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ABSTRACT: Physical processes that force transport of
planktonic larvae of invertebrates are responsible
for some of the spatial and temporal variability in recruit-
ment. We investigated the influence of tide- and wind-
driven circulation on intra-year variability of megalopal
supply to populations of the crab Carcinus maenas in
2 estuaries on the Portuguese west coast. Daily data
on physical variables and on supply and settlement of
megalopae were subjected to time series analysis and mul-
tiple regression techniques in order to identify periodicity
in the variables as well as time lags between larval supply
and physical variables. Relaxation of northerly winds,
which favor upwelling, was associated with temperature
increase and subtidal sea level rise at the coast, which are
indicative of coastal convergence of the surface layer.
Supply of megalopae to the estuaries, as measured with
passive plankton nets, followed a fortnightly cycle with
maximum larval supply at the time of maximum tidal am-
plitude. Supply was enhanced by southerly winds, with
delays of 0 to -2 d. Settlement of megalopae on artificial
settlement substrates deployed on the bottom was uncou-
pled to supply at both estuaries. Therefore, transport of C.
maenas megalopae to the nearshore is accomplished by
onshore advection following downwelling winds, and
supply to the estuaries occurs by selective tidal stream
transport. Involvement of internal waves and internal
tidal bores cannot be be ruled out, but very particular
periodicities of the generating mechanisms would have
to be assumed to account for the observed time lags.
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INTRODUCTION

Tides and wind-driven circulation are 2 of the most
important physical processes that account for the vari-
ability of supply of larvae to littoral and estuarine sys-
tems. The current paradigm holds that recruitment of
estuarine species with a dispersive larval phase is a
2-step process (Boehlert & Mundy 1988, Shanks 1995):
(1) onshore transport of larvae over the shelf and
(2) passage through inlets and upstream movement in
search of a suitable habitat for settlement. These stud-
ies emphasize the role of active behaviour of larvae,
principally the vertical position in the water column, in
the control of horizontal transport. Because the envi-
ronmental processes that dominate neritic and estuar-
ine waters differ, different behavioural mechanisms
must be activated during the 2 steps. The following
discussion on potential transport processes concern
crustacean larvae, but similar evidence regarding
fish also exists (e.g. Boehlert & Mundy 1988, Epifanio
& Garvine 2001, Sponaugle et al. 2005).

Tides are the driving force that cause internal waves.
In thermally stratified waters, tidal currents flowing
over the shelf break cause waves in the thermocline
that are topographically trapped. At slack tide the
waves are released and progress towards the coast.
Shanks (1983, 1988) has proposed that internal waves
can transport neustonic larvae across the shelf, at the
convergence zone that is entrained by the internal
waves. Since formation and propagation of internal
waves is related to tidal amplitude (but not necessarily
during spring tides; see Pineda 1994) this mechanism
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could result in pulses of supply of megalopae occurring
at intervals of 2 wk. In linear internal waves, particles
pass into and out of the convergence zone, and
onshore transport does not occur (Franks 1997). How-
ever, in non-linear, strongly asymmetric internal
waves, the speed of the surface current generated by
the wave can be higher than the phase speed, result-
ing in an accumulation of particles at the front of the
wave, and subsequent onshore transport (Pineda 1999,
Helfrich & Pineda 2003). This mechanism can only
operate provided larvae are neustonic, such as in the
case of several decapod megalopae (Zeldis & Jillet
1982, Shanks 1985). Some estimates point to long-term
mean onshore transport velocities of 0.005 m st 2
orders of magnitude below the phase speed of the wave,
suggesting that they may not be significant for cross-
shelf transport of larvae (Epifanio & Garvine 2001).

As internal waves approach shallow waters they
break in a similar way as surface waves do, causing
internal tidal bores. Pineda (1991, 1994) proposed the
hypothesis that shoreward-breaking internal waves
produce nearshore upwelling and transport subsurface
water to the shore, carrying with it water-column
larvae residing below the thermocline. Internal bores
may also produce onshore flow at the surface, follow-
ing the downwelling and seaward flow of the denser
water that was previously advected to the surface. In
this case, neustonic larvae would be transported shore-
ward (Pineda 1994). Both mechanisms evoking the role
of internal tidal bores would also result in pulses of
larval supply occuring at intervals of 2 wk. However,
internal bores do not necessarily occur around spring
tides, as shown by Pineda (1991, 1995). Internal waves
may have larger amplitude than surface waves, and
therefore may break at considerable distances from
the shore. The scale of the shoreward transport is not
known, but it is likely that internal bores may control
supply of larvae only in shallow nearshore waters
(Pineda 1994).

Wind-driven circulation has been implied in the
cross-shelf transport of barnacle and decapod larvae in
eastern boundaries of the North Pacific and North
Atlantic, which are dominated by upwelling (Rough-
garden et al. 1991, Almeida & Queiroga 2003). At these
types of coasts, onshore transport of larvae takes place
during the relaxation of the equatorward winds, which
causes onshore convergence of the surface layer and
collision of upwelling fronts with the coast. Differences
in upwelling strength along the coast (Connolly et al.
2001), as well as alongshore flow resulting from inten-
sification and relaxation of upwelling-favorable winds
(Wing et al. 1995), may also result in temporal and
spatial variation of larval supply and affect recruitment
at regional and local scales. Episodic wind events with
return periods of weeks to months that result in coastal

increase of subtidal sea level (SSL) and storm surges
(such as the passage of fronts and hurricanes), have
been implied in augmented supplies of crab mega-
lopae to estuarine systems (Goodrich et al. 1989). On a
regional scale, the opposing effects of near-coast buoy-
ancy flow provided by river discharge and wind-driven
circulation further offshore may provide a mechanism
for retention of larvae, as indicated by several studies
on the western North Atlantic concerning fish and
decapod larvae (Epifanio & Garvine 2001). Down-the-
wind transport of barnacle larvae has also been impli-
cated as the mechanism underlying the correlations
between onshore wind intensity and settlement of
barnacle cypris (Hawkins & Hartnoll 1982).

Other physical mechanisms for cross-shelf trans-
port of larvae have also been proposed (reviewed by
Shanks 1995), such sea breezes (see Tapia et al. 2004),
Langmuir circulation, and density-driven flow. How-
ever, the evidence supporting these mechanisms is
considerably less extensive.

