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ABSTRACT: Larvae  uf an  e s tudr ine  g raps id  crdb Chasmagnuthus granul(lt(l l ) ana  1851, t ram tem-  
pe ra t e  a n d  subt rop ica l  reg ions  at South  Amer ica ,  were  rea red  in s e a w a t e r  [32"/,,,,) at five di f ferent  
c n n s t a n t  l e m p e r a t u r e s  (12, 15, 18, 21, 2.1 ~ Con lp l e l e  larval d e w f l o p m e n t  fronl hd tch ing  IZoea [) 
to m e t a m o r p h o s i s  (Crab l) occur red  in a r ange  Irom I5 to 24 :C 1 t ighes t  surviwll  (60".;, to the  first 
j uven i l e  s tagel  was  o b s e r v e d  at 18 ~C, whi le  all ldrvae rea red  at 12 ~C died  before m e t a m o r p h o s i s .  
The  dura t ion  at d e v e l o p m e n t  (D) d e c r e a s e d  with i nc r ea s ing  t e m p e r a t u r e  (T). This  re la t ionsh ip  is 
de sc r i bed  for r larval sta.qes as o poweK funct ion  ( l inear r eg r e s s ions  al ter  logar i thmic  tr~msh)rnta- 
t i ono f  both D a n d  T) T he  t e m p e r a t u r e - d e p e n d e n c e o I t h e i n s t a n t d n e o u s d e v e l o p n l e n t a l r a t e ( D ' )  
is c o m p a r e d  a m o n g  larval s t ages  and  t e m p e r a t u r e s  u s ing  the  Q,,, coefficient (van ' t  Hall 's  e q u a -  
tion). T h r o u ~ h  aii four zoeal  s tages ,  this Index t e n d s  to m c r e d s e  d u n n g  d e v e l o p m e n t  a n d  to 
d e c r e a s e  with i nc reas ing  T (compar ing  l a n g e s  12-18, 15-21, 18-24 ~C). In lhe  M e g a l n p a ,  low" Q::, 
va lues  were  found  in the  r a n g e  from 15 to 24 ~C. In a n o t h e r  ser ies  of expe r imen t s ,  la rvae  were  
rea red  at cons t an t  lB ~C, and  their dry we i gh t  (W) a n d  respi ra tory  r e s p o n s e  Io c h a n g e s  in T were  
m e a s u r e d  in all s u c c e s s i v e  s t age s  du r i ng  the  in t e rmou l t  per iod (s tage C) of the  mou l t i ng  cycle. 
Both ind iv idua l  and  weigh t - spec i f ic  respi ra t ion  (R, O O J  inc reased  exponen t i a l ly  with i nc r ea s ing  
7~ At e ach  t e m p e r a t u r e ,  R inc redsed  s igni f icant ly  d u r i n g  g rowth  and  d e v e l o p m e n t  t h r o u g h  succe s -  
s ive larval s tages .  No s ignif icant ly  d i l ferent  QO,  v a l u e s  were  found in the  first th ree  zoeal  s tdges ,  
whi le  a s igni f icant  d e c r e a s e  with i nc reas ing  W occur red  in the  Zoea  IV and  Mega lopa .  As m the  
t e m p e r a t u r e - d e p e n d e n c e  of D, the  respi ra tory  r e s p o n s e  to c h a n g e s  in t e m p e r a t u r e  (Q,.,,) d e p e n d s  
on both the  t e m p e r a l u r e  r a n g e  and  the  d e v e l o p m e n t a l  s tage ,  however ,  with di f ferent  pa t te rns .  In 
the  zoeal  s tages ,  the  respira tory Q~,, was  m i n i m u m  (l .7-2.2)  at low t e m p e r a t u r e s  (12-18 ~ but  
m a x i m u m  (2.2-3.0} at 18-24 ~  T h e  M ega i opa ,  in contras t ,  s h o w e d  a s t r onge r  metabo l i c  r e s p o n s e  
in the  lower  t h a n  in the  uppe r  t e m p e r a t u r e  r a n g e  (Q~o = 2.8 and  1.7. respechve ly) .  We in te rpre t  
this pa t t e rn  as an  adap ta t i on  to a s e q u e n c e  of t e m p e r a t u r e  condi t ions  that  shou ld  typical ly  be 
e n c o u n t e r e d  by C. granulata la rvae  du r i ng  thei r  o n t o g e n e t i c  migra t ions :  h a t c h i n g  in and  s u b s e -  
q u e n t  expor t  from sha l low e s tua r ine  lagoons ,  zoeal  d e v e l o p m e n t  in coas ta l  ma r ine  waters ,  wh ich  
are  on a v e r a g e  cooler, re turn  in the  M e g a l o p a  s t a g e  to w a r m  lagoons .  We thus  p ropose  that  h igh  
metabolic: sens i t iv i ty  to c h a n g e s  in t e m p e r a t u r e  m a y  s e rve  as a s ignal  s l imu la t i ng  larval  migra t ion ,  
so tha t  the  zoeae  shou l d  t end  to l eave  w a r m  e s t ua r i e s  a n d  lagoons ,  w h e r e a s  the  M e g a l o p a  shou ld  
avoid  r e m a i n i n g  in the  cooler  ma r i ne  wa te r s  a n d  ini t ia te  its migra t ion  towards  sha l low coasta l  
l agoons .  

