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ABSTRACT: Coasts subjected  to upw elling  are very  ad- 
vective environm ents w here zooplanktonic organisms face 
forcible rem oval from the system. Partition of tim e b e ­
tw een  a surface layer, w hich is un d er the direct influence 
of the wind, and a deeper layer, dom inated by the com pen­
sation counterflow, has been  proposed as a m echanism  
tha t could enhance reten tion  over the shelf. We used a 
3 -dim ensional num erical m odel to exam ine the hypothesis 
tha t diel vertical m igration (DVM) is able to reta in  larvae 
of the littoral crab Carcinus m aenas  over the shelf of 
the northw estern  Iberian upw elling system. Simulations 
contrasted 2 different w ind regim es typical of w inter (non- 
upwelling) and spring (upwelling), and 4 scenarios of v e r­
tical distribution: 2 w ith nocturnal DVM and  2 w ithout 
DVM. Larvae w ere  sim ulated as particles re leased  in the 
model during neap tides at sem ilunar intervals, to simulate 
the hatch ing  behaviour of the species, and w ere  followed 
for 5 wk, w hich approxim ates the average larval devel­
opm ent time of the species. The particles from the different 
m igration scenarios show ed very  d ifferent responses to 
w ind forcing. Particles w ithout DVM w ere m ore sensitive 
to w ind-driven surface currents and  w ere often advected  
seaw ard  of the shelf break , even during w inter w hen  u p ­
w elling events w ere less frequen t and of short duration. 
Particles w ith DVM w ere consistently d istributed over the 
shelf, and w ere very frequently  found in the inner shelf r e ­
gion during upw elling. This w as accom plished by a larger 
proportion of tim e spent in the onshore underflow , w hich 
dragged the particles shorew ards, than at the surface. The 
results of the sim ulations show that, for larvae of littoral 
species exhibiting DVM over a large expanse of the w ater 
column, upw elling  m ay actually  be a m echanism  that 
enhances reten tion  over the shelf.
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C rab  la rv ae  pe rfo rm  v ertica l m igra tions in  sy nchrony  w ith  th e  
day cycle. D uring  u p w e llin g  even ts, th ey  m ig ra te  b e tw e e n  a 
su rface  w a te r  lay e r w ith  a  se a w ard  flow a n d  a  d e ep e r layer 
w ith  a  lan d w ard  flow. A m o d ellin g  s tu d y  in d ica tes  th a t this 
b eh av io r en h an ces  re te n tio n  in  n e a rsh o re  w aters, in c re a s­
in g  th e  like lihood  of onshore  a n d  u p -e s tu a ry  tran sp o rt by  a 
v a rie ty  of b io -physica l p rocesses.

Illustration b y  H en riq u e  Q ueiroga

INTRODUCTION

T em perate  coasts sub jec ted  to upw elling  are  very  
p roductive  system s w h ere  m ero- an d  ho lop lanktonic 
o rganism s find  ab u n d a n t food an d  m o d era te  te m p e ra ­
tu res  th a t favour g row th  an d  rep roduction . T hese 
system s are  also very  advective env ironm ents, w h ere  
p lank ton ic  o rganism s face a p articu la r problem : how
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can  they  avoid b e in g  sw ept out of th e  system  by the 
p reva iling  seaw ard  circu lation  at the  surface? S everal 
p u re ly  physical p rocesses can  exp la in  the  re ten tio n  of 
Zooplankton in  shelf w aters, like th e  action  of edd ies 
(Chisw ell & Booth 1999, N ishim oto & W ashburn  2002), 
taylor colum ns (K loppm ann e t al. 2001), fron ta l zones 
(W erner et al. 1996), an d  E km an  convergence /d iver- 
g en c e  (Lee et al. 1992, F ree lan d  1994). V ertical d is­
p lacem ent, e ith e r in  th e  form  of d ie l m igrations or 
on togenetic  m igrations, has b ee n  cited  as a behav ioural 
m echan ism  th a t im proves re ten tio n  of Zooplankton in 
upw elling  system s (Peterson 1998). D uring upw elling  
th e  surface w ate rs  m ove offshore d u e  to E km an  tra n s ­
port, w hile  a  com pensa ting  onshore flow develops in 
d e e p e r  w aters. T herefore, any  behav iou r of p lank ton ic 
organ ism s th a t partitions tim e b e tw e en  the  surface an d  
th e  d e e p e r  layers red u ces  seaw ard  advection  an d  
w astag e  from  th e  system . T he ex istence  of behav iou ral 
m echan ism s of this k ind  w ould  constitu te  a selective 
ad v a n ta g e  for th ese  organism s. T he pu re ly  physical 
m echan ism s iden tified  above d ep e n d  to a g rea t ex ten t 
on  local topograph ic  conditions, w h erea s  som e k ind  of 
vertical m igration  w ould  p rovide a g en e ra l m echan ism  
to in c rease  re ten tio n  on  shelf w ate rs  in d e p en d e n tly  of 
local topog raph ic  singularities.

In this study  w e u sed  a  m odelling  ap p ro ach  to test 
th e  hypo thesis  th a t d ie l vertica l m igration  (DVM) 
m ay constitu te  a m echan ism  for re ten tio n  of la rvae 
of littoral in v e rteb ra te  species in  th e  no rthw est Iberian  
upw elling  system . O ur m odel w as a  3 -d im ensional 
num erical m odel of the  circu lation  in  the  reg ion , an d  
w as forced by a ir-ocean  bu lk  fluxes. Particles tha t 
w ere  in tro d u ced  into this m odel sim ulated  several 
traits of the  larval p h ase  of th e  p o rtun id  crab  Carcinus 
m aenas. N octu rna l DVM is a w id esp re ad  b ehav iou r in 
la rvae  of d ecap o d  crustaceans, an d  th ese  la rvae  have  
sw im m ing abilities th a t allow  them  to cross vertical 
d istances in  th e  o rd er of several 10s of m  d u rin g  the 
course of the  m igrations (rev iew ed by  Q ueiroga & 
B lanton 2004). The ex ten t of th e  vertical d istribu tion  
is also know n to ch an g e  du rin g  larval ontogeny, an d  
in  som e cases th e  last s tage  is m ostly neuston ic 
(e.g. Zeldis & Jille tt 1982, S hanks 1986, 1995). In o rder 
to account for u n certa in ties  concern ing  the  vertica l 
m igration  b ehav iou r of C. m a en a s  larvae, several v e r ­
tical m igration  scenarios w ere  im posed  on the  p a r ti­
cles. M oreover, series of ru n s w ere  perfo rm ed  using  
w ind  tim e series typical of non -upw elling  an d  u p ­
w elling  reg im es, in  o rd er to con trast th e  ou tcom e of the 
d iffe ren t m igration  scenarios b e tw e en  d iffe ren t w ind- 
forcing conditions.

T he P o rtuguese  coast ex ten d s approx im ate ly  south- 
n o rth  along  th e  long itude 9° W an d  has  no significant 
irregu la rities  in  th e  n o rth e rn  reg ion . T he shelf w id th  is 
abou t 40 km  an d  the  slope is steep  (Fig. 1). The reg ion