A clear conceptual background for upstream move-
ment in estuaries and semi-enclosed bodies of water
dominated by tidal circulation is emerging. Inverte-
brate and fish larvae migrate into estuaries using
selective tidal stream transport (STST, reviewed by
Forward & Tankersley 2001). During upstream STST,
larvae settle on, or move close to, the bottom during
ebb tide, to avoid being displaced seaward, and they
ascend in the water column during flood tide. The
best description of the bio-physical control of STST is
available from a series of field and laboratory studies
on crab megalopae, which are consistently more abun-
dant in estuaries during night flood tides than at other
times (e.g. Little & Epifanio 1991, Queiroga et al. 1994).
This pattern arises from a combination of inhibition of
swimming activity by high light intensities, ascent in
the water column triggered by increases of hydrostatic
pressure and salinity during flood, and sustained
swimming in the presence of high turbulence levels.
Chemical substances present in estuarine water, which
result from the decomposition of organic matter, inhibit
swimming during the day and cause sinking to the
bottom (Forward & Rittschof 1994, Forward et al.
1997). This behavior may enhance concentration of
megalopae close to estuarine inlets. As the tide begins
to rise, the concurrent increase of pressure and salinity
above species-specific threshold levels triggers an
ascent in the water column that promotes the transport
of the megalopae into the estuary (DeVries et al. 1994,
Tankersley et al. 1995). Swimming is maintained
during the whole duration of the flood tide by high
levels of turbulence, and during slack-after-high-water
the megalopae stop swimming due to decreased
turbulence levels and drop to the bottom, where they
remain during the ensuing ebb tide, because the
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salinity drop overrides the effect of turbulence (Welch
et al. 1999, Welch & Forward 2001). In some cases
endogenous rhythms synchronised with the tide also
assist in upstream STST (DeVries et al. 1994). The
threshold rates of increase in pressure and salinity
necessary to elicit the swimming response during flood
(Tankersley et al. 1995) may be the basis for the
increased abundance during spring tides and for the
clear 2 wk pattern detected in meso-tidal systems
(Moser & MaclIntosh 2001, Paula et al. 2001), contrast-
ing with the diffuse pattern detected in systems with
a lower tidal range (e.g. van Montfrans et al. 1995).
The larger the tidal range, the higher the pressure and
salinity increase rates during flood, and the more likely
crab megalopae respond by swimming from the
bottom to the water column.

In the present study we investigated temporal and
spatial patterns of invertebrate larval supply and set-
tlement in estuaries on the Portuguese west coast. Our
aim was to identify the main physical processes that
control intra-year variability of recruitment in the por-
tunid crab Carcinus maenas. The Portuguese coast has
a semidiurnal tidal regime where the range of the tide
averages 2 m and is subjected to seasonal upwelling
(Wooster et al. 1976). C. maenas forms large popula-
tions in Portuguese estuaries and has a planktotrophic
larval phase that develops in shelf waters, showing
maxima of abundance in the middle shelf in northern
Portugal (Queiroga 1996).

Our first hypothesis was that supply of megalopae
should occur with a semilunar periodicity, because
internal waves, internal tidal bores and STST are all
related to tidal range. Our second hypothesis was that
supply should increase following relaxation or inver-
sion of upwelling-favorable equatorward winds, when
coastal convergence of the surface layer takes place.
We addressed these problems by obtaining daily series
of abundance of megalopae in the plankton, settle-
ment of megalopae on bottom-deployed collectors, and
physical parameters related to tide amplitude and
upwelling, during several months within the reproduc-
tive season, in 1 estuary in the northern (Ria de Aveiro)
and 1 in the southern (Mira Estuary) part of the Por-
tuguese west coast. In order to relate the change in
abundance of megalopae inside the estuaries with
shelf processes, observations of supply and settlement
were conducted in the lower part of the estuaries,
within 1 tidal excursion from the inlet.

MATERIALS AND METHODS

Oceanography of the Portuguese west coast. The
Portuguese coast is located on the northern limit of the
eastern North Atlantic upwelling region, where most

of the climate and coastal hydrology is controlled by
the position of the Azores anticyclone that migrates
northward during spring (Fitza et al. 1982, Haynes et
al 1993). Two typical current patterns can be described
in the shelf/slope system. (1) During winter, the Iberian
Poleward Current, which normally flows over the
slope, is reinforced by strong southwesterly winds
associated with the passage of cold fronts, and the
northward flow extends to the inner shelf (Frouin et
al. 1990, Haynes & Barton 1990, Haynes et al. 1993).
Superimposed on the above regime, freshwater inflow
from rivers (the Western Iberia Buoyant Plume) can
force nearshore circulation in the neighborhood of
estuaries. (2) In spring, a transition to equatorward
flow occurs, typical of the upwelling regime driven by
northerly alongshore winds. Northerly winds advect
the surface layer offshore, causing a drop in sea level
and a cooling of the surface water (Wooster et al. 1976,
Fitza 1984, Jorge da Silva 1992). The upwelling sea-
son typically lasts from April to September and has
intensity maxima in July and August, although intense
episodes can also happen during winter (Borges et al.
2003, Huthnance et al. 2002). Upwelling theory pre-
dicts that onshore convergence of the surface layer
takes place as soon as equatorward winds relax
(Bakun 1996); this does not require a complete reversal
of the wind.

Larval biology of Carcinus maenas. The European
common shore crab Carcinus maenas is a portunid
species that forms large populations in Portuguese
estuaries. In some cases, these estuaries sustain fish-
eries of local economic importance (Marques & Costa
1983, Gomes 1991, Sprung 1994). This crab is one
of the best studied invertebrate species and has an
extensive geographical distribution, which has been
exteded during the last century through artificial intro-
duction to other continents followed by natural range
expansion (Grosholz & Ruiz 1995, d'Udekem d'Acoz
1999, Thresher et al. 2003). First zoeae hatch during
nightly ebbs of neap tides and are quickly flushed into
coastal waters (Queiroga et al. 1994, 1997). This pro-
cess is controlled by an endogenous rhythm of vertical
migration in synchrony with the tide, which maxi-
mizes downstream transport (Zeng & Naylor 1996a,c,
Duchéne & Queiroga 2001). Larvae take 4 to 6 wk,
depending on water temperature, to reach the mega-
lopa stage in shelf waters (Dawirs 1985, Nagaraj 1993).
Larvae of the species have been found throughout the
top 60 m of water, with abundance maxima located on
the middle shelf (Queiroga 1996). The megalopal stage
appears to be neustonic only during the night (Zeng &
Naylor 1996b) and travels up the estuary during night
flood tides using STST (Queiroga et al. 1994, Queiroga
1998, Zeng & Naylor 1996b). Previous studies of mega-
lopae supply to the Ria de Aveiro using plankton nets
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(Queiroga 2003) and artificial collectors
(Almeida & Queiroga 2003) detected
a positive association with relaxation
events of upwelling-favorable equator-
ward winds, but did not find any effect
of tidal amplitude. The megalopae of C.
maenas seem to settle in a variety of sub-
tidal and intertidal estuarine habitats,
showing a preference for those that are
structurally complex (J. Paula unpubl.).

Sampling locations. The Ria de Aveiro
is a shallow coastal lagoon on the north-
west coast of Portugal with an average
depth of 1 m (Fig. 1B,C). It can be con-
sidered a bar-built estuary according to
the classification of Pritchard (1967). The
inlet is artificially maintained by 2 long
concrete and stone jetties approximately
perpendicular to the coast line. The topo-
graphy of the Ria de Aveiro is rather
complex, with 4 main channels that radi-
ate from the inlet and several branches,
islands and mudflats forming an intricate
system that provides a good habitat for
Carcinus maenas. The River Vouga is the
most important of the rivers and smaller
streams that discharge into the lagoon,
accounting for % of the total freshwater
input (Vicente 1985). Circulation in the
lagoon is dominated by tides, except dur-
ing periods of peak flow, which are coin-
cident with heavy rainfall (Barrosa 1985,
Dias 2001). Tides are semidiurnal with
an average range of 2.1 m, and ranges
of ca. 1 m and 3 m in extreme neap and
spring conditions. The Canal de Mira
(not part of the Mira Estuary), where
sampling took place, runs SSW from the
inlet for 25 km, parallel to the coast. This
channel can be considered a small sub-
estuary in itself. A headland that sepa-
rates the inlet channel into 2 different
arms diverts about 20 % of the tidal prism
of the flooding tide to the Canal de Mira.
Other communications with the rest of
the system are negligible. At the south-
ern end, Canal de Mira receives a con-
tinuous freshwater supply from a small
system of ponds and streams. In the area

of the sampling stations the tides are slightly asym-
metrical, with flood duration exceeding ebb duration
by 25 min on average. The delay of the tide at the sam-
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Fig. 1. Sampling locations. (A) Iberian Penin-
sula; (B,C) Ria de Aveiro; (D,E) Mira Estuary.
(C) and (E) show sampling sites. Arrows in
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pling sites relative to the inlet varies between 20 and

40 min, according to tidal amplitude and phase (Quei-
roga 1995). Salt marshes occur throughout the lower

10 km of the Canal de Mira, and intertidal areas with
dense cover of seagrass meadows formed by Zostera
noltii are common.

