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ABSTRACT: Mar Chiquita, a brackish coastal lagoon in central  Argentina, is inhabi ted  by  dense  
populations of two intertidal grapsid crab species, Cyrtograpsus angulatus and Chasrnagnathus 
granulata. During a prehminary  one-year  study and  a subsequent  intensive sampling p rogramme 
(November-December  1992), the physical properties and the occurrence of decapod c rus tacean  
larvae in the surface water  of the lagoon were investigated. The lagoon is character ized by  highly 
variable physical conditions, with ol igohahne waters frequently predominat ing over ex tended  
periods. The adjacent  coastal waters show a complex pat tern  of semidiurnal  tides tha t  of ten do not 
influence the lagoon, due to the existence of a sandbar  across its entrance.  Besides f requent ly  
occurring larvae (exclusively freshly ha tched  zoeae and a few megalopae) of the  two domina t ing  
crab species, those of three other brachyurans  [Plathyxanthus crenulatus, Uca uruguayensis, Pinnixa 
patagonica) and of one anomuran  (the porcellanid Pachycheles haigae) were also found occasion- 
ally. Car idean shrimp (Palaemonetes argentinus) larvae occurred in a moderate  n u m b e r  of samples,  
with a maximum density of 800. m -3. The highest  larval abundance  was recorded in C. angulatus, 
with almost 8000. m -3. Significantly more C. angulatus and C. granulata zoeae occurred at night 
than during daylight conditions, and more larvae (statistically significant only in the former  species) 
during ebb (outflowing) than during flood (inflowing) tides. In consequence,  most  crab zoeae  were 
observed during nocturnal  ebb, the least with diurnal flood tides. Our data suggest  that  crab  larvae 
do not develop in the lagoon, where  the adult populations live, but  exhibit  an  export  strategy, 
probably based  upon exogenously coordinated egg hatching rhythms. Zoeal  deve lopment  mus t  take 
place in coastal marine waters, from where  the megalopa  eventually returns for se t t l ement  and  
metamorphosis  in the lagoon. Significantly h igher  larval frequency of C. granulata in low salinities 
(--< 12%o) and at a particular sampling site may be  related to local distribution pa t t e rns  of the 
reproducing adult population. Unhke crab larvae, those of shrimp (P. argentinus) are r e t a ined  inside 
the lagoon, where  they develop from hatching through metamorphosis.  They significantly prefer  low 
salinity and  occur at the lagoon surface more often at night. These pat terns cannot  be  exp la ined  by 
larval release rhythms hke those in b rachyuran  crabs, but  may reflect diel vertical migrat ions  to the  
bottom. It is concluded that  osmotic stress as well as predat ion pressure exerted by visually directed 
predators (small species or life-cycle stages of estuarine fishes) may be the principal select ion factors 
for the evolution of hatching and migrat ion rhythms in decapod larvae, and  that  these  are 
characteristics of export or retention mechanisms,  respectively. 

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

E u r y h a l i n e  m a r i n e  i n v e r t e b r a t e s  l i v ing  in  b r a c k i s h  coas t a l  l a g o o n s  r e p r e s e n t  s u i t a b l e  

m o d e l s  for t h e  s t u d y  of fife cycle  a d a p t a t i o n s  to e s t u a r i n e  cond i t i ons .  G r a p s i d  c r a b s  w h i c h  

a re  a m o n g  t h e  m o s t  t y p i c a l  i n h a b i t a n t s  of s u c h  t r a n s i t i o n a l  e c o s y s t e m s  w o r l d - w i d e ,  h a v e  
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shown a par t icular  capaci ty  for invading  brackish,  freshwater ,  and terrestr ia l  environ- 
ments  (Hartnoll, 1988). Two graps id  species,  Cyrtograpsus angulatus and  Chasmag- 
nathus granulata, are the most conspicuous intert idal  benthic  inver tebra tes  of t empera te  
coastal  lagoons  in eastern South America;  their  name,  "cangrejal"  (from Spanish  can- 
grejo = crab), has been  given to this par t icular  type  of brackish  salt marsh  ecosys tem 
(Boschi, 1964, 1988). Mar  Chiquita  Lagoon ("Little Sea") in the Province of Buenos Aires, 
Argent ina ,  is one of the southermost  "cangrejal"  environments ,  where  they  are  found in 
dense  populat ions,  co-exist ing with a few other  euryhal ine  mar ine  crab species,  namely  
another  grapsid,  Cyrtograpsus altimanus, a xanth id  mud  crab, Plathyxanthus crenulatus, 
and  a f iddler  crab, Uca uruguayensis. The only other decapod  crus tacean  species  found 
in this lagoon is a pa laemonid  shrimp, PaJaemonetes argentinus, which l ives mostly in the 
f reshwater  and  brackish-water  parts  of this lagoon. 

A first account  of the ecology of the dominant  decapod  species  in Mar  Chiquita  
Lagoon, Cyrtograpsus angulatus and Chasmagnathus granulata, was g iven  by  Spivak et 
al. (1994), who descr ibed  their  habi ta t  p references  and local distribution. However ,  little 
is known about  the life cycles of these  wide ly  dis t r ibuted and locally ex t remely  abundan t  
crustaceans.  Two al ternat ive p.rincipal s t ra tegies  of dispersal  and recrui tment  are  known: 
some es tuar ine  and other b rack ish-wate r  inhabi t ing  decapod  species  re ta in  their  larvae  
within the system where  the adul t  popula t ion  is found (Sandifer, 1973, 1975; Cronin, 
1982; Morgan,  1987a), whereas  others reveal  export  mechanisms  and deve lop  outs ide the 
pa ren t  environment ,  i .e.  in coastal  shelf or oceanic  waters  (Sandifer, 1975; Christy & 
Stancyk,  1982; Truesdale  & Andryszak,  1983; Morgan,  1987a). In the la t ter  case, recruit-  
ment  depends  on the re- immigra t ion  of benth ic  (megalopa,  juvenile,  or adult) life stages.  
In the presen t  investigation,  the occurence  of larval  decapod  crustaceans in the  p lankton  
was s tudied in order  to ascer ta in  the type  of deve lopmen t  and the mechan i sms  of 
dispersal  in dominat ing  species. 

