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Abstract Settlement of benthic marine invertebrates is
determined by the interaction between physical factors and
biological processes, in which the tide, wind, and predation
can play key roles, especially for species that recruit within
estuaries. This complexity promotes high variability in
recruitment and limited predictability of the size of annual
cohorts. This study describes the settlement patterns of
megalopae of the commercially important crab Cancer
edwardsii at three locations (one in the center and two at
the mouth of the estuary) within the Valdivia River estuary
(~39.9°S), over three consecutive years (2006-2008). At
each location, 12 passive benthic collectors with a natural
substratum were deployed for 48 h at 7-day intervals, over
a lunar cycle. Half of the collectors were covered with
mesh to exclude predators. The main findings were as
follows: (1) circulation changes due to upwelling relaxa-
tion or onshore winds controlled crab settlement at sites
within the mouth of the estuary, (2) at the internal estuarine
site, settlement was dominated by tidal effects, and (3) the
effect of predation on settlement was negligible at all
scales. The results show that the predominant physical
factor controlling the return of competent crab larvae to
estuarine environments varies spatially within the estuary.
The lack of tidal influence on settlement at the mouth of the
estuary can be explained by the overwhelming influence of
the intense upwelling fronts and the micro-tidal regime in
the study area.
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Introduction

For crab species that recruit within estuarine habitats but
have larvae that develop offshore, a sequence of events is
required to ensure that competent larvae (sensu Forward
et al. 2001) settle in a suitable habitat. The two-step process
for the immigration of megalopae into the estuary (Miller
and Shanks 2004) involves larval concentration in the
onshore shelf zone (Jones and Epifanio 1995a; Pineda 2000,
but see Tilburg et al. 2007) and the subsequent entry into
nearby estuaries. These steps are normally controlled by the
interaction between wind-driven circulation and tidal cur-
rents but are regulated by larval behavior (Miller and Shanks
2004; Queiroga et al. 2006; Ogburn and Forward 2009). The
output of this process is the local pattern of settlement within
the estuary, which is the primary input that determines
temporal and spatial variation in recruitment.

Along the open coastlines of areas dominated by
upwelling regimes (Mackas et al. 2006), a high degree of
association has been found between periods of relaxation
of wind stress that force upwelling conditions and peaks in
the abundance of competent larvae and in the settlement
rates of mytilids, cirripeds, and crabs (Roughgarden et al.
1991; Wing et al. 1995a; Shanks et al. 2000; Navarrete
et al. 2005; Lagos et al. 2008; but see Shanks and
Shearman 2009). Similar associations have also been found
in estuaries located along upwelling coastlines, where
wind-driven transport related to upwelling/downwelling
has been identified as contributing to the cross-shelf
transport and estuarine immigration of organisms (Miller
and Shanks 2004; Queiroga et al. 2006).
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On the other hand, once the larval pool has been formed
in the onshore shelf area, larvae can be transported toward
the upper estuary by selective tidal stream transport, spe-
cifically flood tide transport (FTT; Forward et al. 2001).
FTT closely depends on tidal regime, where larvae migrate
upwards in the water column during the flood tide and
downwards during ebbing tidal currents (Epifanio et al.
1988). Studies carried out with Carcinus maenas and
Callinectes sapidus in European and American estuaries
have provided evidence for this transport strategy in crabs
(Tankersley et al. 2002; Queiroga et al. 2006). Environ-
mental factors such as light, salinity (Hasek and Rabalais
2001), and turbulence (Welch and Forward 2001) seem to
influence larval swimming behavior, aiding them in
avoiding the net seaward flow of the estuary during ebb
tides by keeping them close to the bottom.

