  sets (subexper iments)  with 25 (in one 

case 50) ind iv idua l ly  ma in t a ined  larvae.  Thus, one  e x p e r im e n t  compr i sed  50 to 175 

larvae, each  in its own n u m b e r e d  vial. This  t e c h n i q u e  la ter  a l l owed  a de ta i l ed  statistical 

analysis. Specia l  care was t aken  to fol low exact ly  the respec t ive  t ime schedule  for 

controls and manipula t ions  in a 24 h rhythm. Larvae which  were  to be swi tched  from 

feeding  to s tarving condi t ions  were  t ransferred to c lean  vials, only after be ing  w a s h e d  in 

baths of f i l tered seawater ,  in order  to avoid  acc iden ta l  t ransfer  of food organisms.  

All exper iments  referred to in F igure  1 w e r e  carr ied out wi th  Z-1 larvae.  As soon as 

they moul ted  to the second instar, they  fed regular ly,  and their  later  d e v e l o p m e n t  was 

recorded daily (same culture methods  as descr ibed  above), unt i l  they d ied  or 

Day  of deve lopment  Day  of deve lopment  
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- -  = feeding period 
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Fig. 1. Experimental design. Numbers and C ( = control} beside bars correspond to Figures 3 to 9 and 
refer to feeding or starvation periods in experiments {exp.) 
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m e t a m o r p h o s e d  to t h e  first c rab  s tage .  Al l  l a r v a e  u s e d  in  o n e  e x p e r i m e n t  o r i g i n a t e d  f rom 

the  s a m e  ha tch .  Th i s  is a l so  t rue  for a l l  sets  in  e x p e r i m e n t s  Nos.  4, 5, a n d  8, w h i c h  w e r e  

s t a r t ed  s i m u l t a n e o u s l y .  E x p e r i m e n t s  Nos.  1 to 3 w e r e  ca r r i ed  out  in s p r i n g  1979, the  

o the r s  o n e  y e a r  la ter .  

In 1980, t h e  first  e x p e r i m e n t  of t y p e  No.  2 (Fig. 1) w a s  ca r r i ed  out  w i t h  Z-2 l a rvae :  

Z o e a e  f rom o n e  h a t c h  h a d  b e e n  r e a r e d  as d e s c r i b e d  a b o v e ,  un t i l  t h e y  m o u l t e d  to the  

s e c o n d  s tage .  M o u l t i n g ,  h o w e v e r ,  w a s  not  c o m p l e t e l y  sych ron i zed ,  a n d  it cou ld  not  be  

e x c l u d e d  tha t  v i a b i l i t y  of fas te r  d e v e l o p i n g  l a r v a e  w a s  d i f f e ren t  f rom those  r e a c h i n g  the  

Z-2 s t a g e  later .  In  o r d e r  to a v o i d  a p o s s i b l e  s y s t e m a t i c  error,  on  e a c h  of t he  t h r ee  days  in 

w h i c h  m o u l t i n g  took  p lace ,  f r e sh ly  m o u l t e d  Z-2 l a r v a e  w e r e  e q u a l l y  d i s t r i b u t e d  a m o n g  

a l l  s u b e x p e r i m e n t s ,  un t i l  t he  w h o l e  e x p e r i m e n t a l  se r i e s  w a s  c o m p l e t e  (25 l a r v a e  p e r  set). 

Th i s  d i f f icu l ty  wi l l  occu r  in  a l l  f u r the r  e x p e r i m e n t s  w i t h  l a t e r  s t a g e s  u n l e s s  e v i d e n c e  is 

p r o v i d e d  tha t  t h e r e  is no r e l a t i o n s h i p  b e t w e e n  i n d i v i d u a l  s t a g e  d u r a t i o n  a n d  v iab i l i ty .  

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

In F i g u r e s  3 to 9 a n d  in  t he  text ,  a v e r a g e  v a l u e s  for d e v e l o p m e n t  du ra t i ons  are  g i v e n  

as a r i t h m e t i c  m e a n  ( i n d i c a t e d  in g r a p h s  as s m a l l  ho r i zon t a l  l ine  or as h e i g h t  of a ba r  

__ 95 % c o n f i d e n c e  l imi t s  (ver t ica l  bar)  ( c a l c u l a t e d  a c c o r d i n g  to Sachs ,  1974; pp.  

195-197) ;  in  t h e  g r a p h s  the  r a n g e  is a l so  g i v e n  (ver t ica l  l ine) .  

T i m e - d e p e n d e n t  t r e n d s  w e r e  d e s c r i b e d ,  if poss ib le ,  by  m e a n s  of l e a s t - s q u a r e  r eg re s -  

s ions,  e i t h e r  u s i n g  a l i n e a r  m o d e l  (y = b + m • x) or in  s o m e  i n s t a n c e s  l o g a r i t h m i c  

t r a n s f o r m a t i o n  (ln y = b '  + m • In x). C o r r e l a t i o n  (r) and  r e g r e s s i o n  coe f f i c i en t  (m) w e r e  

t e s t e d  for s i g n i f i c a n t  d i f f e r e n c e s  f rom ze ro  w i t h  t he  s ta t is t ic  t (Sachs,  1974; pp.  329 and  

339). In  o n e  case  ( e x p e r i m e n t  4), an  e m p i r i c a l l y  found  s lope  m w a s  c o m p a r e d  w i t h  a 

t h e o r e t i c a l  m '  = 1.0, e m p l o y i n g  a tes t  d e s c r i b e d  by  Sachs  (p. 339). C o m p a r i s o n  of m e a n  

v a l u e s  w i t h  e q u a l  or  u n e q u a l  v a r i a n c e s  (after  an  F-test)  w a s  c a r r i e d  ou t  u s i n g  d i f fe ren t  t- 

s ta t is t ics  (Sachs,  pp.  2 0 9 - 2 1 0  or  p. 212). A g a i n ,  a n o t h e r  t w a s  e m p l o y e d  as tes t  s tat is t ic  to 

c o m p a r e  m o r t a l i t i e s  in  p e r c e n t a g e s  ( re la t ive  f r e q u e n c i e s ;  W e b e r ,  1972; pp.  194-197).  

C a l c u l a t e d  r e g r e s s i o n s  w e r e  d r a w n  as so l id  l i nes  or  curves .  C u r v e s  a n d  l ines  f i t ted  

by  eye ,  a n d  t hose  i n d i c a t i n g  an  a v e r a g e  of v a l u e s  c o n s i d e r e d  s t a t i s t i ca l ly  e q u a l  (hor izon-  

ta l  l ines)  w e r e  d o t t e d  in  g raphs .  S ta t i s t i ca l ly  s i g n i f i c a n t  d i f f e r e n c e s  (see above)  are  

r e f e r r e d  to in  t h e  t ex t  g i v i n g  the  l e v e l  of s i g n i f i c a n c e  (P) or  t h e y  c a n  b e  r e c o g n i z e d  in 

g r a p h s  as n o n o v e r l a p p i n g  c o n f i d e n c e  in te rva l s .  S i n g l e  o b s e r v a t i o n s  (as o p p o s e d  to m e a n  

va lues )  a r e  d i s p l a y e d  as po in t s  (in Figs.  4 a n d  5). 