THE STUDY AREA 

Mar  Chiqui ta  is a shallow lagoon that  covers 46 km 2, ex tend ing  from 37 ~ 32' to 37 ~ 45' S, 
and  from 57 ~ 19' to 57 ~ 26' W. Its grea tes t  wate r  depth  is about  1.2 m be low the mean  
spring low-t ide level  (Argentine Hydrograph ic  Survey Char t  Nr. 29, quoted  by  Fasano et  
al., 1982). A few small  rivers feed it constant ly  with freshwater ,  while s eawa te r  enters  and  
leaves  it per iodical ly  with semidiurnal  h igh tides, pass ing  over a shallow sandba r  that  is 
located in the mouth of the lagoon. The extent  of this exchange  of wate r  d e p e n d s  on the 
t idal  ampl i tude  and winds (Olivier et al., 1972). Before the f reshwater  c reeks  enter  the 
lagoon, they all pass a p le is tocene coastal  flat of mar ine  origin which contains remains  of 
fossil sea  shells and  other depos i t ed  minera ls  (Fasano et at., 1982). The  inflowing 
f reshwater  a l ready  contains some salts (salinity: 0.96 _+ 0.05 %0; n = 5); according  to the 
Venice classification system, it should  therefore  actual ly  be  cal led "ol igohal ine" 
(Remane, 1971). An average  salinity of 33.5 ___ 1.3 %0 (n = 8) was measu red  in the coastal  
seawater  en ter ing  the mouth of the  lagoon.  

The t idal  cycle in the s tudy area  shows a ra ther  compl ica ted  pa t te rn  of interfer ing 
t idal  waves,  whe reby  normally,  one t idal  cycle with h igh  ampl i tude  (up to ca 1.6 m) 
follows another  with low ampl i tude  (minimum ca 0.3 m). Figure  I shows, as an example  
of this part icular  type of t ide cycle pat tern,  one lunar  cycle at  Mar  del  Plata  (tide tables  
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Fig. 1. Tides over one lunar cycle in December 1992 at Mar del Plata, Argentina. Times and heights 

taken from tide tables published by the Argentine Naval Hydrological Service 

publ ished by the Argent ine  Naval Hydrological Service). The difference in amphtude  
be tween  two subsequent  cycles is highest  one half of a week after a full or new moon. 
Tidal amplitudes become uniformly low (about 0.5 m) one week  later. This pat tern is 
modified not only by wind action, but  also by the sandbar  threshold in the entrance of the 
lagoon, which does not  allow the intrusion of seawater  with weak  high-tides. Since a 
weak high-tide is followed by an ebb-t ide (and sometimes later by another  weak  high- 
tide), the lagoon may stay under  conditions of low salinity or even freshwater for quite a 
long time (up to one or two days). Variations in rainfall and, hence, inflow of freshwater, 
will further modify the hydrographical situation. 

Spivak et al. (1994) investigated habitat  preferences of the two dominat ing decapod 
species, Cyrtograpsus angulatus and Chasmagnathus granulata, describing sediment  
and water characteristics at seven different sampling sites in the lower parts of Mar 
Chiquita Lagoon. Two of these sites (No. 2 and 3) were chosen also in the present  study. 
Site 2 is an intertidal mud flat with a concrete mole and  artificially placed boulders. It is 
located near  the mouth of the lagoon (450 m distance), where both C. angulatus and  
Ch. granulata occur together in high densities, the former species be ing  more f requent  
than the latter. Both species coexist also at Site 3, but  with an inverse pat tern of 
dominance.  The latter samphng site is also a mud flat, 1.5 km from the mouth of the 
lagoon, showing more estuarine inf luence than Site 2 (see below, Fig. 2). Fiddler crab 
(Uca uruguayensis] populations occur at both sites, whereas mud crabs (Plathyxanthus 
crenulatus) and another grapsid species (Cyrtograpsus altimanus] were found only at Site 
2. Adult  shrimps (Palaemonetes argentinus] were not  found at either site, since this 
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Fig. 2. Frequency of different salinity classes in water samples taken in November-December 1992 
in Mar Chiquita Lagoon, Argentina, at two different sampling sites 

species prefers less saline conditions, such as those prevail ing in the innermost  parts of 
the lagoon and  in adjacent  freshwater creeks. 

MATERIALS AND METHODS 

Time and  height  of oceanic tides outside Mar Chiquita lagoon were est imated from 
data registered at the nearest  hydrographical  station (Mar del Plata, 35 km of south of 
Mar Chiquita), 45 minutes  being added to the time tables given for Mar del Plata. The 
actual tide levels within Mar Chiquita  Lagoon were measured at Site 2, where water-  
marks could be read on the vertical wall of a concrete mole. The zero of this scale was 
defined arbitrarily, corresponding to the lowest registered level. Data on  moon phases 
and daylengths (hours of sunrise and  sunset,  for the definition of day and  n ight  samples) 
were taken from the I992 naut ical  tables edited by the Bundesamt  ffir Seeschiffahrt und  
Hydrographie (1991). 

Plankton and  water  samples were taken  in nearshore waters from the surface of the 
lagoon (water depth of sampling sites: 20-40 cm), employing a marked  5-1itre plastic 
container. Ten  samples (in total 50 l) were subsequent ly  passed through a sieve with 
300 ~m mesh size. Macrozooplankton was rinsed into smaller (0.5 1) sample  bottles, and  
later examined under  a stereo microscope. Temperature  was measured  in situ (precision 
• 0.1 ~ Salinity (converted from conductivity measurements  after appropriate  calibra- 
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tion) and pH were measured by means of a Jenway 3405 portable electrochemistry 
analyser in water samples (100 ml). 

Decapod larvae were identified using the morphological descriptions given by 
Boschi et al. (1967) for Chasmagnathus granulata, by Menfi-Marque (1973) for 
Palaemonetes argentinus, and by Boschi (1981) for other decapod species. In Cyrtograp- 
sus angulatus, no description was available. Generic identification was possible by 
comparison with the description given by Scelzo & Lichtschein (1979) for Cyrtograpsus 
altimanus. However, a safe separation of Cyrtograpsus species was not possible in this 
way. Since C. altimanus has only a very small, numerically insignificant population in 
Mar Chiquita Lagoon, we attributed all Cyrtograpsus larvae to C. angulatus, neglecting 
C. altimanus. The developmental stage within the moult cycle was determined following 
the classification given by Drach (1939) and described in detail for crab larvae by Anger 
(1983). 