The Mira Estuary (as distinct from the Canal de
Mira) is a morphologically simple estuary located on
the southwestern Portuguese coast (Fig. 1D,E). The
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estuarine section extends about 40 km inland in a
single channel. In the lower 2 km the estuary presents
a flood delta composed of 2 main complexes of sandy
shoals that emerge during spring low water. Maximum
depth is around 20 m at the Vila Nova de Milfontes
bridge (2 km from the mouth), and upstream the single
channel is about 8 to 10 m deep, becoming shallower
inland. The tide is semidiurnal with ranges of ca. 1.0 m
at neap tide and 3.2 m at spring tide. Runoff is largely
controlled by the Santa Clara dam located 60 km
upstream. The Mira River has a limited and strongly
seasonal freshwater flow, and since the dam was built
it tends to accumulate sediments of marine origin in
the lower reaches. The estuary waters are mixed dur-
ing spring tides, with turbulence homogenizing the
water column, and during neap tides stratification
occurs (Andrade et al. 1991, Blanton et al. 2000). Fring-
ing salt marshes occur as far as 20 km upstream. In the
lower 8 km extensive seagrass meadows occur, sub-
tidally Zostera marina and intertidally Z. noltii. The
delay of the tide at the sampling sites relative to the
inlet is similar to that observed in the Canal de Mira,
Ria de Aveiro (Andrade et al. 1991).

Field sampling. The basic sampling strategy con-
sisted of the acquisition of daily data on supply of
megalopae, settlement of megalopae, wind stress, tidal
range, SSL and sea surface temperature (SST) for peri-
ods of several months during the reproductive season
of Carcinus maenas, at both locations. The sampling
period lasted from 1 April to 25 July 2002 at the Ria de
Aveiro and from 22 March to 6 July 2002 at the Mira
Estuary, although not all data series within each loca-
tion had the same length.

Supply of megalopae was measured with the use of
passive plankton nets, which were specifically de-
signed for sampling only during the flood tide. The
nets had a length of 2 m, a rectangular opening of
0.40 x 0.25 m and a 500 pm mesh. Inside the net a
funnel of 0.40 m length was attached to the opening
frame. This funnel was also made of 500 pm mesh
and had a circular posterior opening
0.17 m in diameter. Two of these nets
were used at 1 site at each location
(Fig. 1C,D), one floating just beneath
the surface and the other placed above

anchors, which were attached to the anterior and pos-
terior ends of the frames, respectively. The attachment
of the nets to the frames was done so that the nets
would freely filter the water during flood. During ebb
both the interior funnel and the exterior net wall col-
lapse, preventing the collected material from escaping.
The nets were deployed during diurnal low water and
remained in place for about 25 h until the next diurnal
low water, when the contents were recovered. When
low water occurred close to sunset, the nets were
removed during the morning low tide of the second
day, having been deployed for 37.5 h. The ability of the
net design to prevent the loss during ebb of the plank-
ton collected during flood was tested in an experiment
at the Ria de Aveiro between 25 October and 23
November 2001. During this period, 5 sampling assays
were conducted, each lasting for 25 h and starting at
low water. In each assay 2 nets were set beneath the
surface, parallel to each other, with one of the nets con-
tinually immersed for 25 h periods, while the other was
immersed only during the 2 floods within each 25 h
period. The plankton was separated into several taxo-
nomic groups and counted (Table 1). A paired-sample
Student's t-test (Sokal & Rohlf 1995) was applied to
each taxonomic group. The difference between the
nets was not significant for all taxa (p > 0.05), indicat-
ing that the net that fished continuously for 25 h peri-
ods retained the material collected during flood. In
fact, the net that was continually immersed collected
15 % more individuals than the other net. All analyses
were conducted on number of megalopae collected
daily by the nets, without correcting by filtered vol-
ume. The main reason for doing this is that during a
large extent of the neap tides the speed of tidal cur-
rents is below the working range of most flowmeters.
Therefore, attempts to standardise megalopae num-
bers by volume would be subject to a large error.
Standardisation by volume would hardly affect the
results, because differences in supply ranged from 0
(or almost 0) ind. d~! during neap tides, to several tens

Table 1. Average number of individuals (+1 SE) of several taxa collected by
2 passive plankton nets deployed for periods of 25 h and 2 consecutive floods.

t-tests performed for paired samples

the bottom. Both nets were attached to Taxon Continuous Flood only df t p
light stainless steel frames that could c B 6262126 582101 4 0.405 0.50

opepods 6+ 12, 209, . >0.
be placed above the bottom, suspended Isopods 129.4 + 64.7 76.2+8.5 4 1769 >0.10
from a floating pier or made to float Amphipods 209.8 + 50.1 258.6 + 21.6 4 -2532 >0.05
with the use of small buoys. Whether Mysids 630.6 £ 227.4  963.8 + 28.5 4 -1.115 >0.25
dep]oyed over the bottom or near the Decapod larvae 306.6 + 131.5 254.4 +16.3 4 0.344 >0.50
surface, the opening of the nets always Appendicularians 104.2 £ 29.8 154 +44 4 2.738  >0.05
£ d ’h inl f th Thi Chaetognaths 36.6 +24.9 54.6 £5.3 4 -0.753 >0.25
aced the inlet of the estuary. This | pighjarvae 20.8 +9.0 152+3.9 4 0857 >025
was accomplished by securing the | 1., 1500.6 + 346.8 16964453 4 -0.464 >0.50
frames upstream and downstream with
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(Ria de Aveiro) or hundreds (Mira Estuary) ind. d*
during spring tides, while differences in tidal currents
between neap and spring tides are on the order of 1:2
at most. Moreover, standardisation would not affect
the phasing of the supply peaks relative to tidal range,
because they occurred around maximum amplitude
tides.