R E S U L T S  

M a x i m a l  s u r v i v a l  t i m e  u n d e r  s t a r v a t i o n  a t  d i f f e r e n t  t e m p e r a t u r e s  

At  no s t a g e  a n d  at no t e m p e r a t u r e  to w h i c h  l a r v a e  of Hyas araneus w e r e  exposed ,  

d id  t h e y  h a v e  su f f i c i en t  r e s e r v e s  to r e a c h  the  n e x t  ins t a r  w i t h o u t  food. 

For  s t a t i s t i ca l  a n a l y s e s  t he  f o l l o w i n g  d i f f i cu l ty  a rose :  In s o m e  e x p e r i m e n t s ,  the  

m o r t a l i t y  p a t t e r n  d i d  no t  r e v e a l  a s u d d e n  i n c r e a s e  a n d  thus  a c l ea r  l imi t  of s t a rva t ion  

r e s i s t ance .  In s o m e  cases ,  at 18 ° a n d  2 °C, t h e r e  w a s  a b i m o d a l  m o r t a l i t y - f r e q u e n c y  
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distribution, apparen t ly  re la ted  to strong t empera tu re  changes  at the b e g i n n i n g  of the 

exper iments .  Although,  in most expe r imen t s  (especia l ly  at 12 °C), there  was a c lear  

response ind ica t ing  a ra ther  narrow range  of t ime dur ing  which  most l a rvae  d ied  due  to 

deple t ion  of ene rgy  reserves,  a uniform statist ical  t r ea tment  was  p r e v e n t e d  by the above  

exceptions.  Therefore,  only the  m a x i m u m  va lues  obse rved  for survival  unde r  s tarvat ion 

are cons idered  here  as a measure  of ene rgy  reserves  and uti l izat ion.  

These  va lues  were  not falsif ied by s ingle  ind iv idua ls  surv iv ing  cons iderably  longer  

than most larvae in the expe r imen ta l  populat ion,  and thus they can be used  as an index  

for the potent ia l  of a g iven  deve lopmen ta l  s tage to wi ths tand s tarvat ion at a g iven  

env i ronmenta l  t empera tu re  (Fig. 2). 

The  longest  poss ible  survival  t ime under  s tarvat ion (72 days) was  obse rved  in the Z- 

1 s tage at 2 °C, the second longes t  (48 days) by the Z-2 at 2 ° and  6 °C, and by the 

mega lopa  at 2 °C. With the excep t ion  of the second zoeal  s tage  at these  two t empera -  

tures, there was a conspicuous decrease  in survival  t ime wi th  inc reas ing  t empera tu re  in 

all three larval  stages. It was  most s tr iking in the first zoea  (Fig. 2). 

The Z-1 d i sp layed  the far longes t  survival  among  the larval  s tages at 2 °C; at all 

h igher  tempera tures  its res is tance potent ia l  was w e a k e r  than that  of the later  instars. The  

Z-2 surv ived  the longest  at 6 ° and 18 °C, the m e g a l o p a  at 12 °C. At the two highes t  

temperatures ,  however ,  the survival  max ima  did not  differ much.  

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

The above  exper iments  showed  that H y a s  araneus  l a rvae  possess sufficient ene rgy  

reserves  to survive s tarvat ion for a lmost  two weeks  at the h ighes t  and up to ten weeks  at 

the lowest  t empera tu re  occurr ing in their  env i ronment ,  but  they  do not have  e n o u g h  

reserves  to reach the next  stage. These  f indings  raise the ques t ion  w h e th e r  s tarved 

larvae are able  to recover  w h e n  re- fed  later. 

E x p e r i m e n t 1 was  a p re l iminary  step in the inves t iga t ion  of " sub le tha l  effects" 
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range of single observations) and mortality in relation to differential starvation. Cross: no survival to 

following stage. Further explanations see Figure 1 and text 

of s tarvat ion (Figs 1 and 3): One  set of Z-1 larvae  (in this except iona l  case, 50 instead of 

25 individuals)  was  s tarved for 12 days. This is only s l ight ly be low the lethal  threshold at 

12 °C, but  26 zoeae  surv ived  to the first day of feeding.  Another  set fasted for only six 

days before  be ing  fed; all 25 la rvae  surv ived  to this day, as in the control (C in Fig. 3; no 

starvation). 

None  of the larvae  which  had  b e e n  s tarved for 12 days recovered  and reached  the 

second stage. Some of them l ived  for up to 29 days before  they died. This indicates  that 

they had  not comple te ly  lost their  abi l i ty  to t ake  up and to convert  food, but  they did lose 

their  abi l i ty to moult .  

Six days of ini t ial  s tarvat ion also caused  s ignif icant ly  h igher  mortality, after com- 

m e n c e m e n t  of feeding,  than  in the fed control group (P < 10-3). 

The  survivors n e e d e d  seven  days longer  than the control la rvae  to reach the Z-2 

stage. If it is a ssumed that  dur ing  s tarvat ion no d e v e lo p m e n ta l  processes  take place  and 

therefore,  six days are subt rac ted  from the in te rmoul t  dura t ion (dotted range,  mean,  and 

conf idence  l imits  in Fig. 3), then  there  still r emains  a s ignif icant  di f ference in deve lop-  

men t  rate, w h e n  compared  wi th  the control (P = 0.02). 

Slight  d i f ferences  in d e v e l o p m e n t  rate and mortali ty,  observed  in later stages, were  

not stat is t ical ly significant.  

E x p e r i m e n t 2 was  an a t tempt  to es t imate  the t ime necessary  to accumula te  

sufficient ene rgy  reserves  for moul t ing  successful ly  to the second zoeal  s tage without  

further food supply. As shown in Figures  1 and 4, f eed ing  ceased  after differential  

per iods  in five subexper iments ,  which  can be compared  with  a s tarved (0) and a fed 

control group (C). 

The  s tarved zoeae  aga in  d ied  after 12 to 14 days wi thout  r each ing  the second stage 

(Fig. 4). In the group fed for only two days after hatching,  two indiv iduals  successfully 

moul t ed  to the Z-2 after 14 days (i.e. after s tarving for 12 days). Both larvae,  however ,  

d ied  later  wi thout  r each ing  the m e g a l o p a  stage. 
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Fig. 4. Hyas araneus: Experiment 2. Explanations see Figures 1 and 3 

After four days or more  of feeding,  s tarvat ion did not in f luence  survival  to the second 

stage: There  was pract ical ly  no mortal i ty  in the Z-1. Unfortunately,  the fed control group 

had unusual ly  poor survival  in the Z-2 and in the m e g a l o p a  s tages and thus, in terpreta-  

tion of the mortal i ty f igures  is difficult in this exper iment .  