During a prehminary investigation (November 1991 to April 1992, June and October 
1992), 196 samples were taken from various parts of Mar Chiquita Lagoon. Since this 
prehminary survey showed that the hydrographical conditions in the lagoon are 
extremely variable and complicated, the original investigation plan (to compare a series 
of sampling sites that should represent a permanent physical gradient within the lagoon) 
had to be abandoned. Instead, sampling Sites 2 and 3 (numbering according to Spivak et 
al., 1994) were chosen for a more intensive study, including night-time sampling. From 
I7th November to 14th December, 1992, a total of 202 water and plankton samples was 
taken. On four days (17th/18th, 22nd/23rd, and 29th/30th Nov., 6th/7th Dec., 1992), 
samples were taken at short-term (1-3 h) intervals over 30-36 hours. The first and the 
third of these samplings were done when particularly high and low tidal amplitudes 
followed each other in subsequent cycles, the second and the fourth sampling during 
situations with low and comparatively even tidal amplitudes (Figs4-7; cf. Fig. 1). 

Statistical analyses and tests were carried out after Sokal & Rohlf (1981). They 
included least-square linear regression, goodness-of-fit G-tests, and RxC G-tests of 
independence (with William's correction). 

RESULTS 

Genera l  hydrograph ica l  condit ions 

As a consequence of a peculiar tide cycle pattern, and due to the existence of further 
comphcating factors in the study area (Fig. 1; see above), our preliminary plankton survey 
showed extreme small-scale and short-term variations in physical factors and plankton 
composition, both during tidal cycles and in relation to meteorological conditions. On 
days with low tidal amplitudes, particularly when these were combined with winds from 
W or NW, practically no seawater entered at high tide. The water in the lagoon remained 
then low in salinity (< 5 %o), high in pH (< 8.5), and harboured brackish-water plankton 
(mostly cladocerans and ostracods). On other days, great amounts of seawater of > 30 %0 
salinity, with pH values around 8, and coastal marine plankton (mostly dominated by 
calanoid copepods) entered the lagoon with spring high-tides. When these were 
enhanced by easterly winds, highly saline water masses advanced up to several kilome- 
tres into the lagoon. 
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Due to apparen t ly  res t r ic ted mixing  processes,  these physica l ly  and  bio logica l ly  very  
different  wate r  bodies  (often d is t inguishable  by  their  differing coloration) could co-exist  
for many  hours within the lagoon. Tidal  movements  of these  water  masse s  caused  drast ic  
smal l -scale  and short- term variat ion in hydrograph ica l  conditions, somet imes  chang ing  
within one or two hours  from ol igohal ine  to seawater ,  or vice versa. On the  other  hand,  
pers i s tence  of wate r  bodies  over e x t e n d e d  per iods  (> 1 day) could l e ad  to the  seeming ly  
pa radox  situation that  ol igohal ine wa te r  domina ted  near  the mouth of the  lagoon  (even 
dur ing  high tide), whi le  other  sites far "ups t ream",  in par t icular  b l i n d - e n d i n g  t idal  creeks  
in the inner  par ts  of the  lagoon,  r e m a i n e d  with much h igher  salinities, l ower  pH, and  with 
mar ine  plankton.  

Persis tence ra ther  than  mixing of wa te r  bodies  is ind ica ted  also b y  the f requency  
pa t te rn  of salinities measu red  in our samples  (Fig. 2). At both s tudy sites, they  showed  a 
p ronounced  b imoda l  distribution, with ol igohal ine (-< 6 %0) and po lyha l ine  to euhahne  
(> 24 %0) waters  c lear ly  dominat ing  over  in te rmedia te  (> 6-24 %0) condit ions.  Very low 
salinit ies were  observed  more f requent ly  at Site 3, while  po lyhahne  and  euha l ine  
condit ions occurred less f requent ly  at Site 3 than  at Site 2 (Fig. 2). Thus, the  former site 
had,  on the average,  a more  es tuar ine  character ;  however ,  ex t reme var iab i l i ty  was  typical  
of both sampl ing  sites. 

The da ta  ob ta ined  from different  sampl ing  sites, tides, seasons,  and  day- t imes,  
inc luding those from our pre l iminary  survey, showed a nega t ive  corre la t ion b e t w e e n  
sal ini ty and pH values  (P < 0.001; Fig. 3). Thus, pH might  be  a useful  add i t iona l  phys ica l  
indicator  for the ident i f icat ion of wa te r  bodies  within the lagoon. However ,  a different  
type of re la t ionship (a posit ive correlation) might  exist in the very  low sal ini ty  r ange  
< 5 %0 and, hence,  our regress ion line m a y  not be  valid in ol igohal ine water .  

C h a n g e s  in  h y d r o g r a p h i c a l  c o n d i t i o n s  a n d  in  t h e  o c c u r r e n c e  of  c r a b  l a r v a e  
d u r i n g  t i d a l  c y c l e s  

Crab larvae  were  p resen t  in the p lankton  of Mar Chiqui ta  Lagoon from October  to 
April, with Cyrtograpsus angulatus and  Chasmagnathus granulata consis tent ly  dominat -  
ing. Larvae of the f reshwater  shr imp Palaemonetes argentinus were  also found fre- 
quently,  but  se ldom in grea t  number s  (maximum: 8 0 0 i n d i v i d u a l s .  m -3 on 30th 
November ,  5 a.m., at  Site 2. with 2.1%o and a pH of 8.8). Occasional ly,  s ingle  or a few 
zoea-I  larvae  of a mud crab, Plathyxanthus crenulatus (Xanthidae),  a f iddler  crab, Uca 
uruguayensis (Ocypodidae) ,  a pea  crab, Pinnixa patagonica (Pinnotheridae) ,  a n d  of one 
anomuran  species,  Pachycheles haigae {Porcellanidae), were  found. 