�9 A d d r e s s e e  for all c o r r e s p o n d e n c e .  

�9 Biologische Ans ta l t  He lgo land ,  H a m b u r g  
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INTRODUCTION 

The majority of grapsid crabs are intertidal or supratidal species, occupying a great 
variety of coastal and estuarine habitats. Almost all of them show some degree  of adap- 
tation to terrestrial or low-salinity conditions, al though most species are still bound to 
the sea, having a pelagic larval deve lopment  (I-lartnoll, 1988; Anger, 1995). One of 
these, the semiterrestrial crab Chasmugnuthus grunulutu Dana 1851, lives in supra- 
littoral and mesolittoral zones of South American salt marshes, ranging from Cabo Frio, 
Brazil (23 ~ S), to the Gulf of San Matias, Argent ina (43 ~ S), where it is one of the domi- 
nat ing macrobenthic  inhabi tants  (Boschi, 1964). Its first-stage larvae hatch in shallow 
coastal estuaries and  lagoons, from where  they are rapidly exported to adjacent  coastal 
waters; the megalopa returns later to the lagoon for set t lement and metamorphosis  
(Anger et al., 1994). As a consequence  of this ontogenet ic  migration pattern,  the larvae 
of C. grunuluta are exposed to great variations in envi ronmenta l  condit ions such as 
temperature  and salinity, in particular at the beg inn ing  and the end at the pelagic 
phase. 

As one of the abiotic key factors, temperature  controls the rates of survival, devel- 
opment,  and metabolism in crab larvae and other poikilothermic organisms {Kinne, 
1970). In coastal lagoons, where the zoea larvae of C. grunululu hatch and the mega- 
lopa settles, it may vary by more than 10 ~ within a single tidal cycle (Anger et al., 
1994). While metabolic adaptat ions to temperature  changes  in the intertidal habitat  
have been investigated in adul-t C. grunululu (Santos et al., 1987), nothing was known 
about the ontogeny of respiratory and other bioenerget ic  traits in the species, t tence,  
the aim of this study has been to quantify etfects of temperature  on survival, develop- 
ment, and oxygen consumption in its larval stages. Developmental  changes  in their 
temperature  response are compared with the expected patterns of env i ronmenta l  
changes that should be encountered  by the planktonic larvae during their ontogenet ic  
migrations be tween  warm coastal lagoons and cooler marine waters. 