of study  w as th e  shelf ad jacen t to th e  es tu a ry  of the  Ria 
d e  Aveiro, no rth w est Portugal. Ria d e  Aveiro is a  sh a l­
low  lagoon  th a t harbou rs a com m ercially  im portan t 
popu la tion  of C arcinus m aenas. It is located  in  the 
m iddle of a  sandy  coast w ith  a  sing le n arro w  in le t of 
400 m  w id th  th a t connects to th e  sea. T idal h e igh ts  in 
th e  n o rth e rn  Iberian  P en insu la  coasta l reg ion  a re  d o m ­
in a ted  by the  sem i-d iu rnal tidal com ponen ts M 2 and  
S2, w h ich  g ive rise to c lea r sp rin g -n eap  cycles m o d u ­
la ted  by  o th e r constituen ts. T idal am plitude varies 
b e tw e e n  0.5 an d  1 m  d u rin g  n ea p  tides, an d  1 m  and  
2 m  d u rin g  sp ring  tides at the  Ria de Aveiro inlet. The 
w in d  reg im e along  th e  P o rtuguese  coast is d e p e n d en t 
on  the  dynam ics of the  A zores anticyclone, w hose c e n ­
tre  m igra tes from  27° N in th e  w in te r to 33° N in the 
sum m er (Fiùza et al. 1982). This condition  o rig ina tes 
w ea k  w esterly  w inds d u rin g  the  w in te r an d  northerly  
w inds du rin g  the  sp ring  an d  sum m er. D ue to the  south- 
no rth  o rien ta tion  of th e  P o rtuguese  coast, the  northerly  
w inds g ive rise to upw elling  (W ooster e t al. 1976, Peliz 
e t al. 2002). B ased on o bserved  w inds, H u th n an ce  e t al. 
(2002) h av e  com pu ted  upw elling  ind ices for th e  w est 
Iberian  coast th a t show  av e rag e  positive values from  
M arch  to S eptem ber, w ith  h ig h e r values from  Ju n e  to 
A ugust. E ven  th o u g h  th ese  calculations h av e  show n 
th a t the  variab ility  of no rtherly  w inds ou tside the
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period  Ju n e  to A ugust is la rge , the  d a ta  ind icate  tha t 
w inds th a t favour upw elling  are  a rec u rren t fea tu re  of 
th e  P o rtuguese  coasta l ocean  du rin g  a p ro trac ted  
period  of the  year.

O ur m odel species w as th e  littoral p o rtu n id  crab  
Carcinus m aenas. This is the  m ost com m on crab  in 
no rthw est Iberia  an d  in  coasta l w a te rs  of th e  Palaeartic  
A tlantic, an d  it form s la rg e  popu la tions in  estuaries 
an d  rocky shores th ro u g h o u t a  na tive  ran g e  tha t 
ex ten d s from  N orw ay an d  Iceland  to M auritan ia  
(d 'U dekem  d 'A coz 1999). This species h a d  becom e a 
g lobal in v ad er d u ring  th e  last century , hav in g  e s ta b ­
lished  successful popu la tions in  the  east an d  w est 
coasts of th e  USA (Alm aça 1962), South  A frica (Le 
Roux e t al. 1990), an d  A ustralia  (Thresher e t al. 2003). 
T he life cycle of C. m a en a s  includes a larval ph ase  
com posed  of 4 zoeal an d  1 m egalopa  p lank to troph ic  
s tages (Rice & Ingle 1975). T he m eg alo p a  is th e  stage 
th a t accom plishes th e  transition  b e tw e e n  th e  p la n k ­
tonic an d  the  b en th ic  phases. H atch ing  of la rvae 
occurs in  es tuaries  or shallow  bays, an d  first s tage  C. 
m a en a s  zo eae  rap id ly  a b a n d o n  th e  re le a se  a reas  an d  
sp rea d  into coasta l shelf w ate rs  w h ere  th ey  develop  
th ro u g h  the  nex t zoeal s tages an d  the  m egalopa . The 
m eg alo p a  m ust th e n  find ap p ro p ria te  littoral hab ita ts  
for se ttlem ent, m etam orphosis an d  successful juven ile  
developm ent.

T he m echanism s by w hich  C arcinus m a en a s  leave 
a n d  re e n te r  the  es tuaries  in  no rthw est Iberia  have  
b e e n  s tud ied  in  rec en t years, an d  w ere  found  to be 
associa ted  m ainly  w ith  env ironm en ta l p rocesses tha t 
occur at tidal, diel, an d  sem i-lunar periodicities. In 
no rthw est P ortugal larval re le a se  occurs d u rin g  n igh t 
eb b  tides. This com bination  of p h ase  of tide  an d  ph ase  
of day  tak es p lace  du rin g  n ea p  tides follow ing the 
q u a r te r  m oons, an d  thus h as  a  sem i-lunar periodicity. 
A rap id  export of the  first zoea to shelf w ate rs  th e n  fol­
lows im m edia te ly  (Q ueiroga e t al. 1997, P ereira  et al.
2000). O nce in  shelf w aters, deve lopm en t up  to the 
m eg alo p a  stage  tak es  abou t 4 to 6 w k  d ep e n d in g  on 
w a te r  te m p era tu re  (Darwirs 1985, M o h am ed een  & 
H artno ll 1989). T he m igration  from  shelf w ate rs  to the 
es tu a rin e  h ab ita t is th o u g h t to occur in  2 steps: (1) the 
sh o rew ard  transpo rt (Shanks 1995, Q ueiroga & B lan­
ton 2004), an d  (2) p assag e  th ro u g h  the  es tu arin e  in let 
an d  u p stream  tran sp o rt un til an  ap p ro p ria te  se ttlem en t 
env ironm en t is found. T he m echanism s responsib le  for 
step  (1) a re  not clear, b u t supply  of m egalopae  to e s tu ­
aries in  n o rth e rn  P ortugal h as  b ee n  re la te d  to ep isodes 
of relaxation /inversion  of no rtherly  w inds (Alm eida & 
Q ueiroga 2003, Q ueiroga  2003, Q ueiroga e t al. 2006, 
th is volum e). S tep  (2) is accom plished  by se lective tidal 
stream  tran sp o rt th a t ta k es  p lace  d u ring  n igh t flood 
tides (Q ueiroga 1998, F orw ard  & T ankersley  2001). 
T he vertical m igration  behav iou r of C. m a en a s  la rvae

over th e  shelf is not c learly  described , bu t m egalopae 
of th is species a re  know n to m igra te  to the  neuston  
layer d u ring  th e  n igh t in  the  British Isles (Zeng & 
N aylor 1996). M oreover, a  rec en t lite ra tu re  rev iew  
(Q ueiroga & Blanton 2004) in d ica ted  th a t noctu rna l 
DVM is a very  com m on b ehav iou r in  c ru stacean  
d ec ap o d  la rvae  in  shelf w aters.

T he ob jective of this w ork  w as to investiga te  th e  co n ­
seq u en ces of active DVM u n d e r d iffe ren t w ind  forcing 
conditions for th e  re ten tio n  an d  rec ru itm en t of la rvae 
in  reg ions w ithout p rom inen t coasta l or bathym etric  
fea tu res. T he ab sen ce  of topograph ic  singularities 
exc ludes a priori re ten tio n  of la rvae  cau sed  by  possib le 
stab le  an d  pers is ten t c irculations re la te d  to to p o g ra ­
phy. G iven th e  life-cycle characteristics of the  species, 
th e  availab le know ledge on critical aspec ts  of its larval 
biology, an d  its w id esp re ad  occurrence, w e believe 
C arcinus m a en a s  p rov ides a  good m odel to test 
th e  re ten tio n  hypothesis, an d  th a t th e  resu lts  of the 
p re se n t w ork  m ay be im portan t to e luc ida te  aspects of 
rec ru itm en t p rocesses of littoral in v e rteb ra te s  in 
coasta l upw elling  areas.

METHODS

M odel setup. T he in fluence of the  p a tte rn  of vertical 
d istribu tion  of la rvae  on th e ir  d ispersion  an d  re ten tio n  
over the  shelf w as s tud ied  w ith  a 3 -d im ensional 
hydrodynam ical m odel th a t sim ulated  the  shelf w a te r 
dynam ics w ith  realistic  forcings an d  stratification. The 
dom ain  of the  m odel sp a n n ed  from  37.6 to 44.3° N and  
12.8 to 8.4° W, w hich  co rresp o n d ed  to 360 km  in the 
long itud inal an d  740 km  in th e  la titud ina l d irections 
(Fig. 1). T he m odel u sed  w as the  R egional O cean  M o d ­
eling  System  (ROMS) (H aidvogel e t al. 2000) an d  it 
w as forced by w ind  an d  h e a t fluxes from  the  N ational 
C en te rs for E nv ironm ental P rediction  (NCEP) re a n a ly ­
sis da tab ase , w h ich  w ere  in te rp o la ted  for th e  s im ula­
tion  grid.