During the ent ire  inves t igat ion ( including the prel iminary o n e - y e a r  survey),  crab 
la rvae  occurred exclusively as freshly ha tched zoea I or, in a few cases,  as  mega lopae ,  
whereas  shr imp (Palaemonetes argentinus) la rvae  were  present  at all d e ve lopme n ta l  
stages.  Crab zoeae  that  had  deve loped  beyond  s tage C (intermoult) of the i r  first moult  
cycle were  never  found, and  only except iona l ly  was food observed  in thei r  intestine.  
These  facts indicate  that  b rachyuran  la rvae  (this appl ies  to all species  found) must  l eave  
the lagoon system very  rapidly,  p robably  within one day.  When  the t idal  amp l i t ude  was  
very low, so that  wa te r  exchange  with the  sea  was cor respondingly  w e a k  or lacking,  and  
salinity r e m a i n e d  low (< 5 %o), mor ibund  or dead  crab larvae were  often o b s e r v e d  f loat ing 
in the s tagnant  water .  
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The first intensive study of tidal cycles was carried out on 17th-18th November,  
1992, taking samples every 3 h over a 30-h period (Fig. 4). On all later occasions, a longer  
period (36 h) and  a higher sampling f requency were chosen (mostly every 1-2 h). High 
tide (120 cm above the arbitrarily defined zero) was observed in the lagoon approxi- 
mately at noon on 17th November.  Another, much lower high tide occurred in the 
adjacent sea at ca 3 a. m., but  it did not pass the sandbar  in the mouth and, thus, did not 
influence the hydrographical situation in the lagoon. Sahnity decreased dur ing the 
afternoon ebb tide from euhal ine  (36%~ to oligohahne (<5%o) conditions, then  it 
remained low for at least one day, accompanied  by high pH values (8.3-8.6). Tempera-  
ture decreased during the night  from 18 to 12 C~ then it increased during the following 
day to 22.8 ~ due to s tagnant  conditions in  the lagoon. Marine water enter ing the lagoon 
with another high tide on 18th November  did not inf luence Sites 2 and  3, because  it 
passed by at close distance as a river-like water  mass, pushing  brackish water  from the 
interior parts of the lagoon toward the mouth. Hence,  in spite of a significant salt water  
intrusion (1 m increase in water level at Site 2), even the area near  the mouth  of the 
lagoon remained under  ohgohaline conditions for at least two subsequent  tidal cycles. 

Larvae of the two dominant  decapod species, Cyrtograpsus angulatus and  Chasma- 
gnathus granulata, were found in low to moderate  numbers  on both sampl ing days 
{Fig. 4). Their individual  numbers  were at a min imum around both diurnal and  nocturnal  
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high tides, and  they revea led  an increas ing  tendency  during the time of a nocturna l  ebb  
tide. The lat ter  is remarkable ,  since at n ight  there  were  no changes  in wa te r  level  or 
hydrographica l  condit ions in the lagoon. Another  slight increase  in the occurrence  of crab 
larvae  was observed  on 18th November  dur ing the next  ebb  tide, a l though only the  wate r  
level  changed,  but  not the salinity or pH at the sampl ing sites. 

During the next  intensive sampl ing  p rog ramme (22nd-23rd November) ,  two t idal  
cycles with similar ampl i tudes  were  obse rved  (Fig. 5). However ,  the hydrograph ica l  
condit ions at the sampl ing sites were  inf luenced only by the first cycle, with dec reas ing  
salinity and increas ing pH values  during the evening  ebb tide, and fol lowed by  ra ther  
s tagnant  condit ions thereafter.  During the second high t ide (6 a .m. on 23rd November) ,  
the inflowing mar ine  water  passed  by, push ing  ol igohaline wate r  from the inter ior  lagoon 
toward  the mouth. Only at Site 2 was some mixing observed,  with mesoha l ine  wate r  
(15%o) occurring there  for a short t ime with  maximum water  l e v e l  Cold w e a the r  
condit ions caused  somewhat  lower ave rage  wate r  t empera tu res  in the lagoon  as com- 
pa red  with the previous sampl ing  dates,  wi th  a p ronounced  cycle of re la t ively low values  
at n ight  and  h igher  values  during the day  (12.8 and 21.0 ~ respectively).  

The concentrat ion of crab larvae  in the p lankton  was high (ca 200 to ~1000 
ind iv idua l s -m -3) during the 12 p .m.  ebb t ide on 22nd November .  It dec reased  by  one 
order  of magni tude  during the following af ternoon flood t ide (Fig. 5). High larval  abun-  
dance  was observed  again,  when  the outf lowing t ide coincided with the onset  of dusk. 
Larvae d i sappea red  from the p lankton  la ter  in the night, when  the water  level  inc reased  
(without significant changes  in hydrograph ica l  condit ions at the sampl ing  stations). 
During the next  day, larvae  occurred exclusively during ebb tides, in gene ra l  in low 
numbers .  

The situation one w e e k  later  (29th-30th November)  was similar to that  obse rved  
during the first intensive sampling,  with ve ry  different ampl i tudes  in subsequen t  t ides 
(Fig. 6). Again,  a w e a k  nocturnal  h igh t ide in the sea  changed  the water  level  in the 
lagoon only slightly, and  it d id  not inf luence the hydrographica l  condit ions at our 
sampl ing  sites. Unlike the si tuation dur ing  the first sampling,  the following h igh  t ide 
(1 p. m. on 30th November)  was strong enough  (120 cm increase  in water  level) to rep lace  
the brackish  water  in the s tudy area  fully with mar ine  water .  Salinity var ied  dur ing  this 
36-h observat ion per iod  be tween  euha l ine  (36%o) and ol igohal ine (< 3%o), and  was 
accompanied  by  pH values  varying b e t w e e n  8.0 and 8.9. 

The average  concentrat ion of crab la rvae  in the p lankton  was h igher  than  on the 
previous sampl ing  days, inc luding a p e a k  va lue  of almost  8000 Cyrtograpsus angulatus 
zoeae ,  m -3 at Site 3 at the beg inn ing  of the  af ternoon ebb tide. There  was a ra ther  clear  
pa t te rn  of larval  occurrence in this da ta  set, with high individual  numbers  dur ing  ebb  
tides and low numbers  dur ing flood periods.  Again,  this is remarkable ,  as the w e a k  
nocturnal  t ide cycle that  occurred in the  sea  did  not cause significant changes  in wa te r  
level, salinity, pH, or t empera tu re  within the  lagoon (Fig. 6). 