Depending on local conditions, the relative balance of
wind and tide controls the larval entry into estuaries.
Ogburn et al. (2009) proposed a conceptual model to
identify the environmental conditions under which entry of
Callinectes sapidus megalopae is most likely to occur in the
Newport River estuary. In that model, megalopae inflow
depends on the degree to which tides alter wind-driven
immigration of larvae into a particular estuary. Thus, in
micro-tidal estuaries facing upwelling fronts, wind-driven
larval transport should prevail over tidal currents in regu-
lating settlement in the outer estuary, but tides may become
more important as megalopae move further into the estuary.

Secondary biological factors, such as larval substratum
preference and predation, interact with physical control of
larval settlement. Predation, which is one of the most sig-
nificant sources of mortality for marine invertebrate larvae
(Morgan 1995), could overwhelm other factors that deter-
mine settlement rates. This could be particularly true for
larvae exhibiting benthic behaviors, as with competent
megalopae, which suffer higher mortalities (12-28 times)
in a benthic environment than in a planktonic environment
(Allen and McAlister 2007). However, the evaluation of
predation and its effect on local settlement rates is
uncommon in experimental designs assessing settlement
and recruitment in crabs (but see Moksnes 2002; Pardo
et al. 2007).

The present study assesses the environmental control on
settlement rates of the megalopae of the brachyuran crab
Cancer edwardsii in one of the estuaries in southern Chile
(~39.9°S). The system studied is characterized by a
micro-tidal synodic regime, a large watershed, and an
upwelling-dominated coastal system during the larval set-
tlement period. C. edwardsii is the most important com-
mercial crab species of the Chilean artisanal fishery, with a
mean catch of around 5,000 tons per year (SERNAPESCA
2007-2009). It is one of the largest of the four species of
Cancer present in Chile and reaches sexual maturity at

@ Springer

100 mm carapace width for both sexes (Pardo et al. 2009a).
In southern Chile (40°S-50°S), this species intensively
uses estuarine systems as areas for larval release as well as
juvenile nursery grounds. After approximately 3 months
and five zoea stages (Quintana 1983), megalopae reinvade
the estuarine systems in late spring and recruit subtidally
on both hard and soft substrata (Cardyn 2009). Advanced
zoeae have not been found inside estuaries (Pardo,
unpublished data), which indicates that C. edwardsii uses
an exportation—importation larval development strategy in
this estuarine zone.

This study examines the influence of tidal signals (i.e.,
lunar phases and spring—neap cycles), river runoff, wind
stress, and upwelling on settlement of megalopae simul-
taneously at three sites within the Valdivia River estuary.
We expected that the relative influence on larval settlement
of the tidal cycle and the wind that promotes upwelling
relaxation (or any onshore larval transport) should change
in different sections of the estuary depending on their
proximity to the outer coast. In order to account for pos-
sible modifications of spatial settlement patterns by pre-
dation, we also determined the variability in predation
pressure on megalopae among the study sites. Settlement
surveys were replicated over 3 years during the recruitment
season of C. edwardsii in order to describe eventual tem-
poral changes in the environmental control of larval
settlement.

Materials and methods
Study sites

This study was carried out in the mouth of the Valdivia
River estuary (Corral Bay, Fig. 1). This is one of the most
important estuaries in southern Chile, the freshwater flow
of which is regulated by a series of Andean lakes (Pino
et al. 1994). The estuary is characterized by salt-wedge
circulation with an average annual discharge close to
600 m® s™', with peaks during the austral winter season
linked to the period of maximum precipitation (Davila
et al. 2002). Tides exhibit semi-diurnal phases with a mean
range of 0.8 m but vary from 1.48 m during spring tides to
0.53 m during neaps (Pino et al. 1994). Thus, the estuary is
classified as micro-tidal (Dyer 2001).

In this region, the influence of the southeast Pacific
subtropical anticyclone in spring time forces winds toward
the equator that drive upwelling (Montecino and Lange
2009). Thus, coastal waters outside the Valdivia River
estuary experience several springtime upwelling episodes
(Atkinson et al. 2002).