Al though  there  was  an unusua l ly  h igh  var ia t ion  in the dura t ion of s tage  1 in the fed 

control too, the va lues  for d e v e l o p m e n t  rate in F igure  4 show clear  trends: The  ear l ie r  the 

first zoeal  s tage was starved, the longer  its d e v e l o p m e n t  lasted. This effect b e c a m e  e v e n  

more ev ident  in the Z-2, in which  no lack  of food occured  dur ing  this exper iment .  These  

trends are ref lected in statist ically s ignif icant  regress ions  (solid l ines  in Fig. 4): Z- l :  In D 

= 2 . 5 8 - 0 . 1 0  - l n t  (r = - 0 . 9 9 9 8 ;  P = 0.01); Z-2: D = 1 8 . 1 8 - 0 . 7 8 t  (r = - 0 . 9 9 9 8 ;  

P = 0.01) where  D = d e v e l o p m e n t  durat ion,  t = t ime (day) dur ing  Z-1 s tage  at which  

starvation began .  

The  m e a n  va lues  of s tage  durat ion in s ingle  subexpe r imen t s  w e r e  not  s ignif icant ly  

different from the control group unless  f eed ing  ceased  ra ther  soon (4 days after ha tch ing  
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for the Z- l ,  6 days or sooner  for the Z-2 duration). Astonishingly,  the control group 

d e v e l o p e d  e v e n  s lower  in both zoea l  s tages  than  the groups s tarved dur ing the last 2 to 4 

days before  moul t ing  to the Z-2. 

The  durat ion of the m e g a l o p a  s tage was  vir tual ly  unaf fec ted  by ear ly  starvation. It 

f luc tuated  b e t w e e n  23.5 + 1.5 and 24.7 _ 0.9 days in the r ema in ing  five groups. Since 

the above  effects in the zoeal  s tages  add to each  other  and the m e g a l o p a  had a rather 

constant  duration,  total d e v e l o p m e n t  {D) to the first crab s tage was  also s ignif icant ly 

de l ayed  due  to ear ly  s tarvat ion (t) (values r is ing from 45.5 + 1.6 to 49.0 +_ 1.4 days): D = 

51.55 - 0.58 t (r = - 0.9770; P = 0.02). 

For compara t ive  eco log ica l  considera t ions  the m i n i m u m  t ime necessary  to accumu- 

late  e n o u g h  reserves  for r each ing  the next  instar  i n d e p e n d e n t  of further food supply 

migh t  be  of interest .  We cal l  this va lue  here  "point  of reserve  saturat ion"  (PRS). Since 

there  is no condi t ion  g u a r a n t e e i n g  a 100 % survival  to any la ter  stage, the 50 % point  in 

the mortal i ty  curve wil l  be cons idered  a measure  for the deg ree  of d e p e n d e n c e  on 

externa l  e n e r g y  supply  in a g iven  s tage unde r  de f ined  conditions.  This PRS50 va lue  is, 

according  to the above  exper iment ,  ca. 3 days or ca. 30 % of d e v e l o p m e n t  t ime for the Z- 

1 s tage at 12 °C and feed ing  condi t ions  as desc r ibed  above.  

E x p e r i m e n t 3 : The  last expe r imen t  r e v e a l e d  that  six days of feed ing  in the 

b e g i n n i n g  of the Z-1 s tage  a l low almost  a normal  d e v e l o p m e n t  to the Z-2 and later 

instars. Exper imen t  3 was de s igned  as a test of w h e th e r  this per iod is sufficient in any 

case or only if app l i ed  soon after ha tch ing  (Fig. 1). 

As in expe r i men t  1, one  set of 25 zoeae  was  s tarved for six days and  then fed unti l  the 

la rvae  r e a c h e d  the second s tage  or died. The  results  were  similar,  but  mortal i ty  was 

h ighe r  (88 % to the first crab stage, in contrast  to 68 % in exp. 1), and  the durat ion of the 

Z-1 s tage was  somewha t  more  de l ayed  {19.6 vs. 17.9 days). The differences can be 

exp la ined  by the fact that  expe r imen t  3 was  carr ied out at the end  of the artificially 

p ro longed  ha tch ing  season (May, 1979), and the last ha tch ing  larvae were  apparent ly  

less v iab le  than ear l ie r  ones. 

A para l le l  set of l a rvae  was  t rea ted  in the same way  until  day 12: After fasting six 

days and then  f eed ing  six days, they were  s tarved again.  None  of these  larvae  reached  

the Z-2 stage;  the last zoea  d ied  after 32 days wi thout  moult ing.  This lack of f lexibil i ty 

ind ica ted  the ex is tence  of par t icular ly  sensi t ive  per iods  and thus of in ter ference  with an 

in terna l  p r o g r a m m e  runn ing  dur ing  the first zoea l  instar. Therefore ,  one year  later, n e w  

exper imen t s  w e r e  s tar ted to e luc ida te  the s igni f icance  of this d e v e lo p m e n ta l  p rog ramme 

for the res is tance aga ins t  s tarvat ion periods.  

E x p e r i m e n t 4 (Figs 1 and 5) was an ex tens ion  of expe r imen t  1 and the reversal  

of e xpe r i men t  2. The  ques t ion  to be answered  was: How long can an early larva resist 

s tarvat ion wi thout  los ing its abi l i ty  to recover  and  to moul t  successful ly  to the next  stage? 

From Figure  5 it becomes  ev iden t  that  any lack  of food in the b e g i n n i n g  of larval  life 

causes  a de lay  in deve lopmen t :  The  durat ion of the Z-1 s tage (D) showed  a strong 

corre la t ion wi th  the t ime of s tarvat ion {t) in its beg inn ing .  D = 10.31 + 1.44 t 

(r = 0.9985; P<  10 -4) 

The  s lope of this regress ion  (solid l ine in Fig. 5, lower  part) is not only s ignif icant ly 

different  from zero (P< 10-4), but  also (P = 0.002) from the theore t ica l  re la t ionship 

(dotted l ine in.Fig.  5, lower  part), wh ich  can be  expressed  as: D = D¢ + t, whe re  D¢ = 

durat ion of Z-1 d e v e l o p m e n t  in the control (C) 
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Fig. 5. H y a s  araneus:  Expe r imen t  4. Explana t ions  see F igures  1 and  3 

This means  that a s ignif icant ly  increas ing  t ime (t') in addi t ion  to D c + t is necessary  

to compensa te  for the per iod of s tarvat ion (t). 