One w e e k  later  (6th-7th December) ,  a ser ies  of re la t ively low and similar ampl i tudes  
was observed  (Fig. 7). In spite of regula r  changes  in the lagoon water  level, sal ini ty and 
pH at the sampl ing sites were  genera l ly  not  inf luenced by  t idal  currents. Only  the first 
h igh tide (6th December ,  5 p. m.) b rought  euha l ine  water  for a short t ime to Site 2 (32 %~ 
pH 8.0) and  mesohal ine  water  to Site 3 (15 %~ pH 8.6). All h igh t ides occurr ing la ter  
caused  little change  in the  parameters ,  thus leaving  the study area  unde r  most ly 
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ol igohal ine conditions. Average  t empera tu res  clear ly increased,  with min imum values  
> 20 and a max imum of 27.6 ~ dur ing night  and day, respect ively.  

Only a few crab la rvae  were found during the af ternoon flood t ide on 6th D e c e m b e r  
(Fig. 7). They  r e - a p p e a r e d  in the p lankton  around h igh  t ide  (5 p. m.), with an increas ing  
t endency  during the evening  ebb tide. Larval abundance  s tayed high during the whole  
night, a l though another  flood tide en te red  the lagoon.  Apparent ly ,  these  la rvae  ar r ived 
with ohgohahne  wate r  masses  from the interior  parts  of the lagoon,  pushed  toward  the 
mouth  by  in t ruding salt water  (the lat ter  did  not pass  our sampl ing  sites directly). No 
larvae  were  found in the p lankton  dur ing a diurnal  flood t ide on 7th December .  Their  
number  inc reased  drast ical ly  during an evening  ebb t ide that  could be  reg i s te red  by  a 
decreas ing  wate r  level  but  with no changes  in the  hydrograph ica l  condit ions in the  
lagoon. 

C o v a r i a t i o n  in  e n v i r o n m e n t a l  v a r i a b l e s  a n d  t h e  o c c u r r e n c e  of  d e c a p o d  l a r v a e  

For a statistical analysis  of possible  influences of ex terna l  factors on the occurrence  of 
decapod  larvae  in the  lagoon plankton,  we  g rouped  our da ta  for the  three  dominan t  
species  (Cyrtograpus angulatus, Chasmagnathus granulata, Palaemonetes argentinus) in 
three  ca tegor ies  of larval  abundance :  0, 1-299, and  -> 300 ind iv idua l s -m -3 (Table 1). The  
f requency of other  decapod  larvae  (mostly Plathyxanthus crenulatus) was too low to test  
for envi ronmenta l  effects. 

The pe rcen tage  values  (related to the total number  of samples  t aken  at a g iven 
condition) indicate  that  ear ly crab la rvae  (zoea I) occurred propor t ional ly  more f requent ly  
(1) when  sahnit ies were  low or in termedia te ,  (2) dur ing outf lowing condit ions (ebb tides), 
and  (3) in the night. According to RxC goodness-of-f i t  G-tests,  darkness  had  the s t ronges t  
posit ive effect on the occurrence of la rvae  (P < 0.001 in both  crab species,  P < 0.01 in 
shrimp). Frequency  of crab larvae  was  consistent ly h igher  dur ing  ebb  than  dur ing  flood 
tides; however ,  this effect was statist ically s ignif icant  only in Cyrtograpsus angulatus 
(P < 0.001), but  not  in Chasmagnathus granulata. In shr imp larvae,  an inverse  pa t t e rn  in 
relat ion to t idal  direct ion could be  observed,  but  this was  not significant.  

All crab and shrimp larvae  occurred more f requent ly  in wate r  masses  with low 
salinities, but  this enhanc ing  effect was in genera l  w e a k e r  than that  exer ted  by  da rkness  
or outf lowing tides; it was statistically significant only in Chasmagnathus granulata and  
Palaemonetes argentinus (P < 0.05). Another  factor, inf luencing the f requency of larval  
crabs was  the sampl ing  site (with consistent ly h igher  va lues  at Site 3; weak ly  s ignif icant  
only in C. granulata, P < 0.05), but  this did not  inf luence the f requency  of larval  shrimps.  

Grouping  the da ta  in combinat ions of the two dominan t  factors, t idal  direct ion and  
l ight condit ion provides  a further i l lustration of the pa t te rn  of crab la rvae  occurrence  
(pooled data; see Fig. 8). In consequence  of the f requency  pa t te rns  descr ibed  above,  the  
most str iking difference was found b e t w e e n  samples  t aken  dur ing nocturnal  ebb  t ides  
(combination of favourable  conditions) and  those dur ing  diurnal  flood t ides (combinat ion 
of unfavorable  conditions). Hardly  any difference was found be tw e e n  d a y / e b b  and n igh t /  
flood samples ,  due to mutua l  compensa t ion  of favourable  and unfavourab le  factors in 
these combinations.  When  day  or n ight  samples  are cons idered  exclusively,  t ides show a 
significant influence. Likewise,  when  only flood or only ebb samples  are  compared ,  
day t ime can be recognized  as a significant factor. 



458 K. Anger, E. Spivak, C. Bas, D. Ismael & T. Luppi 

L ) . , ~  r ~ " o  o 

~ u ~ V  

0 0 

~,-.~ O ~ 0 10~ ~ , ~  ~ . .  k .  