Three sites within the Valdivia River estuary, approxi-
mately 5 km apart, were selected to evaluate the settlement
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Fig. 1 Valdivia River estuary;
points show the sites where
larval settlement rates were
determined, and triangles
indicate the sites where current

meters were deployed 39.86°S

39.88°S
39.9°S

I
39.92°§ ‘
L
rates of crab megalopae (Fig. 1): (1) San Carlos (39.862°S;
73.441°W), a semi-protected embayment on the southern
shore facing the open ocean but protected from the pre-
vailing strong southerly winds. This site is dominated by
hard bottoms with extensive areas of gravel and coarse
sand; (2) Los Molinos (39.847°S; 73.394°W), a wind-
protected embayment on the northern shore of the estuary,
where the substratum is dominated by soft bottoms, prin-
cipally sand, but with some rocky reefs and boulders
present, and (3) Isla Mancera (39.897°S; 73.394°W), which
was selected as the inner and central site within the Val-
divia River estuary. The substratum is dominated by a soft
bottom of principally fine sands but with areas of a brittle
sedimentary rock called ‘Cancagua’. The thermohaline
conditions for each site during November—December
(2008) were measured every 10 min by a mini-CTD Start
0ddi® deployed on the bottom at a depth of 5-8 m. Mean
values (£SD) were 11.5 £ 1.5°C and a salinity of
29.3 £ 2.1 in San Carlos, 11.3 & 1.5°C and a salinity of
29.1 £2.2 in Los Molinos, and 11.8 & 1.6°C and a
salinity of 24.5 &+ 2.6 in Mancera. Due to their locations
and high salinities, San Carlos and Los Molinos were
considered environments under marine influence and
Mancera was considered a river-influenced environment.
To describe the current dynamics of the estuary, the current
velocity was determined close to the sites at San Carlos and
Mancera, at 8 and 5 m depth, respectively. From August to

December 2009, two current meters (Innovex Stream 300)
were deployed at each site, one at 0.5 m and the other at

73.45°W

Los Molinos

Babhia de

San Juan
Bay

73.4°W

73.35°W

1 m above the bottom. During the sampling period, cur-
rents inside the estuary were evidently stronger within the
middle section of the estuary than in the outer section.
Also, surface currents displayed higher values in compar-
ison with bottom records (Fig. 2).

In order to assess the association between environmental
variables and megalopa recruitment, settlement was com-
pared to tidal range, wind stress, upwelling index, and river
flow during spring (November—December) between 2006
and 2008. The tidal range was calculated as the difference
between the average of the two daily maximum tidal
heights and the average of the two daily minimum tidal
heights based on data from the National Hydrographic and
Oceanographic Service (SHOA). The wind stress (zonal
and meridional component) and the upwelling index were
calculated from satellite data. The wind stress and their
zonal and meridional components were obtained from the
mouth of the Valdivia River estuary (39.750°S, 73.750°W)
using the QuickSCAT sensor, http://cersat.ifremer.fr/data/
discovery/by_mission/quikscat/mwf_quikscat. These data
were validated by correlating them with in situ data from
a meteorological station located at Laboratorio Costero
Calfuco, approximately 20 km east of the estuary
(R =0.78 and R = 0.77, for zonal and meridional wind
stress components, respectively). Data from the Laborato-
rio Costero Calfuco were not available before 2008, and
therefore, it was not possible to use local wind data in the
analysis of settlement rates. For the upwelling index, daily
sea surface temperatures (SST) between two points
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Fig. 2 Magnitude of surface
and near-bottom currents at two
stations located in front of San
Carlos (39.854°S, 73.437°W,
mouth of the estuary) and Isla

-
o
o

w
o

Mouth surface

Mancera (39.883°S, 73.397°W, 0
inside the estuary). Data are

hourly and daily averages of 100
measurements taken every

10 min from 10 July to 14 50

December 2009

Mouth bottom

o

100

w
(=1

o

Niddie surface

100

w
o

Magn‘llude[cms“] Magnitude[cms‘1] Magnilude[cms"] Magnitude[cms"]