Mortal i ty did not fol low the same l inear  pattern,  but  ra ther  a s igmoida l  re la t ionship  

(Fig. 5). Ne ighbour ing  va lues  were  not s ignif icant ly  different  from each  other  excep t  in 

the range  6 to 10 days of s tarvat ion (P = 0.02 to 0.002). Survival  was  gene ra l ly  h ighe r  

than in the comparab le  1979 expe r imen t s  1 and  3, but  it showed  a s imilar  uppe r  l imit  of 

resistance:  After 10 days of starvation,  only one survivor  r ecovered  and r eached  the next  

moult  (and even  metamorphosis) .  After 12 days fasting, no more larva recovered  and 

moul ted  to the Z-2 stage; the last one d ied  after 34 days. 

Such l imit  for ear ly  s tarvat ion res is tance was  also found in fish larvae;  in accordance  

with Blaxter & H e m p e l  (1963) we  apply  the term "poin t -of -no- re turn"  (PNR) to this limit. 

For 50 % of the popula t ion  considered,  this va lue  (PNRs0) was found after somewha t  less 

than 8 days or s l ight ly more than  50 % of the m a x i m u m  possible  survival  t ime under  

starvation. 

Once  the first zoeal  mout t  is successful ly  passed,  la ter  survival  is obvious ly  not 

in f luenced  by ear ly  s tarvat ion periods:  In all  subexpe r imen t s  pract ical ly  no more  

mortali ty occurred in the later  s tages (three ind iv idua l s  out of 103 which  had r eached  the 

Z-2). 

A surpris ing phenomenon ,  however ,  was noted  in the Z-2 stage:  There  is a statisti- 
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cal ly s ignif icant  dec l ine  in the dura t ion  of this instar  (D) wi th  increas ing  starvat ion t ime 

at the b e g i n n i n g  of the Z-1 s tage (t): D = 13.58 - 0.16 t (r = 0.9822; P < 10 -3) 

This t rend (solid l ine  in Fig. 5, uppe r  part) is s ignif icant ly  different  from the control 

(dotted hor izonta l  l ine  in Fig. 5, upper  part), but  it is much  w e a k e r  than the increase  in Z- 

1 dura t ion  and thus, can compensa te  for only lit t le part  of this delay. 

In the m e g a l o p a  s tage  there  is a sl ight  (statistically insignificant)  increase  from 

26.3 _+ 2.0 to 28,6 ___ 1.9 days. Total  d e v e l o p m e n t  (D) to the first crab s tage clearly 

increases  wi th  ear ly  s tarvat ion t ime (t) from 51,7 + 2.0 to 64 days. The  regress ion 

equa t ion  desc r ib ing  this t rend is: D = 50.79 + 1.33 t (r = 0.9894; P < 10 -3) 

In expe r imen t  4, as in all  la ter  1980 exper iments ,  the deve lopmen t  rate in the two 

zoeal  s tages  was s ignif icant ly  s lower  than  one  year  before,  whereas  the mega lopa  stage 

had not changed .  This observat ion  wil l  be d iscussed below. 

E x p e r i m e n t 5 (Figs 1 and 6): It b e c a m e  ev iden t  that  s tarvat ion per iods in the 

b e g i n n i n g  and at the end  of the first zoeal  s tage each  had  different effects on later 

d e v e l o p m e n t  and survival  (cf. exp. 2 and 4). Therefore.  a more de ta i l ed  analysis  of the 
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i n t e r a c t i o n  b e t w e e n  the  i n t e r n a l  d e v e l o p m e n t  p r o g r a m m e  a n d  s t a r v a t i o n  e f fec ts  w a s  

n e e d e d .  

In  e x p e r i m e n t  5 a cons t an t  4 - d a y  f a s t i ng  p e r i o d  w a s  sh i f t ed  f rom t h e  b e g i n n i n g  to 

t he  m i d d l e  a n d  to t h e  e n d  of t h e  Z - l  s t age .  T h e  l a t e r  th is  p e r i o d  of s t a r v a t i o n  o c c u r r e d ,  

t he  less  it  d e l a y e d  t h e  d u r a t i o n  of t h e  Z - l ,  b u t  t h e  m o r e  i t  i n f l u e n c e d  t h e  Z-2.  T h e  

r e g r e s s i o n s  of t he  m e a n  days  of t he  4 - d a y  p e r i o d s  (t) on  t h e  d u r a t i o n s  of t h e  z o e a l  s t a g e s  

(D) are:  Z - l :  l n D  ---- 2 . 9 0 - 0 . 1 8  . l n t  (r ---- - -0 .9972;  P ---- 0.048) Z-2: D ---- 12,76 + 0.15 t 

(r = 0.9988; P = 0.03) 

As in e x p e r i m e n t  4, t h e r e  w a s  a w e a k  t r e n d  in  m e g a l o p a  d e v e l o p m e n t  o p p o s e d  to 

tha t  of t he  Z-2 s tage .  It w a s  a g a i n  s t a t i s t i ca l ly  i n s ign i f i can t .  O n l y  s t a r v a t i o n  in  t h e  v e r y  

b e g i n n i n g  of the  Z-1 s t a g e  h a d  a s ign i f i can t ;  d e l a y i n g  i n f l u e n c e  on  to ta l  d e v e l o p m e n t  

t i m e  to t h e  fist  c rab:  55.3 + 1.5 v e r s u s  51.3 _+ 1.6 to 51,7 _- 2.0 days .  

M o r t a l i t y  w a s  no t  i n f l u e n c e d  b y  t h e s e  shor t  s t a rva t i on  t imes :  D u r i n g  to ta l  l a rva l  

d e v e l o p m e n t  it a m o u n t e d  to 10 % in  t h e  w h o l e  e x p e r i m e n t .  
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E x p e r i m e n t  6 was carried out in  the same way as the last one, only the 

s tarvat ion periods were shor tened  from 4 to 2 days (Figs 1 and  7). As might  be expected, 

no statistically s ignif icant  differences be tween  s ingle  m e a n  values  could be found, since 

only  two days of s tarvat ion hardly  in f luenced  deve lopment  and  survival. However,  there 

was an  unexpec ted  f inding:  Short s tarvat ion immedia te ly  after ha tching  had apparent ly  

less de lay ing  inf luence  on the Z-1 stage than  the same short period appl ied  a little later 

(Fig. 7). Al though the difference b e t w e e n  these two m e a n  values  was not statistically 

significant,  it might  have a m e a n i n g  which wil l  be  discussed later. This first value was 

the only one not fi t t ing the t rend shown by all the other figures. They revealed  a similar 

dec l ine  (only weaker)  to that  observed in  expe r imen t  5 for Z-1 dura t ion (D) in relat ion to 

s tarvat ion t ime (mean of the period, t): D = 13.34 - 0 . 0 9  t (r = -0 .9884;  P = 10 -3) 

Short s tarvat ion occurr ing beyond  the first four days of Z-1 deve lopment  caused a 

sl ight ~telay in  the Z-2. In contrast to exper iment  5 there was no further difference in the 

extent  of this delay. 