Megalopae settlement was measured with the use
of artificial collectors made with 'hoghair’ filter mater-
ial. Artificial collectors of this kind have been exten-
sively used in studies of crab megalopae recruitment
in coastal systems (e.g. Metcalf et al. 1995, van Mont-
frans et al. 1995, Paula et al. 2001). In the present
case the collectors were not of the floating type as
originally developed (Metcalf et al. 1995), but rather
deployed over the bottom of intertidal flats. This
methodology was used successfully at the Ria de
Aveiro for the description of recruitment patterns of
Carcinus maenas (Almeida & Queiroga 2003) and
allows the separation of supply (as recorded from
the density in the plankton measured with the plank-
ton nets) from settlement. Two sampling sites were
selected at each location: 1 area with soft mud den-
sely covered with the eelgrass Zostera noltii, and a
mixed area (Fig. 1C,E). The mixed area at the Ria de
Aveiro was characterised by a muddy sand sediment
with shells and sparse cover of Enteremorpha sp. and
Gracilaria sp. At the Mira Estuary the mixed area also
had muddy sand sediment, but with the presence of
scattered boulders and a sparse cover of Z. noltii.
In the Ria de Aveiro, 5 collectors with dimensions of
0.50 x 0.40 m were randomly deployed every day at
each site, lying at distances of 2 to 4 m from each
other, during the diurnal low tide, and fixed to the
bottom with wire stakes. For logistic reasons one of
the sampling sites of the Mira Estuary had to be dis-
continued 67 d after the start of the experiment. Since
numbers of megalopae collected at the Z. noltii site
were much lower than at the mixed site, sampling
proceeded at the mixed site. Moreover, only 4 repli-
cates were used daily at each site in the Mira Estuary.
Similarly to the plankton nets, the collectors were also
deployed during the diurnal low water. In the next
diurnal low tide they were removed, replaced by new
collectors and taken to the laboratory in plastic bags.
Crab megalopae and juveniles were recovered by
immersing the collectors in fresh water, rinsing them
with freshwater jets through a 0.5 mm sieve and
sorting out the animals from the debris.

Hourly measurements of wind intensity and direc-
tion were obtained from a meteorological mast in-
stalled at S. Jacinto, in the case of the Ria de Aveiro,
and from the Sines harbor weather station, for the Mira
Estuary (Fig. 1B,D). The mast at S. Jacinto was situated
2.5 km to the northeast of the Ria de Aveiro inlet, on

the sand bar that separates the northern part of the
estuary from the sea. Sines harbor lies 22 km NNW of
the Mira Estuary. The wind data were treated as fol-
lows. First, the hourly wind stress was calculated, for
both east—west (T,) and north—south (T,,) components,
through the equation (Jorge da Silva 1992):

(T, T,) = -p.Cl¥l(u,v)

where p, is air density (1.12 kg m™3), C is a constant
drag coefficient (0.012), V is wind-velocity vector, u
is the east—west component of the wind (positive indi-
cates easterly wind) and v is the north—south com-
ponent (positive indicates northerly wind). Since the
Portuguese west coast has an approximate north—south
orientation, T, and T, correspond to cross-shore and
alongshore stresses, respectively. Then the average
daily wind stress for each component of the wind was
computed.

Sea level data were obtained from the Aveiro and
Sines harbor tide gauges, which are located at the inlet
channel of the Ria de Aveiro, and on a hydrological
buoy 5 km from Sines, respectively. Daily tidal range
was computed as the difference between the average
of the 2 daily maximum heights and the average of the
2 daily minimum heights. Daily SSL was calculated by
running a 13 h moving average over the hourly sea
level values in order to remove the tidal signal, fol-
lowed by the calculation of the average of the filtered
values for each day. Daily SST recorded at Leixoes,
60 km north of the Ria de Aveiro, by the weather
station of the Portuguese Instituto de Meteorologia,
and by the hydrological buoy off Sines, were used in
the study. The SST anomaly was calculated as the
difference between the temperature at the coast and
the temperature at an Azores station. SST anomaly at
the coast relative to an offshore station not affected
by upwelling has been used as an upwelling index.

For simplification, all references to wind and hydro-
logical variables will be made as Ria de Aveiro or Mira
Estuary.

Statistical analysis. In order to identify the nature of
the mechanisms that control supply of Carcinus maena
megalopae it is necessary to identify the delay be-
tween tidal or wind forcing and the subsequent re-
sponse of the coastal ocean and of larval supply. This
was done using cross-correlation and least squares
regression applied to series where wind or tidal range
preceded hydrographical variables and supply, at lags
<5 d (it is not possible to interpret meaningfully situa-
tions in which wind or tides precede the response of
hydrographic variables or supply of larvae by >5 d).
These lags are indicated throughout this paper by neg-
ative numbers. Spectral analysis and autocorrelation
were used to identify the periodicity of the time series
and the dependence of the data.
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Upwelling theory predicts that an increase of the
equatorward wind stress will cause a drop of the SSL
and a decrease in SST at the coast. In order to in-
vestigate these effects and to determine whether the
upwelling mechanism was operating during the study
period, cross-correlations (Chatfield 1996) between the
alongshore component of wind stress and SSL, SST,
and SST anomaly were computed for time lags of 0 to
-5 d. All data series were moderately to strongly auto-
correlated at a lag of —1 d, as indicated by their partial
autocorrelation function. This autocorrelation could
inflate the cross-correlation values. In order to remove
the autocorrelation all series were differenced before
calculating the cross-correlations, using a time lag of 1
d. Spectral analyses (Chatfield 1996) were also applied
to the alongshore wind stress, in order to detect any
periodicity of the wind, using the Kolmogorov-Smirnov
d statistic to assess significance.

Cross-correlations were used to investigate the
relationship between tidal range and abundance of
megalopae in the nets and on the collectors, as well as
to compare captures of megalopae in the nets and on
the collectors, within and across locations. Again,
because of dependence of the data at a -1 d lag, cross-
correlations were computed over the differenced series.
Student's t-test was used to assess differences in the
intensity of settlement on the collectors between the
mixed and Zostera noltii sampling sites (Sokal & Rohlf
1995). Estimates of precision of the mean are reported
as SE throughout the text.

Visual inspection of the data on abundance of mega-
lopae in the nets indicated a very clear periodicity
related to the tide amplitude cycle (see Figs. 5A & 6A).
This was confirmed by spectral and cross-correlation
analysis. Spectral analysis applied to the series of
abundance of megalopae showed peaks in the peri-
odograms at 14.6 and 14.0 d, and cross-correlation
analysis indicated that correlation between abundance
in the plankton nets and tidal range was highest at
time lags of 0 and of —14 to —15 d for both locations.
These observations suggested that tide amplitude was
the primary factor controlling supply of megalopae to
the estuaries. Therefore, in order to investigate the
effect of wind on supply of megalopae the effect of
tide amplitude had to be taken into account. This was
accomplished by fitting a least squares regression
model to the data on supply of megalopae, using, as
the independent variables, wind and a set of sine and
cosine functions accounting for the semilunar cycle of
tidal range. Descriptions of the use of regression meth-
ods for the analysis of biological rhythms, which are
usually referred to as periodic regression, can be found
in Batschelet (1979) and deBruyn & Meeuwig (2001).
In our case we used the property that any periodic
function with a period equal to an entire number

can be described by a linear combination of sine and
cosine functions with periods equal to submultiples of
the period of the main cycle (Wei 1990), and adjusted
the model:

7 . 6 .
Meg, = a, +Zai cos(zﬁd)+2bi sm(%)+ C1Tgtey
i=1 i=1

where Meg, is the average daily abundance of mega-
lopae in the 2 plankton nets (i.e. supply); d is the day of
the year; t4is the average daily alongshore wind stress;
ap to a;, by to bg and c; are regression coefficients;
eqis the random error term and iis an integer dummy
variable that generates the periodic components (i runs
from 1 to 7 in the case of cosine functions, and from 1 to
6 in the case of sine functions, since the sine of multiples
of m is null). We chose 14 d as the approximation of the
period of the semilunar cycle instead of the more com-
monly used value of 15 d, because the spectral analysis
had shown strong components at periods of 14 and 14.6 d
in the supply data. Variables that were not significant
were removed, stepwise, from the analysis and a re-
duced model was fitted with the remaining variables.