U seful p red ic tion  of oceanograph ic  circu lation  and  
advection  b ased  on th e  u se  of num erical m odels 
d e p e n d  on a p ro p er validation  of th e  m odels. The 
m odel u sed  in  this study  w as v a lid a ted  by  com paring  
observations, o b ta in ed  d u ring  th e  'P roR ecruit' pro ject 
cru ise co n d u c ted  over the  shelf in  front of Ria de 
A veiro du rin g  M ay 2002, w ith  m odel sim ulations for 
th e  sam e period  (M. M arta-A lm eida unpubl. data). 
Fig. 2 show s a typical resu lt o b ta in ed  w h en  cu rren t 
m easu rem en ts  m ade  at 35 m, off the  Ria d e  Aveiro, 
w ere  co m p ared  w ith  m odel sim ulations. T he sim ulated  
in stan tan eo u s velocities h av e  a low er v ariance  th an  
th e  o bserved  values, bo th  for the  zonal (across-shore) 
an d  long itud inal (along-shore) com ponents. This r e ­
sults from  the  fact th a t NCEP w inds do not rep rese n t
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rea l w inds w ith  h ig h  accuracy  in  th e  s tud ied  reg ion , as 
rev e a le d  by com parison  w ith  d a ta  from  coasta l m e teo ­
rological stations: o bse rved  w inds have system atic 
h ig h e r va lues th a n  N CEP w inds. H ow ever, sim ulated  
resid u a l cu rren ts  at w eek ly  an d  longer tim e scales 
w ere  sim ilar to th e  observations. T herefore, the  m odel 
ap p e a re d  to realistically  rep ro d u ce  tran sp o rt in te ­
g ra te d  over the  tim e scales of larval developm ent.

Two sim ulations w ere  perform ed, one for the  late 
w in te r an d  the  o ther for th e  spring, covering the 
m onths of F eb ruary  to A pril an d  A pril to Ju n e  2002, 
respectively . T hese  periods w ere  chosen  b ecau se  
they  show  con trasting  w ind  reg im es b e tw e en  non- 
upw elling  an d  upw elling  season. Fig. 3 show s the 
w ind  for th e  w in te r an d  sp ring  sim ulations at the 
re le a se  location, off the  Ria d e  Aveiro. T he w ind  w as 
m ore variab le  in  w in te r th a n  in  spring. In F eb ruary  it 
w as southerly  d u rin g  th e  1st w ee k  an d  no rtherly  un til 
25 February . T here  w as 1 ep isode of no rtherly  w ind  
b e tw e en  4 an d  10 M arch, an d  th e n  sou therly  w ind  p e r ­
sisted  un til 23 M arch. D uring th e  rest of the  m onth  the 
w ind  w as w e a k e r  an d  m ore variab le , b u t o rig ina ted  
m ainly  from  th e  north . In con trast w ith  th is situation,

th e  w ind  du rin g  th e  sp ring  sim ulation  w as alm ost 
alw ays no rtherly  w ith  a w esterly  com ponent. The 
excep tions w ere  b e tw e en  4 an d  10 A pril an d  b e tw e en  
12 an d  24 May. T he sou therly  w ind  du rin g  these  
periods w as w ea k e r th a n  th e  av e rag e  no rtherly  w ind  
d u rin g  th e  rest of th e  sp ring  sim ulation. T he n o r th ­
w esterly  w ind  d u rin g  th e  m onths of A pril an d  M ay is 
typical of the  P o rtuguese  w est coast in  sp ring  and  
sum m er, an d  drives coasta l upw elling  in  this region.

T idal forcing w as not u sed  in  th e  p re se n t study, bu t 
p re lim inary  sim ulations inc lud ing  tides an d  vertical 
m igra tion  w ere  ca rried  out in  o rd er to in spec t the  se n ­
sitivity of th e  m odel to in te ractions b e tw e en  DVM and  
tida l cu rren ts . T he resu lts of those  sim ulations show ed 
th a t significant ne t horizontal tran sp o rt w as not o b ­
served . Hill (1991a,b, 1995) describ ed  a series of s itu a ­
tions w h ere  p lank ton ic  o rganism s m igra ting  vertically  
in  th e  w a te r  colum n on  a b ack g ro u n d  of tidal cu rren ts  
w ou ld  ex p e rien ce  considerab le  horizontal transport, 
p rov ided  th a t the  p eriod  of m igration  is a m ultiple, or 
close to a m ultiple, of th e  tida l period. S ince th e re  is 
no ev idence  to suspect th a t Carcinus m a en a s  la rvae 
w ou ld  re ta in  a  m igra tion  beh av io u r synchron ised  w ith  

the  lu n a r sem i-d iu rnal tide in  shelf w aters, 
horizontal tran sp o rt by  th e  M 2 tide (lunar sem i­
diurnal, period  of 12.42 h) w ou ld  not be 
expected . T he 24 h  period  of the  d ie l m igration  
w ould  in te ract w ith  th e  S2 tide (solar sem i­
diurnal, period  of 12.00 h). H ow ever, in  the 
a re a  of study, th is constituen t is of m inor im por­
tan ce  re la tive  to th e  p rincipal lu n a r M 2. A sys­
tem atic  in te raction  b e tw e e n  tidal cu rren ts  and  
vertical m igration  is ex p e c ted  in  p laces w h ere  
tides a re  th e  m ain  driv ing  m echanism ; this co n ­
trasts w ith  th e  shelf reg ion  of n o rth e rn  P o rtu ­
gal, w h ere  w ind  ap p ears  to b e  the  m ain  ocean  
forcing m echan ism  (Vitorino et al. 2002, Peliz 
e t al. 2003).

Sim ulation of larvae behaviours. L arvae 
w ere  sim u lated  by in se rting  drifters in  the 
m odel. T he drifters h ad  la g ra n g e a n  m ovem ent 
in  the  horizontal, i.e. they  h a d  a passive b e h a v ­
iour in  te rm s of horizontal transport. In o rder 
to exam ine the  in fluence of vertical m igration  
p a tte rn  on  d ispersal, 4 p a tte rn s  of d istribu tion  
w ere  im plem ented . T hese w ere  chosen  in  o rder 
to con trast 2 scenarios w ith  active DVM w ith  2 
scenarios w ithou t vertical m igration . T he p a t­
te rn s  of vertical m ovem ent an d  the  n u m b er of 
p articles re le ase d  ea ch  day  w ere  as follows. A 
set of 500 p artic les w as d ro p p ed  at th e  surface 
an d  constra ined  to rem a in  th e re . A no ther set of 
500 particles w as re le a se d  w ith  a  uniform  d is ­
tribu tion  b e tw e en  the  surface an d  th e  bottom  
an d  left to vary  vertical position accord ing  to

CU

5

0

■5

•10

1-May 29 1-June24 22
Time

Fig. 2. (A) Wind and (BfC) simulated (thick lines) and observed (thin 
lines) currents at the 'ProRecruit' project mooring site off the Ria de 
Aveiro. In (A) positive values on the 7-axis refer to southerly wind. 
(B) Across-shelf and (C) along-shore currents are shown at 35 m depth
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Wind (m s" Wind (m s 1)

Fig. 3. W ind n e a r  Ria de  A veiro d u rin g  (A) w in ter (F ebruary  to M arch) a n d  (B) 
sp rin g  (April to  M ay) sim ula tion  periods. V ertical rectan g les: 3 re le a se  days w ith in  