Mortali ty was h igher  than  in  the other exper iments  (12 to 28 % died before 

metamorphosis) ,  bu t  did not show any  trend. 

E x p e r i m e n t  7 was an  ex tens ion  of exp. 3 and  the reversal of 5 and 6 (Fig. 1): 

Ins tead of a s tarvat ion per iod appea r ing  at different t imes in early development ,  a rather 

short feed ing  per iod (4 days) shifted wi th in  a long starvation period. 

The results  complemen t  and  confirm all above observat ions (Fig. 8): Four days of 

feeding  immedia te ly  after ha tch ing  were sufficient for most of the larvae to reach the 

next  stage without  any  further food supply  (cf. PRSs0 in  exper iment  2). 

W h e n  this 4-day feeding  period followed an  equa l ly  long starvat ion period, mortal- 

ity increased  s ignif icant ly  (P = 0.04), and  the in termoul t  dura t ion of Z-1 stage was 
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considerably  pro longed;  still 48 % of the la rvae  r eached  the Z-2 and 32 % the first crab 

stage. In both subexper iments  also, the Z-2 d e v e l o p m e n t  was  s t rongly de layed.  

After e ight  days of starvation, a 4-day feed ing  per iod  was  insuff icient  to support  

deve lopmen t  to the second stage. The  latest  larva d ied  after 40 days (28 days of 

starvation fo l lowing only 4 days of feedingT). 

Survival  in the second zoeal  s tage was s ignif icant ly  r educed  in the group fed from 

day 4 to 8 as opposed  to the control  (P ---- 0.02). In the m e g a l o p a  s tage  there  was no 

mortali ty in any group. 

E x p e r i m e n t 8 fo l lowed exact ly  the same des ign  as e x p e r im e n t  2 (Fig. t), excep t  

there  were  no control groups (corresponding to 0 and C in Fig. 1), and  the second zoea  

was considered ins tead  of the first s tage  (Fig. 9). This expe r imen t  was  p l a n n e d  as an 

at tempt  to provide  a p re l iminary  idea  about  the genera l  behav iou r  of the Z-2 to be  

expec ted  in future invest igat ions .  

The PRS50 va lue  was found to be  ca. 5 days. This was  (absolutely) later  than  in the Z- 

1, but about  the same in re la t ion to its dura t ion (ca. one third). D e v e l o p m e n t  dura t ion in 

the Z-2  was only p ro longed  w h e n  feed ing  ceased  a l ready  after four days; in this ins tance  
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mortal i ty was s ignif icant ly  h igher  (P < 10 -4) than  in  the group fed two days longer.  If 

s tarvat ion commenced  even  sooner, no larva reached the mega lopa  stage. 

The dura t ion  of the mega lopa  stage was surpr is ingly  unaffected by starvation dur ing  

the Z-2 i n s t a l  Also In the total deve lopmen t  t ime to the first crab only ins igni f icant  

differences were  observed (52.5 _ 1.4 to 53.7 _ 1.6 days). 

DISCUSSION 

The first question in the section "Introduction" can be answered as follows: All 

larval stages of Hyas araneus depend on the availability of food organisms for further 

development, regardless of temperature. However, they are apparently well adapted to 

temporary lack of food, as maximal survival times under starvation conditions are 

considerably longer than shown by other figures hitherto reported for crustacean larvae 

(only exception: Kon, 1979). 

The limits for starvation resistance vary in relation to temperature and stage. In all 

stages, there is a more or less clearly developed inverse relationship between survival 

time and temperature. This finding might be explained simply by the well-known 

temperature dependence of metabolic processes; however, this explanation would be 

too simple. As shown by Rice & Provenzano (1965), Provenzano (1967, 1968b), and Gore 

(1970), not necessarily the lowest, but often the o p t i m a I temperature allows longest 

survival in starved decapod larvae. Some tropical species, for example, are killed by 

temperatures of I0 ° to 15 ° C, long before their reserves have been used up (Provenzano, 

pets. comm.). There are obviously two mechanisms superimposed on each other: (1). 

generally decreasing metabolism with decreasing temperature, and (2). a temperature 

range in which enzymatic and other biochemical processes function optimally due to 

genetic or non-genetic adaptation (cf. Kinne, 1964, Rosenberg & Costlow, 1979). 

Since H. araneus is a cold-water species, these two phenomena act principally 

together and cannot be clearly distinguished. On the other hand, modifications of this 

general trend should be expected concerning the different larval stages. Hatching takes 

place during the season with coldest water temperature, larval development during 

rising temperatures in spring. This means that the Z-1 stage should be adapted to the 

lowest (ca. 3o-7 ° C), the Z-2 to intermediate (ca. 5°-10 ° C), and the megalopa to the 

highest temperatures (ca. 8°-15 ° C) (see the graphical model proposed by Anger & Nail 

1979). The survival pattern in Figure 2 corresponds rather well to these assumptions. 

Differential starvation resistance in the larval stages appears to be related to the 

temperature optima estimated above. 

If the values from Figure 2 are plotted against the mean stage durations summarized 

by Anger  & Nair  (1979), plus  some recent ly  ob ta ined  figures (Anger & Dawirs, u n p u b -  

lished) for 18 ° C (8 days for Z- l ,  10 days for Z-2), then  the fol lowing regression is 

obta ined:  S = 5.2 + 0.9 D (r =- 0.9387; P < 10 -3) 

This gives an  answer  to the second ques t ion  in  the "Introduction".  Maximal  survival 

t ime (S) unde r  s tarvat ion is in  the same order of ma gn i t ude  as the "normal"  durat ion (D) 

of each stage at a g iven  tempera ture ,  mostly S is usua l ly  s l ightly h igher  than  D. Similar  

re la t ionships  (S -- D) were  also observed by Knowl ton  (1974), Roberts (1974), Yaqoob 

(1977}, and  Provenzano (1978). Deviat ions  from this rule  were observed at temperatures  

be low the opt imal  range  (Gore, 1968, 1970; Provenzano,  1967, 1968b). In these cases, 
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survival  was considerably  shorter than  deve lopmen t  (if this was, at all, possible}; in  the 

opt imal  range,  S and  D were  aga in  similar.  If the genera l  val idi ty  of this re la t ionship  can 

be confirmed, it should be possible  to es t imate  the approximate  max ima l  survival  t imes 

of b rachyuran  larvae from their  stage durat ions.  