We decided to use regression instead of ARIMA
(auto-regressive integrated moving average) and
Transfer Function models (Chatfield 1996, Brockwell &
Davis 2002), because linear regression is a robust and
flexible tool for discovering and modeling relationships
among variables, which is our main goal in this work. It
provides estimators for the coefficients that are opti-
mal, as well as good estimates for their SDs, allowing
accurate statistical tests on the significance of the vari-
ables in study. Furthermore, the coefficients and terms
in the regression model have a clear biological and
physical meaning, which is not the case in ARIMA.
Only the alongshore wind stress was used in the analy-
sis because of upwelling theory and because cross-
shore wind stress was always positive during the period
of study (except for Days 78 to 90 at Mira Estuary) and
showed small amplitude fluctuations (see Figs. 2A &
3A). The wind stress effect on circulation of the coastal
ocean and settlement may occur with a delay of several
days. In addition, this effect may not depend uniquely
on the wind that was blowing in a particular day, but on
the cumulative effect of wind events over several days.
In order to test the effect of wind episodes spanning
>1 d, cumulative wind stress vectors were constructed
by summing wind stresses over time windows of 2, 3
and 4 consecutive days, backwards from each day, for
each of the 2 locations. Cumulative wind stress vectors
for >4 d were not calculated, because previous studies
(Fitiza 1984), and the spectral analysis of the wind time
series reported in the present study (see Fig. 4), indi-
cated strong periodicities of 6 to 9 d. Separate models
were applied using lags of 0 to -5 d, in order to test
for delayed effects of wind.
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At both locations, for all combinations of wind stress
vectors and lags between wind stress and supply, the
residuals produced by the adjustment of the regression
models presented an autocorrelation structure that fol-
lowed a first order autoregressive process. This may
result in incorrect significance values being assigned
to the statistical tests (see Fuller 1976). However, under
these circumstances, the least squares estimators of the
coefficients keep their optimality properties, although
their variances have to be recalculated taking into
account the correlation structure of the residuals. For a
first order autoregressive process this may be done
applying the transformation x; — ¢x,_; to all the inde-
pendent variates x, where ¢ represents the estimated
autoregressive coefficient. Then, the usual formula for
the variance/covariance matrix of the least squares
estimators can be used, where the variance of the
residuals is replaced by the variance of the white noise
sequence associated with the autoregressive error
term (Alpuim & El-Shaarawi in press).

Because the overall level of supply, wind stress, and
tidal range did not appear to consistently increase or
decrease with time, trends were not removed. Supply
of crab larvae to coastal habitats seems to be inher-
ently 'spiky’ (e.g. van Montfrans et al. 1995, Paula et
al. 2001), with a few days with very high values inter-
spersed with several days with zero or very low values.
Moreover, visual inspection of the supply series did not
detect higher variances associated with higher
supply, indicating the absence of multiplicative

effects (Chatfield 1996). Therefore, we decided not
to take logarithms of the data in order to preserve E
their natural variability. A sensitivity test of the E
regression model (not shown) indicated a poorer fit i:’
to the log-transformed observations and a lower
significance of the coefficients, but the time lags &
with the highest significant fits were the same.
RESULTS 9
5
NNW winds dominated during the study period %
at both locations, as evidenced by wind stresses
with a negative alongshore component and a pos-
itive cross-shore component of lesser magnitude
on most of the days (Figs. 2A & 3A), but events g
of weak to moderate southwesterly winds were %
also observed. The most important wind events &
occurred from Days 70 to 77 at Mira Estuary, prior -‘::

to the beginning of biological sampling, when
peak alongshore wind stress reached 0.15 Pa, and
from Days 131 to 137 and 140 to 144 at Ria de
Aveiro, with peak values of 0.04 Pa. The 2 last
wind events were of shorter duration and reached
lower stress values at Mira Estuary. Wind stress

0.10

-0.05 F

16.0

150 F

140

2.00 |

values during northerly winds were considerable
higher at Mira Estuary (maximum value of —0.15 Pa)
than at Ria de Aveiro (maximum value of —0.06 Pa).
This may be related to the fact that the velocity sensor
at Mira Estuary was located at a height of 50 m above
ground, while the sensor at Ria de Aveiro was at 10 m.
Results of the spectral analysis of the alongshore com-
ponent of wind stress revealed several spectral density
peaks at periods of 2 to 9 d at both locations (Fig. 4, Ria
de Aveiro: Kolmogorov-Smirnov d = 0.1980, n = 102,
p < 0.01; Mira Estuary: Kolmogorov-Smirnov d =
0.2092, n = 126, p < 0.001). At Ria de Aveiro, 2 major
peaks were detected at periods of 3.3 and 6.1 d, while
4 lesser peaks at Mira Estuary were detected at periods
of 2.5, 3.6, 4.5 and 8.7 d. Significant cross-correlation
values of alongshore wind stress with SSL, SST, and
SST anomaly were always positive at both locations,
indicating that an increase in northerly winds caused a
decrease of SSL and SST at the coast (Table 2). How-
ever, the magnitude and timing of the response of the
coastal ocean to the wind events differed between the
2 locations. At the Ria de Aveiro, a larger and quicker
response was observed, with highly significant (p <
0.001) values for SSL at a 0 d lag, and for SST and SST
anomaly at a lag of -1 d. At the Mira Estuary, SSL and
SST anomaly were not associated with wind stress at
any lag, but a significant (p < 0.05) association with
SST was observed at a lag of -5 d.
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Fig. 2. Ria de Aveiro. Average daily values of (A) wind stress, (B) sea
surface temperature (SST) and SST anomaly and (C) tidal range and

subtidal sea level (SSL)
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Average daily captures of Carcinus maenas mega- 0.0020
lopae in the nets and on the collectors were much higher 00016
in the Mira Estuary than in the Ria de Aveiro (Table 3),
being 18, 45 and 31 times higher in the nets and at the 0.0012
mixed and Zostera noltii sites, respectively. Supply of C.
maenas megalopae to the estuaries, as measured by the 0.0008
number of megalopae collected daily by the passive nets, > 0,0004
was clearly more intense around the full and new moons 7
at both locations (Figs. 5A & 6A). Spectral analysis of the § 0.0000
supply series showed peaks in the periodogram at 14 B 00100
and 14.6 d at the Ria de Aveiro and the Mira Estuary g B
(Ria de Aveiro: Kolmogorov-Smirnov d=0.5700, n = 102, & 0.0080 |
p < 0.001; Mira Estuary: Kolmogorov-Smirnov d =
0.3639, n = 56, p < 0.001), and cross-correlograms be- 0.0060 454 25d
tween tidal range and number of megalopae in the 0.0040 F 874 ' 3.6d
nets showed positive peaks at lags around 0 and -15 d
at the 2 sites (Fig. 7A,C), although values at the Mira 0.0020 1
Estuary were not significant at the 5% level. Captures . . . . . . . . .
of megalopae by the passive nets also differed across 0'00000 00 005 010 015 020 025 030 035 040 045 050
locations in that the surface and bottom nets collected ' ‘ ‘ ' ‘Freqlvlency. ' ‘ ‘ '

similar numbers at the Ria de Aveiro (surface 7.8 + 1.2,
bottom 7.9 + 1.1), whereas at the Mira Estuary the Fig. 4. Spectral analysis of alongshore component of
surface net collected more megalopae (surface 267 + 65, wind .stress measured at (A) S. Jacinto, Ria de Aveiro, and
. . (B) Sines, Mira Estuary. Numbers above peaks represent

bottom 19 + 4). This is reflected in the larger SEs the period of oscillation
obtained at the Mira Estuary.