each  n e a p  tid e  period; d o tted  lines: 5 w k  afte r e ach  re le ase

th e  vertica l velocities in  th e  m odel. In a 
th ird  set of 500 particles, noc tu rna l v e r ­
tical m igration  w as im posed  by  forcing 
them  to m ig ra te  daily  b e tw e e n  a su r­
face an d  bottom  layer, w h ich  w ere  a rb i­
trarily  set w ith  th icknesses of 5 m  and  
10 m, respectively . Finally, 1000 p a r ti­
cles w ere  re le a se d  w ith  a m ore com plex 
p a tte rn  of n o c tu rn a l v ertical m igration  
b e tw e en  an  u p p e r an d  low er layer, 
w h ich  is d e ta iled  in  Fig. 4. In o rd er to 
force this pa tte rn , th e  w a te r colum n 
w as d iv ided  into 6 levels. T he surface 
an d  the  bottom  levels w ere  alw ays 5 m 
an d  10 m thick, respectively . T he in te r­
m ed ia te  levels w ere  eq u a l bu t the ir 
th ickness d e p e n d e d  on th e  to ta l dep th . 
D uring th e  day, 80%  of the  drifters 
w ere  in  th e  bottom  level an d  10 % w ere  
in  ea ch  of th e  nex t 2 levels. D uring the 
nigh t, half of the  partic les in  the  bottom  
level (i.e. 40%  of th e  to tal num ber) 
rem a in ed  th e re . The o th e r 40%  plus 
th e  2 0 % in th e  2 levels above th e  b o t­
tom  layer m oved  upw ards, rea ch in g  a 
final d istribu tion  w ith  10% in each  
in te rm ed ia te  level an d  2 0 % in the  su r­
face level. This last schem e w as b ased  
on rec en t observa tions on  the  vertical 
d istribu tion  of d ecap o d  larval s tages 
m ade  du rin g  a cru ise co n d u c ted  in 
coasta l w ate rs  off th e  Ria d e  A veiro (A. 
dos Santos unpub l. data). T hese o b se r­
vations d esc rib ed  a very  c lea r noctu rna l 
u p w ard  m igration  of crab  la rvae  du ring  
th e  n igh t th a t ex ten d e d  along  m uch  of a 
w a te r  colum n of h e ig h t 60 m, an d  is 
consisten t w ith  sw im m ing velocities of 
d ecap o d  zo aea  an d  m egalopae  in  the 
o rd er of 1 cm  s-1 (Chia e t al. 1984).

In the  2 scenarios w ith  vertical m i­
gration, the  particles rem ained  in the 
d ee p er levels b e tw e e n  06:00 h  and  
20:00 h. T hen  they  b e g a n  the  u p w ard  
m ovem ent rea ch in g  th e  shallow er lev ­
els at 22:00 h, w h ere  they  rem a in ed  
un til 04:00 h. At th is m om ent they  
s ta rted  a  dow nw ard  m ovem ent at a ra te  
th a t took th em  b ac k  to th e  d e e p e r  
levels by  06:00 h  (Fig. 5). To facilitate 
fu rth e r reference, th e  4 m igra tion  sc e ­
narios w ere  coded  NS for no m igration  
an d  surface d istribution , NU for no 
m igration  an d  uniform  d istribution, SB 
for noctu rna l DVM b e tw e en  surface
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Fig. 4. V ertical d istribu tion  of p a rtic les  in  th e  n o c tu rn a l 
DVM  scenario  b e tw e e n  su rface  a n d  bo ttom  layers

a n d  bottom , an d  UL for n octu rna l DVM b e tw e en  u p p er 
a n d  low er layers.

Initiation of the  particles in  the  m odel w as p ro ­
g ram m ed  to sim ulate the  h a tch in g  p a tte rn  of Carcinus 
m aenas. Larval h a tch in g  tak es p lace  du rin g  noctu rna l 
n ea p  eb b  tides w hich  recu r in  th e  P o rtuguese  coast 
w ith  a basic  sem i-lunar period icity  (see 'In troduction '). 
T herefore, drifters w ere  re le ase d  into the  m odel for 3 
consecutive days a ro u n d  the  low est am p litude tide, 
d u rin g  3 consecutive n ea p  tide periods (Fig. 6). All 
d rifters w ere  re le ase d  at 00:00 h. T ables 1 & 2 su m ­
m arise th e  drifters ' re le a se  d a te  an d  th e  n u m b er of 
d rifters u sed  p er re le a se  day. For th e  w in te r sim ulation 
(February  an d  M arch), th e  re lease  days w ere  5 to 7 
F eb ruary  (1st n ea p  tide), 20 to 22 F eb ruary  (2nd n ea p  
tide), an d  6 to 8 M arch  (3rd n ea p  tide). T he re lease  
days in  the  sp ring  sim ulation  w ere  5 to 7 A pril (1st

surface

shallower layer (6 h)

(deeper layer (14 h)

bottom
20 22 24 •time (h)

Fig. 5. T im ing of v e rtica l m o vem en ts im p o sed  in  scenarios 
w ith  DVM  b e tw e e n  su rface  a n d  bo ttom  (SB) an d  w ith  DVM 
b e tw e e n  u p p e r  a n d  low er layers (UL). A ctual d e p th  of sh a l­
low er a n d  d e ep e r lay e rs d e p e n d e n t on m ig ra tio n  scenario

n ea p  tide), 20 to 22 A pril (2nd n ea p  tide), an d  6 to 8 
M ay (3rd n ea p  tide). By re leas in g  la rvae  at several 
consecu tive n ea p  tides, w e h o p ed  to exp lo re  possib le 
resp o n ses of th e  larval pool to d iffe ren t w ind  reg im es 
at the  tim e of in itial ap p e a ran c e  of la rvae  on th e  shelf. 
T he partic les w ere  re le a se d  in  random  positions inside 
a  circle of rad ius 5 km  n ea r th e  Ria d e  A veiro in let 
(Fig. 1). This is considered  to b e  a good approxim ation  
of the  es tu arin e  p lum e and, the re fo re , of th e  larval d is ­
tribu tion  im m edia te ly  afte r th ey  left the  es tu ary  (car­
ried  by the  eb b  curren t). T he n u m b er of partic les u sed  
in  ea ch  of th e  2 sim ulations w as 2500 d_1, d u rin g  3 days 
p e r  n ea p  tide  period, for 3 n ea p  tides, w h ich  sum m ed 
to a to tal of 45 000 ana ly sed  drifters ' tra jectories.

A nalysis of dispersal patterns. T he analysis of the 
resu lts w as b ased  on  4 descriptors: (1) th e  cross-shelf 
d istribu tion  of th e  particles, (2 ) the  p e rc en ta g e  of the 
partic les on  the  in n e r shelf, (3) the  la titud ina l d is trib u ­
tion of the  particles over th e  in n e r shelf, an d  (4) the  d is ­
persion  p a tte rn  of th e  particles. T he cross-shelf d is trib ­
u tion  of partic les w as ca lcu la ted  un til the  en d  of the 
5 th  w eek , at w eek ly  in te rvals sta rting  1 w k  afte r the 
re lease  (using the  2nd  day  of re lease  as a reference). 
The period  of 5 w k  w as chosen  b ecau se  it co rresponds 
to the  av e rag e  deve lopm en t tim e of Carcinus m a en a s  
la rvae  in  th e  tem p era tu re  ran g e  usually  found  in 
P o rtuguese  coasta l w ate rs  d u rin g  w in te r an d  spring  
(Darwirs 1985, M o h am ed een  & H artnoll 1989). The 
p e rc en ta g e  of partic les on  the  in n e r shelf w as ca lc u ­
la ted  w eek ly  as th e  p roportion  of those  w ith in  5 km  
from  th e  coast, an d  w as chosen  in  o rd er to ob ta in  a 
m easu re  of the  size of the  larval pool ava ilab le  for 
rec ru itm en t to littoral hab itats. T he la titud ina l d is tri­
bu tion  of th ese  partic les w as also ca lcu la ted  at w eek ly  
in tervals. W ith the  aim  of m easu rin g  th e  d ispersion  
p a tte rn  of th e  particles, th e  reg ion  of the  m odel w as

T ab le  1. D ate  of p a rtic le  re le a se  for w in te r an d  sp ring  
sim ulation

N eap  tide W inter Spring

1st 5 to 7 F eb ru ary 4 to  6 April
2 nd 20 to 22 F eb ru a ry 19 to  21 April
3 rd 6 to 8 M arch 3 to 5 M ay

T ab le  2. V ertical m ig ra tio n  scenarios im p o sed  on  partic les, 
a n d  th e  n u m b er of p a rtic les re le a se d  d_1

D rifters d  1 M igra tion  scenario

500 N one, su rface  (NS)
500 N one, un iform  (NU)
500 Surface  o  b o ttom  (SB)
1000 U pper lay er o  low er lay e r (UL)
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Fig. 6. T idal am p litu d e  n e a r  Ria de  A veiro in le t du rin g  (A) w in ter (February  to M arch) a n d  (B) sp rin g  (April to  M ay) sim ulation

periods. V ertical lines: 3 re le a se  days w ith in  eac h  n e a p  tid e  p e rio d

d iv ided  into 100 x 200 boxes (longitudinally  x latitudi- 
nally) of eq u a l size, an d  the  v ariance  of th e  resu lting  
m atrix  of the  n u m b er of partic les w as calcu lated . Since 
th e  to ta l nu m b er of drifters does not ch an g e  w ith  
tim e an d  the  boxes w ere  of eq u a l size, th e  variance 