Exper iments  carried out in  1979 and  1980 ind ica ted  some systematic  differences in  

deve lopment  dura t ion  which cannot  yet be exp la ined  definitely.  The latter exper iments  

started about  one month  earl ier  in  the year  than  the former series. Since the ber r ied  

females were always kept  in  cold water  (2 °C), an  i r reversible  non -gene t i c  adapta t ion  

(Rosenberg & Costlow, 1979} might  have caused  a decrease in in te rmoul t  dura t ion  with 

increas ing t ime of adaptat ion.  Another  possible exp lana t ion  might  concern  the amoun t  

of yolk reserves in  larvae, hatched at different times, as carbon measu remen t s  and  

starvation resis tence were  h igher  in  larvae observed in  February  1980 than  in  May 1979. 

It is still an  open  quest ion,  whe ther  these differences resul ted from different females,  

periods wi th in  the s p a w n i n g  season or from different years. If there was  no tempera ture  

adaptat ion,  a decrease in  yolk reserves du r ing  one season might  be  the most p robab le  

explanat ion!  This would  be  suppor ted  by s imilar  observat ions  by P a nd i a n  & S c h u m a n n  

(1967) and  Regnaul t  (1969). The s ignif icance of those p h e n o m e n a  will  be  inves t iga ted  

before further exper iments  on starvat ion resis tance and  "suble tha l  effects" of s tarvat ion 

are started. 

Quest ion n u m b e r  3 in  the "Introduct ion" is answered  in  Figures 4 and  9: Both zoeal 

stages need  at least one third approximately,  of their  deve lopment  dura t ion  to accumu-  

late enough  reserves for about  50 % of the larvae to moul t  successfully to the next  stage, 

i n d e p e n d e n t  of food avai labi l i ty  (PRSs0 }. If s tarvat ion lasts from the PRSs0 to the moult,  

survival  is reduced and  deve lopmen t  is delayed.  The t ime at which  n o larva has yet 

accumula ted  sufficient reserves to survive s tarvat ion to the next  moul t  (PRS0) is only  

little earlier. In both zoeal stages it appears  to be  about  20 % of stage durat ion.  In other 

words: Zoea larvae must  feed right after ha tch ing  (or moulting} for more than  one fifth of 

their normal  durat ion in  order to have at least some chance  of surviving later  starvation; 

if more than one third of the stage dura t ion has e lapsed  u n d e r  good feeding  condit ions,  

every second larva probably  survives s tarvat ion to the next  moult.  

In exper iment  2 (Fig. 4) starvation dur ing  the last 2 to 4, days of the first zoeal stage 

resul ted in  somewhat  faster deve lopment  as compared  to the control (C). This might  

suggest  that food organisms in some way disturb rather  than  support  moul t ing  zoeae. 

The differences were statistically not  significant ,  a nd  they were  not found a ga i n  in  

exper iment  5 {Fig. 6); therefore this possible  effect must  r ema in  in  quest ion.  

The fourth ques t ion in  the "Int roduct ion"  deserves a clear "yes":  The point-of-no-  

return for 50 % of the Z-1 larvae (PNRs0 } is reached after pass ing  more than  half of the 

maximal ly  possible survival  t ime unde r  s tarvat ion (Fig. 5). If more than  70 % of this 

max imum time has e lapsed without  food supply,  apparen t ly  no larva has a chance  to 

recover w h e n  re-fed (PNRa00). These figures indicate  an  unusua l l y  good adap ta t ion  to 

f luctuat ing prey avai labi l i ty  as compared  to fish larvae (see Ehrlich et al., 1976}. They  

correspond closely to the only comparable  data for zoeae of a maj id  crab provided by 

Kon (1979). 

The regression l ine  for Z-1 dura t ion (D} agains t  s tarvat ion (t) in  F igure  5 suggests  a 

basic in te rna l  mechan i sm  in  early deve lopment :  The p rogramme which has to be  

completed to permit  moul t ing  to the second stage, does not  start as long as the larva has 
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not fed for the first t ime. Normal  d e v e l o p m e n t  dura t ion (Dc) is p ro longed  by the 

s tarvat ion t ime (t) plus an  addi t iona l  amount  of t ime (t') wh ich  is probably  necessary  to 

compensa te  for ene rgy  losses dur ing starvation. Since t' is proport ional  to t, another  

l inear  regress ion  can be ca lcu la ted  to express  the re la t ionship  b e t w e e n  D and t (solid 

l ine in Fig. 5, lower  part). In this new regress ion  the slope is s ignif icant ly  s teeper  than in 

the theore t ica l  D -- D c + 1 t (dotted in Fig. 5, lower  part). Kon (1979) found such 

addi t ional  p ro longa t ion  (t') only after more  than one  w e e k  of ini t ial  starvation. The  

gene ra l  response  of Maj id  zoeae  to early s tarvat ion as descr ibed  in that paper  is 

bas ica l ly  the  same as found in our exper iments :  D e v e l o p m e n t  starts only after first 

feeding.  A similar  observat ion  was also m a d e  in k ing-crab  zoeae  (Kurata, 1959). 

The  n e w  l inear  re la t ionship  indica tes  a constant  ene rgy  loss per  uni t  of s tarvation 

t ime for a cer ta in  range.  There  is, however ,  a restriction. The  m e c h a n i s m  assumed above 

is not fully va l id  for very  short s tarvat ion per iods  direct ly  after the prezoeal  moult.  For 

s tarvat ion per iods  shorter  than about  three  days, t' appears  to equa l  zero or it becomes  

e v e n  negat ive!  The  same effect was also observed  in expe r imen t  6 (Fig. 7). This means  

that  a small  part  (about one  day) of the d e v e l o p m e n t a l  p rog ramme  men t ioned  above 

must  run, i n d e p e n d e n t  of ex terna l  ene rgy  supply, in the very b e g i n n i n g  of the stage. 

Since freshly ha tched  larvae  possess enough  reserves  to run a grea te r  part  of their  

d e v e l o p m e n t a l  p r o g r a m m e  wi thout  food (Anger & Nair, 1979), the above  mechan i sm 

cannot  be exp la ined  exc lus ive ly  with energet ics .  A possible  exp lana t ion  for the key role 

of first f eed ing  in ear ly  larval  d e v e l o p m e n t  of decapods  wil l  be g iven  below. 