Table 4 reports the results of the application of the
periodic regression models of supply of Carcinus mae- describing the semilunar cycle and on wind stress, for
nas megalopae on a set of sine and cosine functions those cases where wind stress was significant. In all
cases the sine and cosine variable with a period of 14 d
was significant, indicating a basic semilunar periodic-

0.20
- — Along=shore  -=- Cross-shore ity in the series of larval supply. In the case of the Ria
@ 010 | & {
m AR . ‘ '
w i W ’i\ Ay h s TN - . .
S 000 A/ VAN A VLY KWLALNNCY;' Vi N Table 2. Cross-correlation analysis between alongshore com-
g ponent of wind stress and subtidal sea level (SSL), sea sur-
£ 010 face temperature (SST), and SST anomaly, for Ria de Aveiro
= A and Mira Estuary. Only significant correlations are reported.
-0.20 . *p <0.05 ***p <0.001
18.0 20
—=- SST anomaly ~
8 Location Lag (d) SSL SST SST anomaly
o 170 100 3
~ g Ria de Aveiro 0  0.4805*** - 0.2087*
& g -1 - 0.3467***  0.3775***
» 160 1-20 &
—~ Mira Estuary -5 - 0.2871* -
B a
15.0 L L -4.0
4.00 ® O ® o) ® O ® O ® O 3.00 Table 3. 'Carc1nu_s1 m_alenas. Mean daily capture of megeﬂopie
—_ ® N in nets (ind. net™ d™') and on collectors (ind. collector " d™*)
£ ---SSL O Feﬁv moon at the mixed and Zostera noltii sites, for Ria de Aveiro and
5 300 wllmoon 4 260 = X A
on é Mira Estuary; n: no. of observations
g =
= w2
= 200 4 220 @
g Location Site n Mean SE
a C
1.00 & S 1.80 Ria de Aveiro Nets 102 7.86 1.07
70 80 90 100 110 120 130 140 150 160 170 180 190 200 Mixed 115 0.35 0.07
Day of the year Zostera 115 0.07 0.02
Mira Estuar Nets 57 142.32 32.00
Fig. 3. Mira Estuary. Average daily values of (A) wind stress, (B) sea ! uaty Mixed 110 15.90 3.45
surface temperature (SST) and SST anomaly and (C) tidal range Zostera 64 2.34 0.51
and subtidal sea level (SSL)
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Fig. 5. Carcinus maenas. Average daily number of megalopae
collected by (A) passive nets, and collectors at (B) the mixed
and (C) Zostera noltii sites, in Ria de Aveiro. Error bars: +SE

de Aveiro the cosine variable with a period of 2.8 d was
also significant in 1 case, indicating the presence of a
cyclic component with a higher frequency. Because of
the existence of a correlation structure in the residuals
(reflecting the influence of megalopae supply of any
one day on that of the next day) the usual way of mea-
suring the fit of the model through the r? statistic is not

Day of the year

Fig. 6. Carcinus maenas. Average daily number of megalopae
collected by (A) passive nets, and collectors at (B) the mixed
and (C) Zostera noltii sites, in Mira Estuary. Error bars: +SE

appropriate in this case. Instead, we used a modifica-
tion of this statistic, r*?, where the sum of squares of re-
siduals was replaced by the sum of squares of the
white noise sequence produced by the adjustment of
an autoregressive process to the residuals. In this case,
this sum of squares is a more realistic measure of the
variability due to unexplained error. Overall fits, as

Table 4. Results of periodic regression models of megalopae supply to Ria de Aveiro and Mira Estuary on alongshore wind stress and on sine

and cosine functions describing the semilunar cycle of tidal range, for those cases where wind stress was significant. Window: time window

over which accumulated wind stress values were calculated. Values in parentheses: period of sine and cosine functions. Only independent

variables used in the reduced models are reported (see 'Results’ for further explanation). p: Significance of regression coefficients
(p < specified value); r*2: modified coefficient of determination

Lag Window Regression coefficients P
(d) (d) Intercept Wind Cos(14.00) Sin(14.00) Cos(2.80) Intercept Wind Cos(14.00) Sin(14.00) Cos(2.80) r*2
Ria de Aveiro
0 1 9.661 155.368 4.790 4.930 0.0001  0.0004 0.0156 0.0117 0.622
0 2 9.760 81.137 4.818 4.932 1.281 0.0001  0.0108 0.0135 0.0106 0.0291 0.655
Mira Estuary
-1 1 256.013  2663.381 122.738 0.0001  0.0059 0.0264 0.369
-2 1 263.967 2870.178 130.998 0.0001  0.0028 0.0168 0.386
-1 2 299.110 1839.301 126.955 0.0001  0.0036 0.0196 0.430
-2 2 264.377 1450.748 134.338 0.0004 0.0261 0.0194 0.386
0 3 292.924 1184.013 120.566 0.0002  0.0158 0.0274 0.376
-1 3 301.172  1250.050 131.658 0.0002 0.0116 0.0178 0.418
0 4 304.492 959.110 125.442 0.0003  0.0187 0.0220 0.380
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Aveiro nets Aveiro collectors

longer times series were available at both

A5 F oA 1 s "B I | locations, showed a pattern for the Mira
T : ] : [ # : Estuary, with negative values at lags
S | : 1 i 1 1 around 0 and -15 d; this contrasts with the
1k 1 - : : pattern obtained for the plankton nets
'1_(9) i : i . : (Fig. 7C). There was no periodic pattern
s f NS L 15 {1 on collectors at the Ria de Aveiro. These
7 - ' ' results indicate that settlement was decou-
:g i i ! ! pled from supply within estuaries.
4 F - | | Daily captures of Carcinus maenas mega-
3 - ' ' lopae by the collectors (Figs. 5B,C & 6B,C,
. '_21 [ [ : : Table 3) at the mixed sites were signifi-
Z of - ' 1 cantly higher than at the Zostera noltii
2 sites (Ria de Aveiro t=4.221, n =115, p <
o  Miranets Mira collectors 0.001; Mira Estuary t = 3.259, n = 62, p <
-E 15 F C 1 m ' [ D 0.01). Correlation between settlement in
i‘; i | X i the mixed and in the Z. noltii sites was
12 F : |I L highly significant at the Mira Estuary (r =
11 F 1 | i 0.44, n = 64, p < 0.001) and close to statis-
-1_2 : : : : tical significance at the Ria de Aveiro (r =
s F ! i - 0.17, n = 114, p < 0.07) at a lag of 0 d.
L ! 1 B
'Z i 1 ! i Therefore, settlement appears to be syn-
:5 i '. : L chronised across sites within estuaries.
4 F 1 ] 5
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af : ! s , DISCUSSION
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Fig. 7. Carcinus maenas. Cross-correlograms between tidal range and num-
ber of megalopae collected by passive nets at (A) Ria de Aveiro and (C) Mira
Estuary, and between tidal range and number of megalopae from collectors
deployed at (B) mixed site at Ria de Aveiro and (D) Mira Estuary. Dashed line:

approximate 95 % CI

measured by the r*? statistic, were better at the Ria de
Aveiro than at the Mira Estuary. At the Ria de Aveiro a
significant effect of the wind was detected only for lags
of 0 d, while for the Mira Estuary significance of the
wind was obtained with lags of 0 to -2 d. At both estu-
aries the highest fits were obtained for the cumulative
wind stress series calculated over time windows of 2 d,
indicating a possible influence of wind events spread-
ing over 2 d. In all cases the wind stress coefficients
were positive, i.e. southerly winds resulted in increased
supply of megalopae to the estuaries.
Cross-correlation analysis between larval supply at
the Ria de Aveiro and the Mira Estuary did not give sig-
nificant results at any lag (data not shown). Settlement
in the collectors showed strong peaks during neap tides
around quarter moons at the Mira Estuary, but clear
patterns related to the semilunar cycle were not de-
tected at the Ria de Aveiro (Figs. 5B,C & 6B,C). Cross-
correlations analyses between tidal range and captures
in the collectors for the mixed site (Fig. 7B,D), for which

relationships in the natural environment
(Shrader-Frechette & McCoy 1993). In the
present study such a problem results from
the attempt to describe processes that
occur on the shelf from observations made
inside the estuaries; ideally, inferences on
the mechanisms for cross-shelf transport of
larvae should be based on observations made on the
shelf, in order to avoid the confounding effect of
changes in behavior and physical processes taking
place as the larvae enter the estuaries (Shanks 1998).
We attempted to minimize this problem by setting our
sampling stations within 1 tidal excursion from the in-
lets of the estuaries, to reduce the possible effects of
accumulation of larvae between the inlet and the sam-
pling stations, and to maximize the link between larval
abundance inside the estuaries and in the nearshore
waters. A second shortcoming created by the lack of
observations on larval abundance on the shelf is that a
decrease in supply level need not mean that the appro-
priate physical setting for transport is not occurring, but
rather that there are no larvae to be transported. There-
fore, the predictive power of our models decreases and
this could obscure the role of other variables. Neverthe-
less, the results reported in the present study support
the 2 main hypotheses under test, i.e. that supply of
megalopae to estuaries on the Portuguese west coast
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occurs with a semilunar periodicity and that supply
levels are higher during relaxation of equatorward
(upwelling-favorable) winds. Differences were found
between the northern and southern locations regarding
the response of the coastal ocean to wind forcing, over-
all supply levels, vertical distribution of megalopae in
the water column, and site-specific settlement.

Wind-driven supply

Northwesterly winds dominated the study period, in
agreement with the expected scenario. Maximum pos-
itive and significant correlation values of SSL, SST and
SST anomaly with wind stress were observed at time
lags of 0 and -1 d at the Ria de Aveiro (north coast),
indicating a quick response of the coastal ocean to
changes in the intensity of the alongshore wind. In the
Mira Estuary (southern coast) variations of SSL and
SST anomaly were uncorrelated with wind stress,
while SST was strongly correlated at a time lag of -5 d.
The nature of the wind regime also differed between
the 2 geographic locations, with 2 dominant periods of
oscillation of 3 and 6 d in the north, and 4 less defined
periodic components varying from 2 to 9 d in the south.

A positive effect of wind stress on supply of Carcinus
maenas megalopae was detected at both locations,
supporting the hypothesis that onshore convergence of
the surface layer during these periods transports the
larvae shoreward. However, slight differences between
the northern and southern locations concerning the re-
sponse of supply were observed. At the Ria de Aveiro
the effect of the wind was significant only at a lag of
0 d, indicating a quick response of the transport
mechanism that matched the delay between wind
stress and changes in sea level and surface tempera-
ture. At the Mira Estuary a slower response was
detected, reflected in time lags of 0 to -2 d for the most
significant effect of wind stress on supply. These
results suggest that the differences in the patterns of
supply of megalopae between the northern and the
southern locations are due to differences in the
response of the coastal ocean to wind stress patterns in
terms of the cross-shore components of circulation.

The influence of wind circulation on larval supply
also depends on the vertical distribution of the larvae.
Relaxation or reversal of upwelling-favorable winds
will result in coastward advection of larvae provided
they are retained in the upwelling front (Roughgarden
et al. 1991) or remain in the surface Ekman layer, but
offshore transport will occur if the larvae occupy the
bottom Ekman layer (Blanton et al. 1995). Using a
modeling approach, Marta-Almeida (2006, this vol-
ume) showed that nocturnal diel vertical migration of
larvae spanning several 10s of meters, a widespread

behaviour in decapod larvae (Queiroga & Blanton
2004), may enhance retention of larvae close to the
coast under upwelling conditions. The interpretation of
the sign of the association and of the lags between
wind events and supply depends on the position occu-
pied by the larvae in the water column, as well as on
the distance larvae lie from the coast and the rates
of advection during downwelling. Rates of coastward
advection of 5 to 10 km d~! have been estimated for
the Portuguese coast following relaxation of northerly
winds (Fitza 1984). If the larvae are concentrated in
the inner shelf as a result of vertical migration behav-
iour, a very short delay could result, explaining the
time lags of 0 to —2 d obtained in the present study.

The relationship between upwelling circulation and
larval supply may be more complex and involve more
than cross-shore transport, because of strong along-
shore currents that may distribute the larvae regionally
and interact with coastal topography (Wing et al.
1995). It is possible that inter-regional differences—
and, for that matter, also intra-regional patterns—
detected in the present study may be explained by
variation of the alongshore circulation and by larval
availability.

Tide-driven supply

A 2 wk period of oscillation of supply of Carcinus
maenas megalopae was found, with higher supply
around spring tides. Other semilunar patterns of
supply to estuarine populations have been detected in
only 2 other crab species (Callinectes sapidus, van
Montfrans et al. 1995; Cancer magister, Miller &
Shanks 2004). Other cases of estuarine crabs where a
similar pattern of megalopal supply was detected con-
cern species assemblages from tropical or subtropical
mangrove systems (Moser & Macintosh 2001, Paula et
al. 2001) where resolution to species level was not pos-
sible due to unavailability of larval descriptions. Cross-
correlograms indicated a delay of 0 d between tidal
range and supply of C. maenas megalopae in the pre-
sent study. This is similar to the studies of Moser &
Macintosh (2001) and Paula et al. (2001), but differs
from the delays detected by Miller & Shanks (2004).
Miller & Shanks (2004) found that maximum abun-
dance of C. magister megalopae occurred 4 to 5 d after
maximum amplitude of the tide, and they attributed
this effect to a combination of onshore transport by
internal waves and diel vertical migration on a back-
ground of tidal currents.