(jij - ñ f / b  (in in d .2) is a m easu re  of the  partic les ' 
horizontal d ispersion. B ecause this variance d ep e n d e d  
on  th e  to ta l nu m b er of partic les an d  th e  UL m igration  
scenario  u se d  tw ice as m any  la rvae  as o the r scenarios, 
th e  v ariance  w as norm alised  by ( N / b ) 2(b -1 ) ,  w h ich  is 
th e  m axim um  v ariance  w h en  all partic les a re  inside 
a  single box, i.e. ( 0 - n f / b  + ( N - n ) 2/ b .  In these  
form ulae, b is th e  n u m b er of boxes used, n¡ is the 
n u m b er of particles in  box i, N  is the  to tal n u m b er of 
drifters, an d  ñ  is th e  av e rag e  n u m b er of drifters p er 
box, N /b . T herefore, h ig h  va lues of th e  norm alised  
v ariance  co rresp o n d ed  to h ig h e r agg regations. The 
ca lcu lation  of the  v ariance  w as perfo rm ed  after th e  3rd 
d ay  of re lease , every  day, un til the  en d  of the  5 th  w eek , 
sep ara te ly  for each  of th e  4 m igration  scenarios an d  for 
ea ch  of the  3 re le a se  periods. M ortality  of the  la rvae 
w as se t to 0.

RESULTS

M ovem ents of the  partic les d e p e n d e d  on the  in te rac ­
tion  b e tw e en  the ir vertical position  in  the  w a te r  col­

um n  an d  th e  forcing factors. S ince o bserved  w inds 
w ere  th e  m ain  driv ing  force of th e  circulation, it w as 
ex p e c ted  th a t tra jecto ries of th e  partic les d e p e n d e d  on 
th e  m igration  scenario  an d  on  th e  day  of re le a se  into 
th e  m odel dom ain.

Fig. 7 show s th e  norm alised  v ariance  of th e  partic les 
for all m igration  scenarios an d  for th e  3 re le ase  periods 
in  the  w in te r an d  sp ring  sim ulations. Figs. 8 to 13 show  
th e  longitud inal d istribu tion  of th e  particles in  th e  inner 
shelf, ex p ressed  as the  p e rc en ta g e  of partic les at a d is ­
ta n ce  less th a n  5 km  from  the  coast (Figs. 8A to 13A), 
an d  th e  cross shelf d istribu tion  of the  particles (Figs. 8B 
to 13B), ca lcu la ted  at w eek ly  in tervals, for th e  3 r e ­
lease  periods in  the  w in te r (Figs. 8 to 10) an d  spring  
(Figs. 11 to 13) sim ulations. To facilita te  analysis and  
cross-referenc ing , all th e se  figures a re  o rg an ised  into 
m atrices w h ere  row s co rresp o n d  to the  4 m igration  
scenarios.

Winter sim ulation

T he norm alised  v ariance  of the  NS scenario  in  w in te r 
show ed  la rg e  fluctuations over tim e, in  con trast to the 
o th e r 3 vertical m igration  scenarios (Fig. 7). As is 
show n below , la rg e  variances in  the  NS scenario  w ere  
alw ays associa ted  w ith  situations w h en  partic les hit 
th e  coast an d  rem a in ed  co n cen tra ted  th e re . In the  NU,
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SB an d  UL scenarios, th e  variance d ec reased  over 5 w k 
for ea ch  of 3 re lease  periods, to levels consistently  
below  0.03 at th e  5 th  w eek . Of these , the  NU particles 
show ed  the  low est variance.

For all scenarios, th e  partic les re le a se d  in  the  first 
n ea p  tide  of the  w in te r sim ulation  m oved  sou thw ards 
an d  offshore (Fig. 8) on  to the  m iddle shelf. M ost of the 
n e t d isp lacem en t took p lace  du rin g  th e  first 3 w k, co r­
resp o n d in g  to a period  of strong  no rth easte rly  w ind  
(Fig. 3). For all m igration  scenarios, re ten tio n  in  the 
in n e r shelf w as usua lly  below  5 % from  th e  4 th  w ee k  
onw ards (Fig. 8A).

In the  2nd  w in te r n ea p  tide re le a se  (Fig. 9) th e re  
w ere  la rg e r  d iffe rences in  th e  tra jecto ry  an d  d ispersal 
of th e  partic les am ong  the  d iffe ren t larval m igration  
scenarios th a n  in  the  first re lease . This w as cau sed  by 
h ig h e r variability  of th e  w in d  in  the  w eek s afte r the 
2nd  re lease  (Fig. 3), w h ich  led  to d iffe ren t responses 
of partic les from  d iffe ren t m igration  schem es. W hile 
NS particles m ove sou thw ards du rin g  the  first 2 w k 
an d  th e n  northw ards, all o thers particles w ere  su b ­
je c te d  to very  little so u th w ard  tran sp o rt befo re  also 
m oving n o rth w ard  afte r th e  2nd  w ee k  (Fig. 9A). Two 
m axim a w ere  found  in  th e  v ariance  of particles in  the 
NS scenario  (Fig. 7), one afte r th e  1st w ee k  an d  
th e  o ther a ro u n d  th e  4 th  w eek . T hese  m axim a w ere

cau sed  by th e  in te rcep tio n  of th e  n o rth w ard  trajectory  
of th e  partic les w ith  the  coast, so u th w ard  (1st m ax i­
m um ) an d  n o rth w ard  (2n d  m axim um ) of th e  re lease  
location  (Fig. 9). In all o th e r scenarios, partic les m oved 
seaw ard s w ith  tim e un til they  rea ch ed  th e  ou te r shelf 
in  the  5 th  w eek , w ith  concen tra tion  m axim a at 20 to 
40 km  from  th e  coast (Fig. 9B). T he con trast b e tw e en  
th e  NS an d  th e  o ther scenarios is ev iden t w h en  the 
p e rc en ta g e  of the  partic les in  the  in n e r shelf reg ion  is 
co m p ared  (Fig. 9A). T he values w ere  over 60%  for the 
NS partic les un til the  4 th  w eek . The d ec rease  to 0.1 % 
in  the  5 th  w ee k  w as d u e  to the  onset of no rtherly  and  
easte rly  w ind  afte r th e  4 th  w ee k  (Fig. 3). T he p e rc e n t­
ag e  of partic les in  the  in n e r shelf reg ion  w as alw ays 
below  5%  in all o ther scenarios.

T he particles of the  3rd  w in te r re lease  (Fig. 10) w ere  
su b jec ted  to strong  southerly  w ind  d u rin g  th e  first 
-2  w k, an d  th e n  low  an d  variab le  w ind  w ith  an  
easte rly  com ponen t a ro u n d  th e  3rd w ee k  (Fig. 3). The 
m ovem ent of the  particles w as th u s basically  n o r th ­
w ard s (Fig. 10A) an d  seaw ard s to th e  m iddle an d  ou ter 
shelf (Fig. 10B). A m axim um  in v ariance  of th e  p a r ti­
cles occu rred  2 w k  after re lease  in  the  NS scenario 
(Fig. 7) an d  w as aga in  cau sed  by co n vergence  at the 
coast. W hile p ro p ag a tin g  no rthw ards, the  partic les m et 
th e  coast to the  righ t an d  rem a in ed  co n cen tra ted  th e re

W inter Spring
2nd
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0.2

0.1

NU
0.2

0.1

T3 SB
0.2

0.1

UL
0.2

0.1

0 1 2 3 4 5 0

3rd 1st 2nd 3rd

Time (wk)
Fig. 7. V ariance of p a rtic les d u rin g  th e  first 5 w k  after 3 re le ases  in  w in ter a n d  spring . M igra tion  scen ario s— NS: no n e , surface; 

NU: no n e , uniform ; SB: su rface  o  bottom ; UL: u p p e r  lay e r o  low er lay er
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d u e  to a  sm all w esterly  w ind  com ponent. This w as 
show n by a p ea k  in  concen tra tion  n ea r  th e  coast in 
Fig. 10B in W eek 2 of this scenario. P articles o the r th an  
those  in  th e  NS scenario  w ere  sp rea d  over th e  shelf 
w ith  concen tra tion  m axim um  aro u n d  the  m iddle an d  
ou te r shelf (Fig. 10B). Except for th e  very  h ig h  p ea k  
in  th e  p e rc en ta g e  of NS partic les in  the  in n e r shelf 
reg ion , cau sed  by in te rcep tion  of p artic le  trajectories 
w ith  th e  coast, the  values w ere  low  an d  m ostly below  
2 % for the o ther scenarios after the 2nd  w ee k  (Fig. 10A).