The exis tence  of a cri t ical  per iod  at the b e g i n n i n g  of larval  deve lopmen t  was 
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Fig. 10. Hyas  araneus: Response pattern in the zoea-1 stage(Zl) to differential starvation. Delay 
expressed as multiple of development duration in fed controls. Further explanations see text 
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already suggested by observat ions reported by Yatsuzuka (1962), Modin  & Cox (1967), 

and  Kon (1979). These authors descr ibed lowered survival  in  decapod larvae, w h e n  

feeding commenced  too late fol lowing hatching.  An ana logy  exists in  larval  fishes 

(Ehrlich et al., 1976). Also Chamber l a in ' s  (1957) observat ions most p robably  based  on 

the same mechanism:  Xanth id  larvae fed exclusively  on diatoms dur ing  the first days 

(later they received an imal  food) showed considerably  de layed  deve lopmen t  as opposed 

to s ibl ing larvae fed with zooplankton  from the beg inn ing .  It is now genera l ly  accepted 

that b rachyuran  larvae are strictly carnivorous and  cannot  subsist  on a lgal  food. This 

means  that Chamber l a in  starved the zoeae involuntar i ly  in  a s imilar  way as in  our 

exper iment  1 (Fig. 3), and  he ob ta ined  similar  results. 

Figure 10 summarizes  the response pat terns  of the first zoeal stage of Ft. a r a n e u s  to 

starvation: The delay  in  Z-1 development ,  expressed as pro longat ion  factor u s ing  the 

control as uni t  (C = 1), shows differential  effects of starvation. 

The delay increases  with dura t ion of the starvation period, bu t  even  more drast ically 

with its advanc ing  commencemen t  wi th in  the stage. This pa t te rn  confirms the critical- 

point  concept (see above) and  it answers  the last ques t ion  in  the section "Introduct ion".  

If starvation starts before the PRSs0 is reached or if it ends  later than  the PNR50 (shaded 

area, b in Fig. 10), then  less than  half of all  larvae have a chance  to reach the second 

stage. The PNR100 and  the PRS 0 def ine the u l t imate  l imit  for any  further deve lopmen t  

(hatched area, a). 

A similar response pat tern  as shown in  Figure 10 is obtained,  if mortal i ty ins tead of 

deve lopmenta l  delay is t aken  as a measure  for s tarvat ion effects. However,  zoeal 

mortality is a less accurate, sensitive,  and  re l iable  index  (cf. Costlow & Bookhout, 1970) 

and therefore was only t aken  as addi t ional  informat ion in  this study. Also the observa-  

tion reported by Wickins (1972), who provided food of different qual i ty  dur ing  differen- 

tial periods in larval deve lopmen t  of penae id  shrimps, correspond very well  to our 

findings.  

With the except ion of exper iment  8, there was never  any  starvat ion appl ied  to the 

second zoea, but  effects of early s tarvat ion on later stages did occur. Lack of food in  the 

final phase of the Z-1 stage did not s ignif icant ly  affect the dura t ion of this stage (Figs 4, 

6, 7, 10), but  that of the next  instar. The effects (delayed deve lopment  and  increas ing  

mortality) depend  aga in  on the durat ion of the fast ing period. 

A surpr is ing p h e n o m e n o n  is observed w h e n  lack of food occurs in the b e g i n n i n g  of 

the Z- l :  the dura t ion of the second stage is shor tened  (Figs 5 a nd  6). We cannot  f ind 

sensible  energet ic  explanat ions  for this par t ia l  compensa t ion  in  deve lopmen t  rate. 

From our exper imenta l  observat ions  and  from l i terature data the fol lowing 

hypothesis is der ived and  proposed as a possible explanat ion:  

The first day of the moult  cycle in the Z-1 stage is p resumably  character ized by the 

postmoult  periods A and  B. According to the only comparable  figures for crab larvae 

(Freeman & Costlow, 1980) we assume them to last, t aken  together, ca. 10 % of the stage 

duration. During this time, water  and  minera ls  are t aken  up, and  the endocut ic le  is 

secreted. The latter step involves  chi t in  synthesis,  which  is i n d e p e n d e n t  of food uptake  

(Anger & Nair, 1979). Starvation, therefore, p r e sumab ly  does not affect further develop-  

ment,  if suffered only dur ing  postmoult.  Moult  i nh ib i t ing  hormone  (MIH) is p robably  

secreted into the haemolymph  dur ing  this phase,  i n d e p e n d e n t l y  of nutr i t ion.  

As the larva approaches in termoul t  (C), food up take  is necessary to ini t iate  further 
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deve lopmen t .  Al l  recons t ruc t ion  processes  cease ,  if this  in i t ia l  cue is miss ing  (see above),  

a n d  p ro te in  rese rves  a re  u t l i zed  as  ma in  e n e r g y  source  du r ing  this t ime (Anger  & Nair,  

1979). The  l e n g t h  of s ta rva t ion  t ime  (t, m e a s u r e d  from the b e g i n n i n g  of phase  Co) 

co r responds  to the  m i n i m u m  pro longa t ion  of in te rmoul t  dura t ion  (exper iment  4, cf. 

Kurata ,  1959; Kon, 1979). The  longe r  in i t ia l  s ta rva t ion  lasts  du r ing  phase  C, the  more 

add i t i ona l  t ime  (t') is a d d e d  for c o m p e n s a t i o n  of p ro te in  loss. There  is an  u p p e r  l imit  (ca. 

70 % of m a x i m a l l y  poss ib le  surv iva l  t ime) wh ich  cannot  be  e x c e e d e d  wi thou t  los ing  the 

ab i l i ty  to recover  and  to moult .  The  ac tua l  cause  of this  po in t -of -no- re turn  can only be  

specu l a t ed :  The  ab i l i t y  to ca tch  p r ey  is ce r t a in ly  w e a k e n e d  (Paul & Paul,  1980), but  

insuff ic ient  food u p t a k e  a lone  can  ha rd ly  e x p l a i n  the  PNR. Survival  after  in i t ia l  s tarva-  

t ion a n d  r e c o m m e n c e m e n t  of f e ed ing  is most ly  much  longer  than  m a x i m u m  survival  

u n d e r  comple t e  l ack  of food (exp. 1, 3, 4, 7; see  also Kon, 1979). Therefore  some 

i r r eve r s ib le  b i o c h e m i c a l  or h i s to log ica l  d a m a g e  mus t  be  suffered which  preven ts  recov- 

e ry  a n d  moul t ing .  

W h e n  p rey  is a v a i l a b l e  du r ing  in termoul t ,  t i ssue  growth  and  accumula t ion  of 

o rgan ic  rese rves  t ake  p l a c e  (Yamaoka  & Scheer ,  1970). This  pe r iod  is a s s u m e d  to last  ca. 

one th i rd  of Z-1 du ra t ion  (es t imat ion  b a s e d  on f igures  g iven  by  F r e e m a n  & Costlow, 

1980), i. e. s o m e w h a t  less  than  four days.  If s ta rva t ion  (in the  wides t  sense) p recedes  or 

in te r rupts  p h a s e  C, it wi l l  las t  l onge r  (of. F igs  5-8),  b e c a u s e  p ro te in  losses have  to be  

c o m p e n s a t e d  for. 