The immediate response of supply of Carcinus mae-
nas megalopae to the amplitude of the tide in the pre-
sent study is consistent with the immediate responses
of megalopae to hydrostatic pressure, salinity and tur-
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bulence during selective tidal stream transport, which
increase with increasing tidal range in megalopae of
estuarine species (De Vries et al. 1994, Tankersley et
al. 1995 Welch & Forward 2001). These reactions can
only be triggered if the megalopae are already in near-
shore waters or inside the estuary, resulting in an
immediate change in larval concentration in the lower
estuary. It has been argued that, since supply of crab
megalopae into estuaries tends to occur during night
flood tides, the number of flood hours during darkness
could influence the level of supply (Christy & Morgan
1998), resulting in a different phasing of supply rela-
tive to the spring/neap cycle. In the present case, since
co-occurrence of darkness and flood currents is opti-
mised at spring tides during the part of the year when
the study took place (Queiroga & Blanton 2004), such
an effect may be responsible for the intensification of
supply peaks, but not for their displacement relative to
the tide amplitude cycle.

On the basis of the observed lags between tidal
range and supply, the hypotheses that internal tidal
bore and internal wave mechanisms are implicated in
the onshore transport of megalopae cannot be entirely
rejected, although they appear to be less strongly sup-
ported. If internal tidal bore transport should occur, it
would operate also on megalopae that are close to the
shore, again resulting in an immediate supply. In a
study conducted on the west coast of the USA, Pineda
(1995) showed that internal tidal bores recur with a
2 wk periodicity, but that they do not tend to coincide
with spring tides. The mechanism explaining this phase
relationship is that, although the formation of internal
waves is more probable during spring tides because of
stronger currents, large amplitude tides tend to disrupt
the thermocline, so that internal waves break far from
the shore. In order for internal tidal bores to be impli-
cated in the supply of Carcinus maenas megalopae
to estuaries on the Portuguese coast, internal bores
would have to coincide with maximum amplitude
tides. A similar argument applies to the internal wave
hypothesis. Additionally, assuming that the internal
tidal wave mechanism is effective in transporting
megalopae across the shelf, C. maenas megalopae are
mostly not neustonic (Zeng & Naylor 1996b), which
would result in a reduced rate of transport. A very
particular timing of the occurrence of internal waves
along the semilunar cycle would have to be assumed
to account for the observed time lags.

Supply levels
Much higher levels of supply and settlement were

detected at the Mira Estuary than at the Ria de Aveiro.
This may be related to the distribution of large Carci-

nus maenas populations along the coast of Iberia, and
to a general southward flow during the larval season.
In the north, the Ria de Aveiro is the only estuarine sys-
tem with the potential to harbour a large population of
the species, whereas on the south coast the Tagus and
Sado estuaries may contribute large numbers of larvae
to shelf waters, and these larvae could be carried
southward by the prevailing circulation during spring
and summer. Supply was not correlated across regions
at any lag. Since supply seems to be controlled by tidal
range, which is synchronised along the Portuguese
coast, the lack of correlation may be due to inter-
regional differences in overall level of larval abun-
dance, particularly if they are related to zones of
retention over the shelf.

Abundances in the surface and bottom plankton nets
were similar at the Ria de Aveiro, but more larvae were
collected at the surface in the Mira Estuary. These dif-
ferences may be related to higher turbulence levels
that would force megalopae to swim more in the water
column at the Mira Estuary (Welch et al. 1999). Inter-
estingly, settlement was more intense at this estuary
during neap tides, which may also be attributed to an
effect of turbulence (see below).

Settlement

Settlement of Carcinus maenas megalopae on the
collectors was synchronised across habitats within
each estuary, but was higher at the mixed than at the
Zostera noltii sites. J. Paula et al. (unpubl. data)
conducted a comparison of settlement on collectors
against megalopal density on the sediment at the Mira
Estuary, for vegetated and unvegetated substrates.
The study showed that density of megalopae on the
substrate was higher in Z. noltii habitats than at un-
vegetated sites, but that captures on the collectors
were higher at the unvegetated sites. The pattern was
interpreted as a search for the physical protection pro-
vided by the collectors at the unvegetated sites, where
refuges are less common, whereas the natural struc-
tural complexity of the Z. noltii habitat would provide
such refuges. Therefore, the higher settlement on the
collectors at the mixed site observed in the present
study may be an artifact of the sampling method influ-
enced by differences in habitat complexity among sites.

Similarly to supply, settlement on the collectors was
not correlated across geographic locations. Desynchro-
nised settlement across locations would be a logical
result of desynchronised supply. However, maximum
settlement occurred around neap tides at the Mira
Estuary, therefore being clearly decoupled from
supply, which is highest around spring tides, while
settlement was uncorrelated with supply at the Ria de
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Aveiro (although the correlogram of Fig. 7C shows an
indication of a weak synchronised rhythm). Several
different causes could explain the observed pattern.
One possible explanation assumes the influence of
turbulence levels (Welch 1991), which may differ
between estuaries or sites. Higher turbulence levels in
the Mira Estuary, which are consistent with current
velocities that are 10 to 40 % higher at the Mira Estuary
for tides of the same amplitude (Paula 1993, Queiroga
1995), could prevent the megalopae from settling
during spring tides. The competence state of the
megalopae may also delay settlement. Competence is
defined as the ability of larval forms to respond to
settlement stimuli (Crisp 1974). In crab megalopae
competence depends on the physiological stage of the
larvae (Forward et al. 2001). Several studies indicate a
progression of the intermoult stage of crab mega-
lopae as they approach settlement habitats (Metcalf
& Lipcius 1992, Morgan et al. 1996, Zeng et al. 1997,
Moksnes & Wennhagen 2001), and differences in
intermoult stage can sometimes be found within estu-
aries (Lipcius et al. 1990). It is possible that the delay
between supply and settlement in the Mira Estuary
could be due to supply from a pool of megalopae in an
earlier stage of development (Hasek & Rabalais 2001).
Density-dependent secondary dispersal, such as that
detected in juveniles of several benthic invertebrates
(e.g. Turner et al. 1997, Reyns et al. 2004) is another
possible factor. During spring tides at the Mira Estuary,
a large number of settling megalopae may be offset
by those leaving after settlement, because of crowding.
In either case, this highlights that supply of larvae
to estuarine systems may be decoupled from settle-
ment, because of estuarine, site-specific, or larval
characteristics.

The results obtained in the present study demon-
strate a cyclic pattern of supply of Carcinus maenas
megalopae to estuaries on the west coast of Portugal,
related to the tide amplitude. The 0 d time lag ob-
served between tide amplitude and supply suggests
that selective tidal stream transport is the main process
responsible for the supply of the larvae to the estuaries,
although the internal wave and internal tidal bore
mechanisms cannot be entirely rejected based on the
observations. Selective tidal stream transport can only
operate on larvae that have already been transported
to nearshore waters by some other process. Supply to
nearshore waters appears to be at least partly con-
trolled by the dynamics of wind-driven circulation. The
sampling methods that were used may be relevant for
other studies of the effects of physical forcing on sup-
ply and settlement of estuarine invertebrates, because
a combination of passive plankton nets and settlement
bottom-deployed collectors enable the independent
assessment of supply and settlement.
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