Spring sim ulation

In spring, th e  norm alised  v ariance  of partic les in  the 
SB an d  UL scenarios, bo th  w ith  DVM, usually  r e ­
m a in ed  bou n d  w ith in  in te rm ed ia te  levels from  0.05 
an d  0.15 over the  5 w k, for all 3 re leases  (Fig. 7). This 
co n tra sted  w ith  the  sam e scenarios in  th e  w in te r sim u­
lation, w h ere  v ariance  d ec reased  to low er values. It 
also con trasted  w ith  th e  NS an d  NU scenarios, bo th  in 
w in te r an d  spring. In th e  NU scenario, sim ilar to w hat 
h a d  o ccu rred  in  th e  w in te r sim ulation, th e  variance 
d ec reased  to levels below  0.01. In th e  NS scenario  the 
p a tte rn  of ch an g e  in  v ariance  w ith  tim e d iffe red  across 
th e  3 re leases, w ith  in te rm ed ia te  an d  low  values for the 
1st an d  2n d  re lease , an d  very  h igh  va lues of variance 
in  the  3rd. A gain, th e  inc rease  in  th e  v ariance  in  the 
NS scenario  w as associa ted  w ith  th e  in te raction  of the 
sh o rew ard  flow w ith  coasta l topography.

A few  days afte r th e  1st sp ring  re lease  (Fig. 11) the 
w ind  tu rn e d  northerly  (Fig. 3). T hereafter, a  sou thw ard  
a n d  offshore tran sp o rt w as ex p e c ted  for th e  NS an d  NU 
particles, as d id  actually  occur. A fter the  3rd w ee k  the 
NS partic les w ere  so u th w ard  of th e  re le a se  point, h ad  
m oved off th e  shelf, an d  k ep t m oving seaw ard  w ith  
little su b se q u en t d ispersa l (Fig. 11B). T he NU particles 
w ere  su b jec ted  to less offshore tran sp o rt an d  w ere  d is­
p e rse d  over th e  ou te r shelf an d  off th e  b re a k  by th e  5th 
w eek . This d ispersal an d  offshore tran sp o rt occu rred  
b ecau se  the  partic les (originally w ith  a uniform  d is trib ­
u tion  b e tw e en  the  surface an d  th e  bottom ) becam e 
m ore co n cen tra ted  in  layers close to the  surface du e  to 
th e  upw elling  in te rn a l re tu rn  cu rren t, w h ich  led  to an  
u p w ard  tran sp o rt of th e  particles. T he SB an d  UL p a r ti­
cles also m oved  sou thw ard  (Fig. 11 A) b u t w ere  not ad- 
v ec ted  offshore by th e  upw elling  curren ts. Instead, they  
rem a in ed  over th e  in n e r shelf th ro u g h o u t the  5 w k 
period  (Fig. 11B). B ecause of the  m igration  schem es 
im posed  upon  them , th ese  SB an d  UL particles spen t 
m ore tim e in  th e  low er layers of the  w a te r  colum n, 
w h ere  cu rren ts  w ere  onshore, th a n  in  th e  u p p e r layers. 
T he particles follow ed an  oscillatory trajectory: they  
w ere  tran sp o rted  offshore in  the  u p p e r layers b u t o n ­
shore in  th e  low er layers, d esp ite  w e a k e r  cu rren ts  at

dep th . Accordingly, the  p e rc en ta g e  of p artic les close to 
shore w as h ig h e r in  the  SB an d  UL scenarios th a n  in  the 
o th e r 2 scenarios, w ith  proportions th a t re a c h e d  over 
70%  afte r th e  2nd  w ee k  in  the  UL scenario  (Fig. 11 A).

A fter the  2nd  re le a se  (Fig. 12) th e  particles w ere  
su b jec ted  to w in d  conditions sim ilar to those of the  1st 
sp ring  re le a se  (Fig. 3), an d  th ey  b eh a v ed  very  similarly. 
T he m ain  d iffe rences w ere  re la ted  to (1) th e  n o r th e a s t­
erly  w ind  even t at th e  en d  of th e  2n d  w ee k  an d  b e g in ­
n in g  of the  3rd  (1 to 4 M ay); an d  (2) th e  w in d  inversion 
d u rin g  th e  4 th  an d  5 th  w eek s afte r th e  re le ase  th a t 
b ro u g h t the  NS an d  NU p a rtic le s— w hich  h a d  m oved 
offshore during  the first 2 w k — back  into a shorew ard  d i­
rection  (Fig. 12B), reach ing  th e  shelf b rea k  (NS particles) 
an d  m iddle shelf (NU particles). T he p e rc en ta g e  of 
particles in  the  inner shelf reg ion  w as also sim ilar to tha t 
of the  prev ious re lease , ex cep t for h ig h e r v a lues  for SB 
partic les that, now  like the  UL particles, w ere  re ta in ed  
close to the  coast d u rin g  m ost of th e  5 w k  (Fig. 12A).

T he partic les re le ase d  in  th e  3rd n ea p  tide  (Fig. 13) 
show ed  q u ite  d iffe ren t b ehav iou r from  partic les in  the 
1st an d  2nd  re leases. T he w ind  w as no rtherly  du ring  
th e  1st, 4 th  an d  5 th  w eeks. A fter th e  m idd le of the 
2n d  w ee k  the  w in d  h ad  a strong  w esterly  com ponent. 
B ecause of th ese  events, particles nev e r left the  shelf. 
T he NS an d  NU partic les w ere  ad v ected  by  the 
upw elling  cu rren ts  only in  th e  1st w ee k  an d  m oved 
sou thw ards (Fig. 13A) un til they  rea c h e d  the  m iddle 
shelf (Fig. 13B). T he sou thw esterly  w in d  th e n  carried  
th e  partic les onshore, an d  in  the  follow ing w eek s the 
NS partic les rem a in ed  a ttac h ed  to th e  coast w hile  the 
NU p artic les d isp ersed  over th e  in n e r an d  m iddle shelf. 
T he SB an d  UL partic les b eh a v ed  as in  the  prev ious 
re leases, rem ain in g  in  the  inner shelf du rin g  the  en tire  
sim ulation  period  (Fig. 13B), an d  only exh ib iting  a 
sm all d e g re e  of sou thw ard  transpo rt in  com parison 
w ith  partic les from  th e  1st an d  2nd  re le a se  (Fig. 13A). 
T he proportion  of partic les in  the  in n e r shelf reg ion  
w as th e  h ighest of all re leases  in  bo th  w in te r and  
sp ring  sim ulations, an d  for all th e  m igra tion  scenarios 
(Fig. 13A). H ow ever, th is o ccu rred  not b ecau se  the 
partic les re tu rn e d  to th e  reg ion  n e a r  the  coast, bu t 
b ecau se  they  n ev e r left th a t reg io n  at any tim e du ring  
th e  sim ulation period. In th e  case  of NU particles, v a r i­
ance  va lues w ere  very  sm all (as expected) d u e  to the 
la rg e  d e g re e  of dispersion; for NS particles, variance 
in c re ase d  w ith  tim e as a co n seq u en ce  of sho rew ard  
m ovem ent an d  collision w ith  th e  coast (Fig. 7).