MATERIAL AND METt tODS 

Ovigerous females were collected from the Mar Chiquita Lagoon {Mar del Plata, 
Argentina;  for description of habitat  condit ions see Spivak et al., 1994), t ransported to 
the marine  laboratory of the Biologische Anstalt t--telgoland (Germany), and  then kept 
in aquaria  with brackish water (ca 20%,,) at a constant  temperature  (18 ~ After hatch- 
ing, actively swimming larvae from one hatch were transferred individual ly to vials 
with ca 30 ml filtered seawater  (ca 32%o). Fifty larvae were reared at five different con- 
stant temperature  levels (12, 15, 18, 21, 24 ~ and under  a 12:12 h l ight:dark cycle. In 
daily intervals, water was changed,  vials were checked for moults or mortality, and the 
larvae were fed with freshly hatched Artemia sp. nauplii .  The larval stages were identi- 
fied using the morphological description by Boschi et al. (1967). 

In another  experiment,  larvae were mass-reared at constant 18 ~ in gently aerated 
beakers with 5 L seawater. When moults occurred, the developmental  stages were sepa- 
rated in different bowls so that all larvae in the same bowl had the same age within a 
given instar. In each stage, respiration was measured during exposure to 12, 15, 18, 21, 
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and 24 ~ using the Winkler method (Grasshoff, 1976). These measurements  were car- 
ried out exclusively in intermoult (stage C of the moulting cycle; Anger, 1983), because 
there is little developmental  variability in oxygen consumption during this phase 
(Anger, 1991). Each measurement  comprised seven replicate experiments (with larvae) 
and four replicate blanks (without larvae). Depending on larval weight and tempera- 
ture, 2 (megalopa) to 45 (zoea I) individuals were confined in each Winkler bottle with 
ca 60 ml Mfllipore-filtered {0.25 tam) seawater. The larvae were not fed for two hours 
before the beg inn ing  of the experiment  in order to avoid defecation inside the bottle. 
Oxygen consumption was measured after an incubat ion period of ca 15 h, using a semi- 
automatic Metrohm Dosimat 665 titration apparatus. Larval respiration was calculated 
from the difference in 02 concentration between experimental  and blank bottles, the 
volume and number  of individuals in each bottle, and the time of incubation IAnger & 
Jacobi, 1985). The temperature coefficient (Q~o) for both the instantaneous (daily) rates 
of development  (i.e. the reciprocal values of development  duration, D-") and for the rates 
ot respiration was calculated according to Van't Hoff's equation (Precht et al., 1973). 

In samples taken from the same material, five replicate measurements  of dry 
weight (W) were carried out, with 3 (megalopa) to 20 (zoea I) individuals each. The lar- 
vae were briefly rinsed in water lrom an ion exchanger  to remove adherent  salts, pipet- 
ted to a filter paper  and then transferred with tweezers to pre-weighed tin cartridges. 
They were freeze-dried over night in a GT2 (Leybold-Heraeus) apparatus,  before W 
was measured on a Mettler UM3 microbalance to the nearest 0.1 Bg. In the present  
paper, V~; data are used only for the calculation of weight-specific respiration rates 
(QO~) and to show the relationships be tween W and respiration. A complete account of 
larval growth and elemental  composition (carbon, nitrogen) is given elsewhere (Anger 
& lsmael, 1997). 

Statistical analyses were made using a "Statistical Analysis System" software 
package (SAS, 1989). Survival rates were compared using a Z z test, while multiple com- 
parisons of mean  weight-specific respiratory rates were carried out using a two-way 
ANOVA followed by Tukey's tests (Sokal & Rohlf, 1981 ). Relationships be tween  devel- 
opment  duration, respiration, dry weight, and temperature  are described with non-l in-  
ear regression equat ions (exponential and power function models). After l inearization 
(logarithmic transtormationL regression coefficients were compared for parallelity with 
a t-test (Brownlee, 1965). 