O A1) AV NP Y o bl it

Middle bottom

o

Aug

perpendicular to the coast of Valdivia (first point;
39.875°S; 73.625°W, second point; 39.875°S; 74.875°W)
were obtained from a combination of infrared sensors
AVHRR (Advanced Very High Resolution Radiometer)
and the Advanced Microwave Scanning Radiometer
(AMSR). These data were obtained from NOAA’s National
Climatic Data Center (http://www.ncdc.noaa.gov/oa/climate/
research/sst/oi-daily.php) and were validated by correlating
the data with in situ values of SST from the SHOA station
inside Corral Bay (Mar 08-Nov 09; R = 0.74, P < 0.01).
The upwelling index was calculated using the temperature
difference between these points (inshore point—offshore
point). A negative difference in the index suggests upwelling.
A similar index has been used by other authors (Queiroga et al.
2006) in studies off the Iberian Peninsula. Furthermore, in this
research, we incorporated river runoff, which has not been
taken into account in similar prior studies conducted in estu-
aries and could potentially affect the entry of larvae due to
changes in water column stratification. The runoff data cor-
responded to the daily record from the Cruces Rucaco Station
(39.550°S, 72.895°W) obtained from the Chilean General
Water Directorate (DGA; Fig. 3).

Experimental design

In order to measure settlement rates of Cancer edwardsii, a
passive megalopa collector was used. The collector con-
sisted of a circular plastic tray (0.2 m?) fastened to an
upper ring of steel rods and a 25-kg concrete disk fastened
to a lower ring that served as a base for stability. Collectors
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self-cover with a 1-mm external mesh during retrieval to
prevent the loss of organisms from the samples. Complete
details of the design and performance of collectors are
provided in Pardo et al. (2010). In order to test the influ-
ence of the tidal cycle in a categorical way, the collectors
were deployed during each lunar phase of one complete
lunar cycle, namely at Full, Quarter, New, and Waxing
phase, during the recruitment season of the crabs
(November-December) for each site (San Carlos, Los
Molinos and Mancera, see description above). This scheme
was replicated over three consecutive years (2006-2008).
Nine to twelve collectors filled with 0.5 kg of coarse sand
were deployed at each site every year. Half of the collec-
tors were covered with a 5-mm mesh in order to exclude
large predators such as fish and large crabs. Additionally, at
one location (Los Molinos) in 2006, collectors without
sand, and with and without exclusion mesh, were used to
control for the effect of the collector itself on the settlement
of crab megalopae. During each lunar phase, collectors
were deployed underwater (between 5 and 8 m) for 48 h.
Collectors without sand showed lower abundance of
megalopae (around 10% of the total) than collectors with
coarse sand (F344 = 10,7; P < 0.01). This confirms
the utility of coarse sand as settlement substratum for
C. edwardsii, a result that has also been found in natural
suction samples (Pardo et al. 2011).

Once the collectors were recovered, samples were
carefully examined and all replicates with less than 70% of
the original coarse sand were excluded from the analyses (5
of all 326 replicates taken during the entire study). Samples
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Fig. 3 Physical factors
measured in the Valdivia River
estuary during recruitment
periods of Cancer edwardsii
during the three study years.
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were sieved and all megalopae were extracted manually at
the Laboratorio Costero de Recursos Acuaticos de Calfuco
(Universidad Austral de Chile) and identified to the species
level using locally generated keys (Pardo et al. 2009b). In
2008, during parallel sampling, 30 megalopae of Cancer
edwardsii were returned alive to the laboratory and main-
tained in standing seawater at 14°C; all of them subse-
quently metamorphosed to the crab I stage within 24 h
indicating their competent condition (Forward et al. 2001).