~ 0 a~ ~ a 

0"-~  ~ 

cn ~., ~ ..rs 0 

~ . . .  0 

~ uj ~ 

~ , ~ ?  = 

~ ' ~  ~ o 

~ ,,..., ~ 0 2' ] 

~'~ ~AI ,~ ~I 

~ 0 0  ~ 0 

. ~ - = . ~  ~ 
" ~  0 

,.~ ~ 8 ~ o  

c~ cS r,-- o 

�9 "-:'. c "  

co c~ oo 

co 

r  o~ o'~ o o 0  (~1 (.o oo 

oo .-~ c~ 0 ( " 4  c,.O LO ~.-~ ..-i 
0 o'~ cO cO c'~1 o'~ r.O 0 0 0 

= 



Decapod larvae in a coastal lagoon 459 

~176 

Ii ~ AI 

O [] �9 I~ 

II 

II 

. . . . , . . ,  �9 �9 �9 . . , , , . . .  ~  

�9 . , . , , . . . , , , . . , .  , o . . . . , . - . . , . , , .~  . . . .  . . . . . . . . . . . . . . . . .  

I I  

O 
0 

AI 

, .Q 

~ 

U 

.o  , ' ~  

~ 8  



460 K. Anger, E. Spivak, C. Bas, D. Ismael & T. Luppi 

DISCUSSION 

Mar Chiquita Lagoon reveals a complex character, with httle predictabihty of 
physical conditions. The pH was found negat ively correlated with sahnity, probably as a 
result of particularly high primary production in fresh and brackish water. However, our 
data may indicate a positive correlation in the salinity range  < 5 %o. The relationship 
be tween  pH and salinity may vary dur ing the course of the year, due to variation in 
phytoplankton production. Hence, more detailed hydrographical  and  planktological  
studies may prove whether  pH can be used as an addit ional indicator for the identifica- 
tion of water  masses in this brackish lagoon. As a further criterion, future investigations 
should include quanti tat ive information on the composition of p lankton communit ies.  

In a total of 398 samples taken  during the course of one year, a crab zoea at a stage 
later than zoea-I was never  found, and  almost all of these early zoeae had  an  empty 
stomach, despite the presence of dense phyto- and  zooplankton populat ions available as 
a potential  food source. The lagoon water had a dark green colour due to rich phyto- 
p lankton (mostly flagellates, but  aIso diatoms), and most of our samples contained high 
numbers  of copepods, cladocerans, and ostracods (not quantified; but  total holozooplank- 
ton density was estimated at least one to two orders of magn i tude  higher  than larval 
abundance) .  These observations suggest  that the larvae did not have enough  time for 
food uptake after hatching from the egg. Moreover, not one single zoea caught  in the 
lagoon had developed beyond moult-cycle stage C, which should be reached within 
about  one day after hatching (Anger, 1987). 

It can be concluded from these data that the larvae of the two domina t ing  euryhal ine 
crab species, Cyrtograpsus angulatus and Chasmagnathus granulata, follow the export 
type strategy of dispersal and recruitement: freshly hatched zoea I larvae leave their 

parent environmental very rapidly (normally within < 1 day) and then spend the rest of 
their zoeal development in adjacent continental shelf waters of the southwestern Atlantic 

Ocean. On days without an exchange of water between the lagoon and the sea, freshly 

hatched crab larvae may survive, without developing any further, until they can leave the 
lagoon with a later ebb tide. Moribund and dead larvae found in stagnant water masses 

with low salinity (< 5 %o) show that the larvae will die, when  tidal height  remains  low over 
an extended period. This is corroborated by laboratory experiments  on larval tolerance of 
C. granulata (Anger, unpubl.),  suggest ing that the zoea I may survive in 5 %o for a few 
days, but  probably not in lower salinities. This physiological weakness  of early ontogene-  
tic stages should select for an  export rather  than a retention strategy. 

The export mechanism of crab species in Mar Chiquita Lagoon must  be  based upon a 
control of the egg hatching process, leading to increased hatching activity during 
favourable export conditions, especially during nocturnal  ebb tides. Exclusive hatching 
at specific times in diel, tidal, semilunar,  or lunar  cycles had b e e n  observed in several 
es tuar ine crabs and  other invertebrates  (Naylor, 1976; Saigusa & Hidaka.  1978: 
DeCoursey, 1979; Forward et ai., 1982: DeVries et al., 1983b; DeVries & Forward. 1989). 
Larval release rhythms are ent ra ined by cyclic changes m envi ronmenta l  factors such as 
salinity and submar ine  irradiance level  (Forward et al., 1986: Forward, 1987). The timing 
of the hatching process is controlled by  chemical communicat ion be tween  the eggs and  
the female, i.e. by the action of pheromones that are released from ripe eggs and  
stimulate pumping  behaviour m females (Forward & Lohmann, 1983; Rittschof et al.. 
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1985, 1989). Pumping,  on the other hand,  may  st imulate the re lease  of proteolyt ic  
enzymes  by  the embryos  and, thus, synchronize the fracture of egg  m e m b r a n e s  and,  
hence,  the hatching of la rvae  (DeVries & Forward,  1991a, b). 

Hatch ing  intensi ty in Mar  Chiqui ta  Lagoon often increased  dur ing those ebb  t ides  
which  occurred only in the ad jacent  sea  but  did  not reach  the lagoon,  in par t icu lar  w h e n  
these  t ides were  nocturnal.  Lack of envi ronmenta l  st imuh in the water,  for instance,  
changes  in sahnity, pH, temperature ,  somet imes  even in wate r  level, sugges ts  that  there  
is a pers is t ing endogenous  hatching rhythm. Such endogenous  rhythms exist  also in 
larval  migrat ion behaviour  of crabs; they  can be  exogenous ly  en t ra ined  dur ing  late  
embryonic  deve lopment  and persist  in the zoea  I s tage for an ex tended  pe r iod  of time, 
e v e n  under  constant  laboratory  condit ions (Cronin & Forward,  1979). Christy & Stancyk  
(1982), who also observed  t idal  and  diel  hatching rhythms in es tuar ine  crab larvae,  
concluded that  "the t iming of larval  re lease  may  result  in rap id  seaward  t ranspor t  of 
newly  ha tched  zoeae on nocturnal  ebb  t ides . . .  l ead ing  to significant net  expor t  from the 
estuary",  i. e. the control of ha tching  and its coordinat ion with cychc changes  in environ-  
menta l  condit ions should be  an impor tant  componen t  of the export  mechanism.  This 
appl ies  not only to Cyrtograpsus angulatus and  Chasmagnathus granulata, but  p robab ly  
also to all other  b rachyuran  species  in Mar  Chiqui ta  Lagoon. 