RESULTS 

Chasmagnathus granulata larvae were able to develop successfully to the first 
juveni le  crab stage at temperatures ranging from 15 ~ to 24 ~ (Fig. la). At 12 ~ mor- 
tality was high in all stages, particularly in the first and the last zoeal stage (Fig. lb), 
the last survivors dying in the Megalopa stage before reaching metamorphosis.  Maxi- 
mum survival was observed at 18 ~ with 92% of all larvae passing successfully 
through all four zoeal stages and 60% reaching metamorphosis  to the first juveni le  
stage (Fig. la). Survival in the first two zoeal stages was significantly higher at 18 ~ 
than at all other temperature  levels (P < 0.005; Fig. lb). In the Megalopa, on the other 
hand, survival increased dear ly  with increasing temperature  (Fig. lb). 
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Fig. 1. Chosmagnuthus granulota: (a) Cumulative, (b) stage-specLlic rr ot survival ot ldrval 
stages reared at different temperatures 1",6; initial n = 50 individuals per treatment) 

The time of development  (D, in days) increased in successive larval stages, and it 
decreased in each stage with increasing tempera ture  (Table 1). The decrease in D with 
increasing temperature  (T; in ~ can be expressed with the following genera l  regres- 
sion model (power function), where b is the intercept  with the Y axis and  m the slope 
(regression coefficient) in the l inearized form (after log-transformation of both D and 7]: 

D = b-  T TM [Eq. 1] 

The fitted regression curves and equat ions are shown in Figure 2a, along with the 
coefficients of determination,  r 2 (all >_0.97; significantly different from zero; P < 0.01). 
The slopes of these regressions were lower in the Zoea I, Zoea I[ and Megalopa than in 
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Fig. 2. Chasmagnathus f:tranulata: t".fiect ot t e m p e r a t u r e  (T, ~ on (a) dura t ion  ot d e v e l o p m e n t  (D, 
days),  (b) ind tv idua l  respi ra t ion (R), (c) we igh t - spec i f i c  rate of respi ra t ion  (Q02) in s u c c e s s i v e  
larval  s tages ;  for :~ _+ SD see  Table 1. Non- l i nea r  r eg r e s s ion  equa t i ons  (Eqs. l, 2; s ee  text) g iven  

with fitted p a r a m e t e r s  and  coeff ic ients  of de te rmina t ion ,  r ~ 
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t h e  Z o e a  [II a n d  IV s t a g e s  (m = - 2 . 0  to - 2 . 2  vs .  - 2 . 8 ) ;  h o w e v e r ,  t h e s e  d i f f e r e n c e s  w e r e  

n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  (P > 0 ,05) .  

In m a s s - c u l t u r e s  k e p t  a t  c o n s t a n t  18 ~  t h e  l a r v a e  s h o w e d  s i m i l a r  d e v e l o p m e n t  

d u r a t i o n  a n d  s u r v i v a l  a s  in t h e  i n d i v i d u a l  c u l t u r e s .  A v e r a g e  l a r v a l  d r y  w e i g h t  (W) d u r i n g  

t h e  i n t e r m o u l t  ( s t a g e  C)  p e r i o d  of t h e  m o u l t i n g  c y c l e  w a s  14.5,  27.0,  50 .4 ,  123 .6 ,  a n d  

259 .7  p g  p e r  i n d i v i d u a l ,  r e s p e c t i v e l y ,  in  t h e  s u c c e s s i v e  d e v e l o p m e n t a l  s t a g e s  ( Z o e a  I-IV, 

M e g a l o p a ) .  S i m u l t a n e o u s l y  d e t e r m i n e d  i n d i v i d u a l  r e s p i r a t i o n  r a t e s  (R) i n c r e a s e d  s i g n i f -  

i c a n t l y  w i t h  b o t h  i n c r e a s i n g  t e m p e r a t u r e  a n d  d e v e l o p m e n t a l  s t a g e  ( T a b l e  1 ). In a l l  l a r v a l  

s t a g e s ,  R c a n  b e  d e s c r i b e d  a s  a n  e x p o n e n t i a l  f u n c t i o n  of  t e m p e r a t u r e  (Fig.  2b):  

R = b " 10 mr  [Eq.  21 

Table  1. Chasmagnathus granulata: Dura t ion  of d e v e l o p m e n t  {D: clays), ra tes  of i nd iv idua l  respi-  
rdtion (R; lag O, - h ~ �9 ind ~), and  we igh t - spec i f i c  m e t a b o l i s m  (QO,; pg O: �9 h ~ �9 mg-~l of s u c c e s s i v e  

larval s t age s  {~ _*. SD) at d i f fe rent  t e m p e r a t u r e s .  