The re  are  severa l  subs tances  essen t ia l  for g rowth  in Crus t acea  (Provasoli,  1976). The 

fact tha t  the  in te rmoul t  p h a s e  (C) needs  a s ta r t ing  m e c h a n i s m  sugges t s  that  there  might  

be  a s ing le  k e y  subs tance .  We as sume  that  s terols  t a k e n  from the first d ie t  may  p l ay  a 

c ruc ia l  role.  They  cannot  b e  syn thes i zed  b y  the  l a rvae  (Whitney,  1969; Gi lber t  & 

O 'Connor ,  1970; Provasoli ,  1976), bu t  t hey  are  n e e d e d  as  precursors  of s teroid  hormones.  

It is poss ib le  tha t  [~-ecdysone (=  ~-ecdys te rone ,  c rus tecdysone)  synthes is  is the  ac tua l  

s ta r t ing  po in t  of fur ther  deve lopmen t .  If s ta rva t ion  sets in after  the  start  of phase  C, 

d e v e l o p m e n t  does  not  i m m e d i a t e l y  cease ;  if at  this  t ime the pool  of necessa ry  reserves  is 

a l r e a d y  " sa tu r a t ed"  ( "po in t -o f - rese rve-sa tu ra t ion" ,  PRS, see  above),  i. e. poss ib ly  a sterol 

poo l  suff ic ient  for Z-1 d e v e l o p m e n t  has  b e e n  accumula ted ,  then  the ~-ecdysone  wil l  

suffice to in i t i a te  p r e m o u l t  a n d  ecdysis ,  i n d e p e n d e n t  of fur ther  p rey  ava i lab i l i ty .  If 

s ta rva t ion  b e g i n s  too soon dur ing  phase  C to a l low successful  comple t ion  of the  moult  

cycle,  t hen  some d e v e l o p m e n t  st i l l  t akes  p l a c e  au tomat ica l ly .  It wi l l  cease  la ter  at some 

po in t  unt i l  f e ed ing  r ecommences .  In this  case  the  d e l a y  in d e v e l o p m e n t  is shor ter  than  

the ac tua l  s ta rva t ion  pe r iod  (Figs 4 and  6). 

In te rmoul t  (C) is c o m p l e t e d  w h e n  the ~-ecdysone  has  e x c e e d e d  that  leve l  of act ivi ty  

wh ich  is neces sa ry  to e l i m i n a t e  the  in f luence  of MIH a n d  to start  the  first p remou l t  phase  

{Do}. Beyond  this  point ,  fur ther  d e v e l o p m e n t  is p r o g r a m m e d  by the  mou l t ing  hormone;  

its au toma t i c  course is not  s ign i f i can t ly  a f fec ted  any  more  by  p r ey  absence  or presence .  If 

pos tmou l t  and  in termoul t ,  combined ,  amoun t  to ca. 40 % of the s tage  dura t ion  (cf. 

F r e e m a n  & Cost low,  1980), then  D O shou ld  c o m m e n c e  af ter  abou t  five days.  This 

a s s umpt ion  cor responds  to the  obse rva t ions  in e x p e r i m e n t s  2 and  5. It wou ld  m e a n  that  

the  Z-1 of H.  a r a n e u s  u n d e r g o e s  a d i ecdys ic  type  of moul t  (Knowles & Carl is le ,  1956}. 

Exper imen t s  2 and  5 also sugges t  that  du r ing  p remou l t  some subs tances  t a k e n  from 

the  d ie t  a re  a c c u m u l a t e d  w h i c h  a re  impor t an t  for the  s econd  zoea l  s tage.  If s tarvat ion 

lasts  for the  who le  p r e m o u l t  per iod,  the  dura t ion  of the  Z-2 s tage  is s igni f icant ly  
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prolonged.  The key substance  migh t  be aga in  ~-ecdysone or some precursory sterol 

stored dur ing this period.  Ano the r  possibi l i ty  migh t  be  lipid, wh ich  is n e e d e d  as a pool  of 

precursors for chi t in  synthesis  in the Z-2 (Holland, 1978). It should be  r eca l l ed  that  this 

effect was not obse rved  dur ing  the t ransi t ion from the Z-2 to the m e g a l o p a  (Fig. 9), 

sugges t ing  that  the long- las t ing  m e g a l o p a  s tage  is much  less d e p e n d e n t  on such 

reserves.  

Since the MIH is most p robably  secre ted  dur ing the pos tmoul t  (Freemann & Cost- 

low, 1980), the s t range shor ten ing  effect in the Z-2 d e v e l o p m e n t  (exper iment  4; Fig. 5, 

upper  part) might  be exp la ined  in the fo l lowing way: The  MIH is, accord ing  to Rangaro 

(1965), a pept ide.  It is also known that  unde r  starvation,  amino  acids  can  b e c o m e  an 

important  source of energy,  i. e. they  are  ca tabo l ized  (Munday & Poat, 1971). Thus,  it is 

possible  that  part  of neurosecre tory  MIH is used  up dur ing  ear ly  starvation.  This  would,  

later change  the ratio b e t w e e n  the MIH and the [3-ecdysone synthes ized  dur ing  inter-  

moult  (after r e c o m m e n c e m e n t  of feeding).  This d is turbance  in the ho rmone  system 

should increase  with the dura t ion of the s tarvat ion period.  Since the effects of de l ayed  

intermoult  ini t ia t ion and that  of compensa t ion  for ene rgy  loss in the Z-1 (see above) are 

far s tronger than that of a r educed  MIH pool, the lat ter  may b e c o m e  vis ible  only in the Z- 

2 stage. 

So far, our exper iments  have  shown that  ear ly  la rvae  of H. a r a n e u s  have  a consider-  

able  capaci ty  to survive  in an e n v i r o n m e n t  wi th  h igh ly  va r i ab le  zoop lank ton  concentra-  

tion. The  t echn ique  used  to eva lua te  l imits  and changes  of this potent ia l  (Fig. 1} is also a 

sui table complementa ry  means  for ana lyz ing  d e v e l o p m e n t a l  processes  in c rus tacean  

larvae.  Future inves t igat ions  wil l  have  to scrut inize  this hypothe t ica l  course of events  

using b iochemica l  as wel l  as h is to logical  methods.  Such analyses  may  also permi t  an 

explana t ion  for the point-of-no return: Why does a s tarved larva b e c o m e  unab le  to 

moult? Which i r revers ible  d a m a g e  is respons ib le  for this effect? Fur thermore ,  s imilar  

studies on different  species  should  he lp  to d is t inguish  b e t w e e n  spec ies -spec i f ic  effects 

and genera l  rules. Finally, la ter  larval  s tages  must  also be  inves t iga ted ,  s ince they  may  

reveal  response  pat terns  different  from those in the first zoea  (cf. Figs 4 and 9), and  they 

lead to the most important  t ransi t ion in decapod  deve lopmen t :  to metamorphos is .  
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