As an a l ternat ive explanat ion  of our data, reviewers  of an earl ier  vers ion of this p a p e r  
sugges ted  an escape  of crab zoeae  from sampl ing  due to ext remely  fast, 100 % efficient, 
downward  migration.  However ,  not  only has such behav iour  never  been  observed,  bu t  is 
most unl ikely  for the following reasons.  The lagoon is very shallow (maximum depth:  
1.2 m below mean  spring low tide, or ca 3 m at spr ing high tide), so that  little or no 
vert ical  stratification can be expected .  Instead,  comphca ted  pat terns  of hor izontal ly  
coexist ing water  masses  occur, with different  hydrological  character  and  current  direc- 
tion. In relat ively slow swimming p lank ton  organisms,  such as crab zoeae,  it  is ex t remely  
unrealist ic  to assume that  all  of the miss ing s tages  (II-IV in Chasmagnathus granulata, 
I I -V in Cyrtograpsus angulatus; Boschi et al., 1967; Scelzo & Lichtschein, 1979) could 
escape  from sampling,  if they deve loped  in the  tagoon. In order  to hide in d e e p e r  water ,  
they would first have to migra te  horizontal ly  (crossing different water  masses),  from the 
wide shallow reaches  of the lagoon where  they  hatch <- 1 m depth) to the  few exist ing 
narrow t i d e  channels,  or they  would  have  to stay exclusively very near  the bottom. 
Moreover,  such an unl ikely  behav iour  would  have to occur exclusively (not a single 
individual  was caught!) dur ing a t ime span of a whole  year,  including all dayt imes,  tides, 
and  sampl ing  sites (during our pre l iminary  survey, 7 sites were  sampled).  In summary,  
we conclude that  rap id  export  of larval  crabs is the only plausible  explana t ion  for the  da ta  
p resen ted  here.  

Occasional  occurrence of crab m e g a l o p a e  in the p lankton  suggests  that  the la rvae  
eventual ly  re turn in this s tage from coastal  waters  into the lagoon for se t t lement  and  
metamorphosis ,  more than l ikely with incoming flood tides. The same s t ra tegy is most 
p robably  followed by the mud  crab, Plathyxanthus crenulatus, the f iddler  crab, [/ca 
urugayensis, and the graps id  rock crab, Cyrtograpsus altimanus, but  not  by  the 
pa laemonid  shrimp, Palaemonetes argentinus. Larvae of the lat ter  species  occurred  in all 
deve lopment  s tages  inside the lagoon,  inc luding  various zoeal, decapodid ,  and  juveni le  
instars, giving evidence of an a l ternat ive  strategy,  i. e. re tent ion in the  lagoon.  

The average  level  of larval  a b u n d a n c e  in the p lankton  increased  dur ing the sampl ing  
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pe r iod  from N o v e m b e r  to December .  This increase  in ha tch ing  in tens i ty  coincides  with 
increas ing  t empera tu res  in late spring, and  it reflects an increas ing  reproduc t ive  activity 
dur ing  this period.  Bas et al. (in prep.)  found in M a r  Chiqui ta  Lagoon signif icantly 
increas ing  numbers  of ovigerous crab females  from October  through December .  Thus, 
re la t ive ly  low numbers  of mega lopae  in the p lank ton  may  indicate  that  the  recrui tment  
season was only beginning .  Increas ing numbers  of ingress ing  m e g a l o p a  l a rvae  should be  
expec ted  one or two months later.  

Adults  of both  Cyrtograpsus angulatus and  Chasmagnathus granulata l ive in dense  
popula t ions  in the  inner  parts  of the  lagoon,  whe re  sal ini ty and  other  env i ronmenta l  
factors are h ighly  var iable ,  often governed  by  ol igohaline,  almost  f reshwater  condit ions 
(Spivak et al., 1994). Unlike the si tuat ion in some other es tuar ine  crabs, for ins tance in 
Callinectes species  (Smyth, 1980; Epifanio & Dittel, 1982; DeVries  et al., 1983a; Mill ikin 
& Williams, 1984), no evidence  of downs t ream migra t ion  of ovigerous females  was found 
in decapod  crus taceans  of Mar  Chiqui ta  Lagoon. As a Consequence of the  local  distr ibu- 
tion pa t te rn  of r ep roduc ing  adults,  freshly ha tched  la rvae  of C. granulata were  signifi- 
cant ly  more f requent  in ol igohal ine wate r  masses  than in h igher  salinit ies,  and  more 
f requent  at sampl ing  Site 3 than at Site 2. Site 3 is close to a Spartina salt  marsh  that  is 
inhab i t ed  by  a par t icular ly  dense  popula t ion  of this species  (Spivak et al., 1994). 

Shrimp larvae  were  also found with s ignif icant ly h igher  f requency  in low salinities. 
However ,  this cannot  be  exp la ined  by  local distr ibution of the adul ts  a lone,  s ince also 
la ter  larval  s t ages  were  found mostly in ol igohal ine  water .  Apparent ly ,  adu l t  and  larval  
Palaemonetes argentinus l ive in the same environment ,  inc luding  "f resh-water"  creeks  
(with a salinity of about  1 Too); however  both avoid polyhal ine  and euha l ine  waters .  This 
accords with p re l iminary  cult ivation exper iments  in the labora tory  (Spivak,  unpubl.)  
which  have shown that  P. argentinus la rvae  can deve lop  in a wide  r a n g e  of salinit ies 
(from < 1 to > 30 Too), but  seawate r  may  cause inc reased  mortal i ty and d e l a y e d  develop-  
ment.  Thus, P. argentinus is not a euryhal ine  marine,  but  a true b r ack i sh -wa te r  species  
sensu Remane (1971), 