Larval  t e m p e r a t u r e  {~ 
S tage  

12 15 18 21 24 

Zoea 1 D s 14.7 7.7 5.9 4.6 3.6 
-,- 1.3 0.4 0.6 0.3 0.2 

R ~ 0.040 0.049 0.058 0.072 0.112 
• 0.002 0.006 0.004 0.009 0.008 

QO,  x 2.73 3.36 4.04 5.00 7.59 
-- 0.17 0.43 0.35 0.68 0.59 

Zoea  II D P, 15.5 8.1 6.1 "{8 3.6 
+- 2.1 0.8 1.2 0.7 (1.7 

R ~ 0.073 0.088 0.110 0.134 0.178 
+ 0.01/3 0.005 0.014 0.006 0.012 

QOz :~ 2.70 331  4.23 4.90 6.68 
+ 0.14 0.19 0.38 0.16 0.48 

Zoea  111 D ,~ 21.3 10.4 5.9 4 5  2.8 
-,- 3.9 1.5 0.7 0.7 0.4 

R .x 0.148 0.165 0.202 0.247 0.360 
- 0.008 0.006 0.020 0.014 0.038 

OO~ ~ 2.93 3.27 4.08 4.86 7.24 
-• 0.16 0.13 0.27 O l 5  0.77 

Zoea  IV D :~ 27.6 13. I 7.5 4.9 4.0 
-'- 0.8 1.5 0.6 0.5 0.4 

R :~ 0.249 0.2,96 0.402 0.465 0.720 
• 0.009 0.019 0.032 0.013 0.080 

OO~ ~ 2.01 2.39 3.25 3.76 5.68 
• 0.07 0.15 0.26 0.11 0.56 

M e g a l o p a  D :~ 23.7 15.8 12.3 7.9 
+ 3.9 2.0 2.0 1.4 

R :~ 0.353 0.484 0.658 0.695 0.899 
• 0.020 0.082 0.095 0.060 0.256 

QO 2 ~ 1.42 1.95 2.65 2.80 3.62 
• 0.08 0.32 0.38 0.24 1.03 
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The slopes (coefficient m) of these regression equat ions were, again, significantly 
different from zero (r 2 = _>0.96; P < 0.01), and no significant differences occurred 
be tween  different larval stages (m ranging from 0.032 to 0.037; Fig. 2b). 

Among the dry-weight (W) specific metabolic rates (QO~) measured at equal  tem- 
peratures, no significant differences were found be tween the Zoea I, II, and III stages 
(Tukey test: P > 0.05; Table 1), in spite of a more than three-fold increase in body 
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Fig. 3. Chasrnagnathus granulata: Effect of larval body weight  (W, tJg/individual) on rates of (a) 
individual  respira t ion (R), (b) weight -speci f ic  respira t ion (QO~) in success ive  larval s tages;  for 

_. SD see  Table 1. Non- l inear  regresmon equa t ions  (Eqs  l, 2; see  text) g iven with fitted para-  
meters  and coeff icients  of de terminat ion ,  r-' 
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weight  (see above). In the Zoea IV and Megalopa stages, however, the QO: values 
decreased significantly with increasing W (Tukey test, P < 0.05). As in the individual  
respiration rates (R), the QO2 values increased in all larval stages significantly with 
increasing temperature  (Fig. 2c). Since these two measurements  of the metabol ic  rate 
are l inked by a constant  factor (QO2 = R/W), the t empera tu re -dependence  of both R 
and QO~ can be described with the same regression model (Eq. 2), and identical  r 2 val- 
ues are obtained (equations thus not shown in Fig. 2c). 