DISCUSSION AND CONCLUSIONS

This study  u sed  4 d iffe ren t v ertical m igration  sc e ­
narios th a t w ere  k ep t constan t over th e  du ra tio n  of 
ex p e c ted  p lank ton ic  deve lopm en t of the  larvae. This
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option w as ta k e n  d u e  to th e  lack  of d e ta iled  in fo rm a­
tion  th a t w ould  b e  n ecessary  to sim ulate on togenetic  
shifts in  d istribu tion  of Carcinus m aenas. H ow ever, this 
is an  unrea listic  situation  b ecau se  in  m ost cases b e h a v ­
ioural reactions of d ecap o d  la rvae  ch a n g e  th roughou t 
larval ontogeny, lead in g  to varia tions in  the  av erag e  
d ep th  of d istribu tion  w ith  ag e  (Sulkin 1984, Q ueiroga 
& Blanton 2004). O n togenetic  m igrations a re  likely to 
also affect advection  p a tte rn s  in  th is species, as su g ­
g es ted  for o the r in v e rteb ra te  g roups (Peterson 1998). A 
second  sim plification of the  m odel w as th a t m ortality  
w as set to 0. E stim ates for decap o d s ind icate  th a t larval 
m orta lity  m ay often  ex ceed  90%  over the  full p la n k ­
tonic period  (M organ 1995). B ased on d a ta  on a b u n ­
d an c e  of first an d  last s tage  la rvae  found  inside the  Ria 
d e  Aveiro (Q ueiroga 1995), an d  assum ing  th a t la rvae 
th a t do not re tu rn  to th e  es tu a ry  will die, it is possib le 
to estim ate  an  overall m ortality  v a lue  of 99%  for C. 
m a en a s: first zoea p ro d u ced  inside th e  es tu a ry  w ere  
100 tim es m ore a b u n d a n t th a n  the  m eg alo p ae  tha t 
rec ru ited  into it. Little is know n abou t how  th ese  h igh  
m orta lity  va lues  a re  d is trib u ted  am ong  ag e  classes of 
larvae, or abou t the  variab ility  of m ortality  over space 
(e.g. concentra tions of p reda to rs m ight be h ig h e r closer 
to the  coast). S etting  a constan t m orta lity  w ith  tim e or 
space w as a sim plification th a t w ou ld  not ch an g e  the 
p a tte rn  of d istribu tion , b u t only d ec rease  th e  nu m b er 
of drifters re tu rn in g  or re ta in e d  close to th e  coast. In 
our opinion, th ese  im perfections in  the  m odel do not 
im pinge on the  in te rp re ta tio n  of th e  very  c lea r an d  d is­
tinctive p a tte rn s  of d ispersa l p ro d u ced  by  the  s im ula­
tions, w h ich  d e p e n d e d  on th e  type of m igration  an d  on 
its in te raction  w ith  w in d  regim es.

T he first p a tte rn  th a t em erg ed  from  th e  sim ulations 
w as th a t partic les w ith  DVM w ere  re ta in e d  to a  g rea te r  
ex ten t in  the  in n e r shelf reg ion  d u rin g  upw elling  th an  
in  any  o ther com bination  of m igration  scenario  an d  
w ind  reg im e. This arose  from  th e  bottom  E km an  coast­
w ard  cu rren t characteristic  of the  upw elling  c ircu la­
tion  th a t con trasts w ith  th e  dow nw elling  reg im e 
(Fig. 14). Both DVM scenarios (SB an d  UL) resu lted  in 
a  longer period  of tim e spen t in  d e e p e r  layers th a n  at 
th e  surface, w h ich  ag re e d  w ith  observa tions m ade  for 
several species (Shanks 1986, Jam ieson  & Philips 1988, 
Abelló & G uerao  1999). T herefore, coastw ard  advection  
d u rin g  the  d ay  overco m p en sa ted  the  surface offshore 
tran sp o rt d u rin g  the  n ight. A second  p a tte rn  w as tha t 
d ispersa l w as h ig h est an d  re ten tio n  low est for particles 
th a t w ere  not su b jec ted  to DVM an d  re le ase d  w ith  an  
uniform  vertical d istribu tion  (NU). T he low est a g g re ­
gations re su lted  from  partic les at d iffe ren t levels b e in g  
su b jec ted  to d iffe ren t in stan tan eo u s cu rren ts , th e reb y  
becom ing  se p a ra te d  from  each  other. In th is scenario, 
th e  size of the  larval pool in  th e  in n e r shelf reg ion  after 
5 w k  w as typically  below  4 % in d e p en d e n tly  of the

w in d  reg im e, w hile  re ten tion  u n d er the  o ther scenarios 
often  rose above 50% . S urface p artic les (NS) g e n e ra te d  
a  th ird  p a tte rn . T hese p artic les w ere  m ore sensitive to 
th e  w ind, an d  resp o n d e d  m ore qu ick ly  an d  extensively  
to w ind  variations. In th is scenario, ag g reg a tio n  n ea r  
th e  coast o ccu rred  bo th  w ith  non -upw elling  and  
upw elling  reg im es, an d  w as associa ted  w ith  w esterly  
w inds an d  the  resu lting  co n vergence  of the  surface 
layer w ith  th e  coast.

T he m ain  conclusion of this study  is th a t upw elling  
conditions do not necessarily  le ad  to offshore transpo rt 
of larvae. U pw elling  can  lead  to th e  offshore transpo rt 
of la rvae  th a t do not d isp lay  vertica l m igra tion  b e h a v ­
iour an d  e ith e r rem a in  at th e  surface or becom e p a s ­
sively red is trib u ted  th ro u g h o u t the  w ate r colum n by 
th e  v ertical com ponen t of the  cu rren ts . H ow ever, d e c a ­
pod  la rvae  seldom , if ever, show  th ese  characteristics. 
In fact, g iven  th a t n o c tu rn a l DVM is the  g en e ra l co n d i­
tion  exh ib ited  by  th ese  organism s, it m ay be th a t re te n ­
tion  in  th e  in n e r shelf reg ion  an d  rec ru itm en t to littoral 
hab ita ts  is e n h a n ce d  d u ring  th e  upw elling  season. In 
th e  coast of no rthw est Iberia, w h ich  lacks topograph ic 
irregu la rities th a t m ay g e n e ra te  concen tra tion  and  
re te n tio n  areas, n o c tu rn a l m igration  m ay constitu te  an  
im portan t m echan ism  n ecessary  to avoid seaw ard  
d ispersa l of th e  larvae.

Two aspec ts of th e  biology of Carcinus m a en a s  along 
th e  P o rtuguese  coast a re  consisten t w ith  the  re ten tio n  
of la rvae  in  th e  in n e r shelf reg ion  d u e  to DVM. A study 
of th e  d istribu tion  of la rvae  off th e  A veiro coast du ring  
A pril (Q ueiroga 1996) show ed th a t m axim um  a b u n ­
d an c e  of all larval s tages w as located  over th e  m iddle 
shelf, an d  th a t la rvae  w ere  not co llected  beyond  the 
shelf b reak . T he resu lts  of th e  sim ulations in  th is study 
show ed  th a t scenarios w ithou t DVM resu lted  in  p a r ti­
cle d istribu tions th a t often  ex ten d e d  w ell beyond  the 
shelf b reak , in  sharp  con trast to scenarios w ith  DVM

5 cm s -1 5 cm s -1
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-50
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Fig. 14. V ertical p rofile  of velocity  in  fron t of Ria de A veiro in ­
le t d u rin g  1 d o w nw elling  (left) a n d  u p w e llin g  (right) event. 
C u rren ts  a v e ra g ed  over in ertia l p e rio d  on 14 M arch  an d  
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(Figs. 8B to 13B). T he o ther aspec t is a tem poral m is­
m atch  b e tw e en  the  in itiation  of larval p roduction  an d  
su b se q u en t recru itm en t. A long th e  P o rtuguese  coast, 
la rg e  n u m b ers  of first zoeae of C. m a en a s  can  b e  found 
from  N ovem ber to Ju ly  (G onçalves 1991, P au la  1993, 
Q ueiroga 1995, S p rung  2001), bu t m ajor rec ru itm en t 
even ts  in  es tu arie s  only ta k e  p lace  from  A pril onw ards 
(Q ueiroga 1993, S p rung  2001, A lm eida & Q ueiroga
2003). Larval deve lopm en t tim e canno t account for this 
d e lay  of several m onths b e tw e en  p roduction  of la rvae 
an d  recru itm en t, b ecau se  C. m a en a s  la rvae  ta k e  at 
m ost 6 w k  to develop  from  h a tch in g  to th e  m egalopae  
s tage  w ith in  tem p era tu re s  com m only found  in  P ortu ­
g a l d u rin g  w in te r an d  early  spring. This m ism atch  
b e tw e en  larval p roduction  an d  rec ru itm en t (Sprung
2001) could  partly  b e  ex p la in ed  if th e  onset of the 
upw elling  season  aids in  th e  re ten tio n  of vertica l 
m ig ra ting  crab  la rvae  in  shelf w aters. C lim atological 
upw elling  ind ices ca lcu la ted  for th e  P o rtuguese  coast 
(H uthnance e t al. 2002) ind icate  th a t pers is ten t u p ­
w elling  even ts  m ay sta rt as early  as M arch  to M ay, an d  
th ese  could  se t the  conditions for successful re c ru it­
m en t of the  species.