Retention mechan i sms  are b a s e d  on endogenous ly  control led larval  migra t ions  that, 
l ike ha tching  rhythms,  are en t ra ined  and  modif ied  by  envi ronmenta l  c h a n g e s  (Cronin & 
Forward,  1979, 1980, 1982, i983). The  interact ion of severa l  exogenous  s t imuli  may  cause 
complex  vert ical  migra t ion  pat terns  that  eventua l ly  ensure  a re tent ion  of the la rvae  at  
dep ths  with no ne t  flow {Cronin, 1982; Cronin & Forward,  1986). Such  behav ioura l  
adap ta t ions  to life in a cyclically chang ing  envi ronment  should also p l ay  a s ignif icant  role 
in Palaemonetes argentinus larvae.  Since these  were  found to deve lop  th rough  all s tages  
within the brackish  lagoon system, their  scarce occurrence  in day  samples ,  even  in those 
from ol igohal ine wa te r  masses,  sugges t s  that  they  had  m i g r a t e d  d o w n w a r d  and s tayed  
dur ing  dayhgh t  nea r  the  bottom. Sandifer  (1975) also found l a rvae  of spec ies  with a 
re tent ion  s t ra tegy (among them a North  Amer ican  Palaemonetes) more f r equen t ly  near  
the  bottom, where  ne t  flow was zero or ups t ream.  This mechan i sm is poss ib le  in shr imp 
larvae,  because  they  are, par t icular ly  at la ter  deve lopmenta l  stages,  m u c h  more  rap id  
swimmers  than crab zoeae;  in the laboratory,  t hey  were  often seen  to exhib i t  a semi- 
ben th ic  behaviour .  

What  are  the dr iving forces that  favour the  evolut ion of complex  la rva l  migra t ion  
pa t t e rns  or egg  ha tch ing  rhythmici ty,  and  wha t  are the major  a d v a n t a g e s  or d i sadvan-  
t ages  of those  a l ternat ive  s trategies  of dispersal  and  recrui tment?  Osmotic  stress,  which  is 
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one of the pr incipal  problems of es tuar ine  organisms,  certainly selects for expor t  mecha-  
nisms. This appea r s  to be  the case, at least  in Chasmagnathus granulata (larval salinity 
to lerance in other  species  remains  to be  de t e rmined  exper imental ly) .  On the other  hand,  
Morgan  (1987a) showed that  some species  with an export  type  of deve lopmen t  m a y  have 
very  tolerant  larvae  and, as ev idenced  by  species  that  re ta in  their  la rvae  in brackish  
water,  es tuar ine  species  are in principle able  to evolve physiological  mechan i sms  of 
osmotic res is tance or regulat io n. In a stratified wate r  column, downward  migrat ions  could 
be  exp la ined  as an escape from osmotic stress. However ,  physiological ly  to lerant  shrimp 
larvae  may  also carry out vert ical  migrations.  In this case, the lat ter  cannot be descr ibed  
as a necess i ty  to avoid low salinity stress, since vert ical  stratification is unl ikely  to h a p p e n  
in a shal low lagoon such as Mar  Chiquita.  

As an a l ternat ive (or additional)  explanat ion  for the evolut ion of vert ical  migrations,  
escape  from high preda t ion  pressure  has b e e n  sugges ted  (Zaret & Suffern, 1976; Stich & 
Lampert ,  1981; Ghwicz, 1986). The same appl ies  to the evolution of compl ica ted  export  
mechanisms  (Morgan, 1987b). Planktivorous fish, par t icular ly  small  species  and  develop-  
menta l  stages,  are known to concentra te  in estuaries,  espec ia l ly  in summer,  when  
decapod  larvae  are most f requent  in the p lank ton  (McErlean et al., 1972; S u b r a h m a n y a m  
& Drake,  1975; Crabtree  & Dean,  1982). This is most p robab ly  the case in Mar  Chiqui ta  
Lagoon, where  recreat ional  fisheries sustain a significant summer  tourism in the  area. 
Especial ly h igh  abundances  of plankt ivorous larval  and  juveni le  fishes were  observed  in 
brackish  salt  marshes  similar to those of Mar  Chiqui ta  Lagoon (Cain & Dean,  1976; 
Weinstein,  1979). High abundances  of small  fishes can have  cons iderable  impact  on 
estuar ine zooplankton communit ies  (Thayer et al., 1974; Bengston,  1984) and exer t  great  
adapt ive  pressure  on decapod  crustaceans,  whose  larvae  encounter  the grea tes t  risk of 
fish preda t ion  in the upper  par t  of estuaries  (Morgan, 1987b). 

The  la t ter  invest igat ion p resen ted  ev idence  from both field and labora tory  obser-  
vat ions that  decapod  species  with an  expor t  type  of deve lopmen t  were  more  vulnerab le  
to preda t ion  that  those which  show a re tent ion strategy.  Besides behavioura l  mechanisms  
that  reduce  the probabi l i ty  of encounter ing  p lankt ivorous  fishes, there  are post-contact  
defense  mechanisms  such as pass ive  s inking or escape  by  enhanced  body size (Morgan, 
1987b). The lat ter  may  be  ach ieved  by formation of long ca rapace  spines (in crab larvae), 
or by  large  overall  body size (in shrimp, Palaemonetes, larvae).  P. argentinus has large 
larvae  and, addit ionally,  it may  avoid visual ly d i rec ted  preda tors  by means  of vert ical  
migrations,  s taying near  the bot tom dur ing daylight .  Nocturnal  ascent  to the surface may 
be  re la ted  to larval  feeding  activity. 

The costs for the evolution of a s t ra tegy which ensures  deve lopmen t  in the paren t  
habi ta t  and  avoids a potent ia l ly  i r revers ible  t ransport  to unsui tab le  mar ine  environments  
should be the need  for a concurrent  evolut ion of e n h a n c e d  physiological  res is tance to 
osmotic stress and  preda t ion  in shrimp larvae.  Cyrtograpsus angulatus and Chasma- 
ffnathus granulata larvae,  are in contrast  p robab ly  much  less resis tant  to l ow and  rapidly 
changing  sallnities, and  they  are very small, have  short ca rapace  spines  and hence,  may  
be  more vulnerab le  to predat ion.  The evolut ion of an efficient export  mechan i sm based  
on the control of egg  ha tching  rhythms represen ts  a sui table  a l ternat ive s t ra tegy for the 
avoidance  of both  high physiological  stress and  preda t ion  pressure .  It allows successful  
recrui tment  in harsh es tuar ine  environments  and, addi t ional ly,  offers the advan t age  of a 
greater  horizontal  d ispersal  in a wide geograph ica l  area.  
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