The relationships be tween  metabolic  rate and individual  dry weight are shown in 
Figure 3. Individual  respiration, R, increased in a parabola-shaped m a n n e r  with 
increasing W, which can be described with a power function (Eq. 1; Fig. 3a). The 
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regression coefficients (m) of these allometric equations varied only little among the 
larval stages, ranging from 0.76 to 0.84. As in the t empera tu re -dependence  of R 
described above, all slopes were significantly different from zero (r-' _> 0.97; P < 0.01}. 
When QO2 is plotted against  dry weight, best fit of observed and predicted data is 
obta ined with the exponential  model (Eq. 2; Fig. 3b). Since QO~ did not change  signifi- 
cantly with W in the first three zoeal stages, the overall relationship was relatively 
weak, yet significant (r 2 > 0.94; P < 0.05). The slopes varied be tween values of -0.0008 
and -0.013, with a min imum at the opt imum temperature,  18 ~ In contrast, the 
we igh t -dependence  of R was maximum at the same temperature  (Fig. 3a). 

In Figure 4, the temperature response (expressed as temperature coefficient, Qm) in 
respiration rate is compared with that in development  duration. There is a conspicuous 
difference in the overall response patterns, being partially opposite to each other. In the 
instantaneous (daily) dew.qopment rate (D-t), the temperature coefficient was in all zoeal 
stages consistently maxinmm in the lower range (12-18 ~ and minimum at higher tem- 
peratures (18-24 ~ It showed consistently an increasing tendency during develop- 
ment  through the successive instars {Fig. 4a). The Megalopa, in contrast, had lower 
developmental  Qm values than the zoeal stages, and the coefficient did not change 
within the range from 15 to 24 ~ (no data for 12 ~ due to mortality). The respiratory 
Qm values varied also with both the temperature range and the developmental  stage, 
but with a different response pattern (Fig. 4b). In general,  no conspicuous developmen-  
tal change in the overall level of the metabolic tempera ture-dependence  can be recog- 
nized. However, while all zoeal stages had consistently a maximum (~.~,, in the higher 
temperature range (18-24 "C), the Megalopa showed the opposite trend (Fig. 4b}. 

DISCUSSION 

The thermal tolerance patterns of Chasmagnathus granulata larvae observed in our 
study (Fig. 1) retlect the geographical distribution of this species in predominant ly  ten:- 
perate and subtropical, and to a lesser extent, in tropical regions (Boschi, 1964). Com- 
plete larval development  occurs in moderately warn: water (15 to 24 ~ whereas  a 
lower temperature  (12 ~ did not allow for successful metamorphosis.  The opt imum 
was found at 18 ~ with significantly higher survival than at all other tempera ture  lev- 
els. This sensitivity of larval stages to low temperatures  is in accordance with the obser- 
vation that hatching in the coastal lagoon of Mar Chiquita (Argentina) occurs from 
spring to autumn,  when  the coastal water temperature  is usually at _>18 ~ but not in 
winter, when the average water temperatures  fall below 12 ~ (Boschi, 1964; Spivak et 
al., in press). In subtropical regions such as southern Brazil, in contrast, reproduction 
has been observed throughout the year (Ruffino et al., 1994). Decreasing larval toler- 
ance of yet higher temperatures  (>21 ~ Fig. 1) may be responsible for the northern 
distribution limit of this crab species, which has been  found only little beyond the 
southern margin of the tropical belt, near  Rio de Janeiro (Boschi et al., 1992). 