S everal stud ies on  rec ru itm en t of in v e rteb ra te  la rvae 
in  re la tion  to upw elling /dow nw elling  circu lation  (e.g. 
Flores e t al. 2002, Jo h n so n  e t al. 1986, M cC onnaughey  
e t al. 1995, W ing e t al. 1995) em p h asized  th a t th e  p a t­
te rn s  of d ispersal d ep e n d  on the  n a tu re  of the  in te rac ­
tions b e tw e e n  physical forcing an d  larval behaviours, 
inc lud ing  those th a t affect th e  position  of the  la rvae 
along  the  w a te r  colum n. In a rec en t an d  tim ely 
p a p e r  on  v ertical d istribu tion  an d  horizontal ad v e c­
tion, S hanks & Brink (2005) dem o n stra te  th a t slow- 
sw im m ing bivalve la rvae (sw im m ing velocities < 0.1 cm 
s_1) m ay b e  re ta in ed  in  n ea rsh o re  w ate rs  (<5 km  from  
th e  coast) d esp ite  upw elling  an d  dow nw elling; they  
p ro p o sed  a co ncep tua l m odel b ased  on a dep th - 
k ee p in g  m echan ism  th a t m ay exp lain  re ten tio n  w ith in  
a narro w  coasta l strip. D espite d iffe rences in  the 
biological m odels (d ep th -k eep in g  m echan ism  in slow- 
sw im m ing bivalve larvae; noctu rna l DVM in strong- 
sw im m ing d ecap o d  larvae), the  p rese n t study  an d  the 
study  by S hanks & Brink ind icate  th a t la rvae  of littoral 
in v e rteb ra te s  m ay b e  re ta in ed  in  inshore  w ate rs  in  an  
env ironm en t dom ina ted  by  strong  upw elling  an d  
dow nw elling  cu rren ts . T he ex istence of a pool of 
la rvae  in  n ea rsh o re  w ate rs  inc reases the  likelihood  of 
successful onshore an d  u p -es tu a ry  transpo rt by  a v a ri­
ety  of b io-physical m echan ism s (e.g. Q ueiroga e t al. 
2006).

O ur resu lts  reg a rd in g  th e  scales of a long-shore 
tran sp o rt m ay  also b e  re lev an t to an  u n d e rs ta n d in g  of 
o the r aspec ts of th e  dynam ics of Carcinus m a en a s  
popu la tions in  the  reg ion . T he w est coast of n o rth e rn  
Iberia  h as  several es tuaries  an d  rias se p a ra te d  by  d is­

tances of 20 to 60 km, w hich  all h a rb o u r popu la tions of 
th e  species. T he a long-shore  d istribu tion  of the  p a r ti­
cles re ta in ed  in  th e  in n e r shelf reg ion  show ed  m axim a 
located  p redom inan tly  to the  no rth  of the  in le t of the 
Ria d e  A veiro in  w inter, an d  to the  south  in  spring  
(Figs. 8A to 13A). T he d irec tion  of transpo rt w as co n ­
sisten t w ith  th e  w in te r an d  sum m er oceanograph ic  
reg im es in  th e  reg ion  (W ooster et al. 1976, M azé e t al. 
1997, H u th n an ce  e t al. 2002, Peliz e t al. 2005). D uring 
th e  s im ulated  period, w h ich  lasted  5 consecutive 
w eeks, th e  m axim a w ere  typically  located  at d istances 
of 50 to 100 km  from  th e  re le ase  point. This rad ius of 
d ispersa l is e n o u g h  to account for the  ex ch an g e  of 
la rv ae  b e tw e en  ad jacen t system s, ind icating  th a t these  
popu la tions likely ex ch an g e  ind iv iduals on  a reg u la r 
basis.

A no ther resu lt of this sim ulation study  th a t is ap p lic ­
ab le  to m echanism s of across-shore transpo rt of la rvae 
is th a t onshore  w ind  even ts w ere  responsib le  for 
dow nw ind  advection  of neuston ic  la rvae  tow ards the 
coast. C orrela tions b e tw e en  onshore  w inds an d  r e ­
cru itm en t h av e  b ee n  found  in  several stud ies of in v e r­
te b ra te  la rvae  (e.g. H aw kins & H artnoll 1982, Olmi 
1995), an d  a rec en t study  show ed th a t surface drifters 
a re  ad v ec ted  onshore  by  se a -b reezes  (Tapia e t al.
2004). Since m egalopae  of decap o d s m ay occupy the 
n eu sto n  layer for ex ten d e d  periods of tim e, these  
la rv ae  m ay use  occasional or persis ten t onsho re  w inds 
for re tu rn  to littoral hab ita ts  (Shanks 1995).

As in  o ther m odelling  studies, th e  p red ic ted  p a tte rn s  
of along- an d  across-shore d ispersal a re  speculative 
b ecau se  of th e  u n ce rta in ties  reg a rd in g  (1) the  ability  of 
th e  m odel to realistica lly  rep re se n t the  m ain  aspec ts of 
o cean o g rap h y  in  the  area , an d  (2 ) details of th e  b e h a v ­
iour of the  larvae. H ow ever, th e  resu lts of the  m odel 
assisted  in  the  form ulation  of hypo theses th a t can  be 
experim en tally  ad d re ssed  in  the  fu ture . O ne h y p o th e ­
sis is th a t the  d e lay  b e tw e en  p roduction  an d  re c ru it­
m en t of la rvae  d ep e n d s  on th e  onset of th e  upw elling  
season. T he o ther is th a t th e re  is a reg u la r  ex ch an g e  
of la rvae  b e tw e en  ad jacen t populations of Carcinus  
m a en a s  a long  the  w est coast of n o rth e rn  Iberia. T hese 
h ypo theses  can  b e  te s ted  u sing  observa tional p ro ­
g ram s to m onitor the  supp ly  of la rvae  into es tuaries  
an d  rec ru itm en t from  w in te r to early  sum m er, an d  w ith  
th e  u se  of h ig h  reso lu tion  g en e tic  m ark ers  th a t can  
d escribe  th e  g en e tic  s truc tu re  of popu la tions along  the 
coast.

A ck n o w led g e m e n ts . We th a n k  M iguel Santos (Instituto N a ­
cional de  Investigaçâo  A g rá ria  e das Pescas) for th e  curren t- 
m e te r  d a ta  u se d  for v a lid a tio n  of th e  m odel. F inancia l su p p o rt 
for th is study, a  com ponen t of th e  p ro jec t 'P roR ecruit -  shelf 
p ro cesses con tro lling  rec ru itm en t to litto ral po p u latio n s in  an  
e a s te rn  ocean ic  b o u ndary : u s in g  b a rn ac le s  a n d  crabs as 
m odels (PO C TI/1999/B SE/36663)', w as su p p lied  b y  F u ndaçâo
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p a ra  a  C iênc ia  e T ecn log ia  (FCT). M M A w as su p p o rte d  by  a 
FC T PhD g ran t (SFRH/BD/5439/2001). F inancia l su p p o rt w as 
a llo ca ted  by  FC T u n d e r  th e  S upport C om m unity  F ram ew ork  
III, O p eratio n al P rogram m e Science, T echnology  a n d  In n o v a­
tion. This s tu d y  is a  P o rtu g u ese  con tribu tion  to GLOBEC.
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