Besides survival, the rate of larval development  is controlled by temperature.  Expo- 
nents  of -2.0 to -2.8 in the power functions describing this relationship (Fig. 2a) indi- 
cate that deve lopment  in C. granulata is highly inf luenced by temperature.  Since the 
length of planktonic development  has implications for the chance of survival, tempera-  
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ture also determines  the time of exposure to pelagic predation (Day & McEdward,  1984; 
Morgan, 1995). The degree of t empera tu re -dependence  of the deve lopmenta l  rate 
(measured here as Q,o coefficient) was higher in the planktonic zoeal s tages than in the 
semibenthic  Megalopa, and it was, in general,  particularly high in the lower tempera-  
ture range (12-18 ~ Fig. 4a). Hence, during the zoeal phase, this abiotic factor may 
enhance  the effects of a biotic factor, predat ion pressure, so that a combinat ion  of both 
the direct and indirect adverse effects of low temperatures  may limit the southern 
range of C. gronulata. This species does not occur in the cold waters of the southern 
Patagonian coasts or adjacent  estuaries. However, as another  limiting parameter  in the 
distribution of this crab species, the presence or absence  of its preferred habitat, i.e. 
brackish salt marshes, may be crucial in some regions (Boschi, 1964; Olivier et al., 1972; 
Spivak et al., 1994). In the Megalopa stage, temperature  has less inf luence on the dura- 
tion of deve lopment  to set t lement and metamorphosis.  This final period is additionally 
controlled by another  key factor, chemical cues from the adult  habitat  (Gebauer  et al., 
1997). 

The overall patterns of respiration in relation to temperature  and body weight 
(Figs 2, 3) are similar be tween C. granulata and most other larval decapods  studied so 
far (e.g. Moreira et al., 1981; Vernberg et al., 1981; McNamara  et al., 1985; Anger  & 
Jacobi, 1985; Kurmaly et al., 1989). While the commonly known increase of individual  
respiration (R) with increasing temperature  (Fig. 2b) has been  described in the litera- 
ture with various non- l inear  models, its increase with increasing weight (Fig. 3a) gen- 
erally follows an allometric function (Eq. 1), mostly with an exponent  of ca 0.7 to 1.0 (for 
discussion of literature see Schatzlein & Costlow, 1978). The general  decrease in 
weight-specific metabolic rates (QO~) during growth is considered to be a consequence  
of a disproportionate increase of metabolically inactive tissues (Prosser, 198ti). For 
instance, the weight of the exoskeleton increases exponent ial ly  during the larval devel- 
opment  of C. granulata and other decapod crustaceans (Anger, 1991; Anger  & Ismael, 
1997). In the present  study, however, the QO~ values did not vary. significantly among 
the first three zoeal stages, while decreasing trends were found in the later stages. 

In the brackish coastal lagoon of Mar Chiquita, Argentina, from where the present 
material originated, C. granulata larvae are released in shallow waters adjacent  to the 
adult habitat, Spartinu-covered salt marshes, preferably during outflowing nocturnal  ebb 
tides (Anger et al., 1994). After complete zoeal development  in coastal marine waters, the 
Megalopa returns from the ocean to the lagoon, settling preferably in habitats where 
adult populations live (Luppi, 1994; Gebauer  et al., 1997). In the zoeal stages, we 
observed a particularly high metabolic sensitivity to small changes in the upper  tempera- 
ture range (above 18 ~ Fig. 4b), which may reflect their exclusive occurrence in cool 
and thermally stable marine waters. The Megalopa, in contrast, which spends a major 
part of its development  in warm and thermally variable estuarine environments,  showed 
little sensitivity at high, but a pronounced response at low temperatures. This corre- 
sponds, in this stage, with a clearly decreasing mortality at higher temperatures (Fig. lb). 
A similar pattern, with consistently highest Q,o values in the lower temperature  range, 
was found also in the zoeal stages of another  intertidal warm-water decapod, the South 
American hermit crab Pagurus criniticornis (Vernberg et al., 1981). As in C. granulata, 
conspicuously lower Q,,, values were observed in the Megalopa, which should also return 
from cooler offshore waters to the warm shallow coastal zone. 
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T h e s e  s t r i k i n g  o n t o g e n e t i c  p a t t e r n s  in t he  m e t a b o l i c  t e m p e r a t u r e  r e s p o n s e  s u g -  

g e s t  t h a t  the  l a rva l  s t a g e s  of C. granulatu ( a n d  p o s s i b l y  t h o s e  of o t h e r  i n t e r t i d a l  a n d  

e s t u a r i n e  spec i e s )  a re  a d a p t a t e d  to a s e q u e n c e  of t h e r m a l  c h a n g e s  t h a t  s h o u l d  typi -  

ca l ly  o c c u r  d u r i n g  t h e i r  o n t o g e n e t i c  m i g r a t i o n s .  In c o n c l u s i o n ,  we  s p e c u l a t e  t h a t  a 

h i g h  s e n s i t i v i t y  to sma l l  t e m p e r a t u r e  c h a n g e s  m i g h t  s e r v e  as  a s igna l  t h a t  s t i m u l a t e s  a 

spec i f i c  m i g r a t o r y  b e h a v i o u r  (for m i g r a t i o n  p a t t e r n s  a n d  t r a n s p o r t  m e c h a n i s m s  s e e  

e.g.  C r o n i n  & F o r w a r d ,  1986; Su lk in ,  1990; M c C o n a u g h a ,  1992; Z e n g &  Naylor ,  1996a,  

b). In t he  zoea l  s t ages ,  w a r m  w a t e r  w o u l d  i n d i c a t e  t h a t  l a r v a e  h a v e  b e e n  r e t a i n e d  in 

a n  e s t u a r y  a n d  s h o u l d  t hus  b e  c a r r i e d  in t he  o u t f l o w i n g  s u r f a c e  c u r r e n t s ,  w h i l e  c o o l e r  

w a t e r  c o u l d  b e  a n  i n d i c a t o r  of f a v o u r a b l e  m a r i n e  c o n d i t i o n s .  H o w e v e r ,  a n  a v o i d a n c e  

b e h a v i o r  ( p a s s i v e  s i n k i n g )  m u s t  b e  e x p e c t e d  at  u n s u i t a b l y  h i g h  t e m p e r a t u r e s  

( M c C o n n a u g h e y  & Su lk in ,  1984; F o r w a r d ,  1990). T h e  M e g a l o p a ,  in c o n t r a s t ,  m i g h t  b e  

s t i m u l a t e d  by  coo le r  t e m p e r a t u r e s  to i n i t i a t e  a l a n d w a r d  d i r e c t e d  m i g r a t i o n  (for 

b o h a v i o u r a l  a n d  t r a n s p o r t  p a t t e r n s  of m e g a l o p a e  s e e  e.g.  Li t t le  & Epi fan io ,  1991; Olmi ,  

1994). T h i s  t h e r m a l l y  c o n t r o l l e d  b e h a v i o u r a l  m e c h a n i s m ,  p r o b a b l y  in c o m b i n a t i o n  

w i th  a r e s p o n s e  to sa l in i ty  c h a n g e s ,  w o u l d  a s s u r e  a n  e f f i c i en t  t r a n s p o r t  t o w a r d s  t he  

s~.~a in t h e  z o e a l  s t age s ,  a n d  t o w a r d s  s h a l l o w  c o a s t a l  l a g o o n s  a n d  e s t u a r i e s  in t he  

M e g a l o p a ,  r e spec t ive ly .  O n t o g e n e t i c  m i g r a t i o n s  h a v e  b e e n  e x t e n s i v e l y  s t u d i e d  in t h e  

l a r v a e  of s e v e r a l  o t h e r  e s t u a r i n e  d e c a p o d  spec i e s ,  a n d  a n u m b e r  of p h y s i c a l  a n d  

c h e m i c a l  con t r o l  fac tors  h a v e  b e e n  i d e n t i f i e d  (e.g. De Vr ies  e t  al., 1994; O h n i ,  1994; 

F o r w a r d  et  al., 1996; a n d  ea r l i e r  p a p e r s  c i t e d  t h e r e i n ) .  O u r  r e su l t s  s u g g e s t e d  t ha t  t he  

m e t a b o l i c  r e s p o n s e  to d i f f e r e n t i a l  t e m p e r a t u r e  r e g i m e s  p r e v a i l i n g  in e s t u a r i n e  a n d  off- 

s h o r e  wa t e r s ,  r e spec t ive ly ,  m a y  r e p r e s e n t  a n o t h e r  s t i m u l u s  a i d i n g  in t he  o r i e n t a t i o n  of 

m i g r a t i n g  d e c a p o d  l a rvae .  
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