Data analyses

To test for the influence of lunar phases on settlement rates
of C. edwardsii, a nested ANOVA was performed. The
independent variables were year, location, lunar phase, and
predator exclusion, with lunar phase nested in year. The
factor year was considered as a random variable in order to
extrapolate the results to any year rather than to one par-
ticular year. This nested design deals with differences in
yearly larval supply, exploring differences in settlement
rates between lunar phases within years rather than com-
paring specific lunar phase between years. Sampling dates
were during new moon phase (20-Nov-06, 9-Dec-07,
27-Nov-08), quarter phase (28-Nov-06, 17-Nov-07, 5-Dec-
08), full moon phase (5-Dec-06, 24-Nov-07, 12-Dec-08),

December

and waxing phase (13-Dec-06, 3-Dec-07, 20-Dec-08).
Predator exclusion and any of its interactions were not
significant in the full model nested ANOVA, and therefore,
this factor was removed from further analyses and a
reduced model was used. Because 12 collectors were lost at
San Carlos and Mancera during the waxing lunar phase in
2006 due to a strong storm, the ANOVA was not orthog-
onal and Type IV sum of squares was therefore used. To
test the effect of the tidal range on settlement rates, another
nested ANOVA was used by pooling data from lunar
phases: full and new moon = spring tide and quarter and
waxing phases = neap tide. The independent variables
were year, location and tide, with tide nested in year.
Prior to both ANOVAs, heterogeneous data were trans-
formed using In (x 4 1) before further analyses were car-
ried out.

To account for the effect of environmental factors on
settlement rates, a multiple regression was performed with
tidal range, upwelling index, wind, and runoff as inde-
pendent variables. Given that environmental variables
could not have an immediate influence on settlement of
megalopae due to known decoupling between larval supply
and settlement (Miller and Shanks 2004), we tested the
possibility of the effect of environmental factors on larval
settlement rates using a lag of —5 to —1 days in the
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regression analysis. To avoid co-linearity among environ-
mental variables, these were selected using a stepwise
routine with a tolerance of 0.3 to construct the final reduced
regression model. Because larval supply was expected to
vary each year, settlement data were normalized relative to
the mean and standard deviation of abundance of mega-
lopae collected during each recruitment season at each
location.

Results

During recruitment seasons (2006-2008), a total of 1,029
Cancer edwardsii megalopae were collected by the passive
collectors. Overall, the highest settlement rates were
observed in 2007, when up to 81 megalopae collector™ '
day~! (around 405 megalopaec m~2 day~') were recorded
at San Carlos. The exclusion of large predators did not
affect the settlement rates for any of the years or sites
(Fig. 4). The exclusion factor and any of the interactions of
which it was a part were not significant in the ANOVA
(Fy 253 = 0.55; P = 0.9), and similar settlement rates were
found between collectors open and closed to predators, for
each year and site (Fig. 4). Therefore, the effects of large
predators on settlement rates were neglected in subsequent
analyses, regardless of the year under consideration.

In general, the settlement of C. edwardsii megalopae
was highly variable depending on the lunar phase, year,
and site (Fig. 5). In all years, settlement peaked during
different lunar phases at the three different sites, despite the
proximity of the sites. Moreover, contrasting values were
found in different years. For example, at Los Molinos, the
highest settlement rates were observed during the new
moon in 2006 and 2007, but in 2008, settlement during the
new moon had one of the lowest rates. Again, at San
Carlos, the highest settlement rates were observed during
the waxing moon phase in 2007, but in 2008 during the
same phase, fewer settlers were found in comparison with
other phases. On the other hand, larval settlement over the
course of the lunar phase also differed at each individual
site among years (Fig. 5). Thus, in 2007, the highest set-
tlement rates of megalopae were recorded during maxi-
mum waxing at San Carlos, new moon at Los Molinos, and
full moon phase at Mancera. Consequently, a lunar pattern
in larval settlement rates was not detected. The high vari-
ability exhibited at both temporal and spatial scales was
reflected by a significant interaction in the ANOVA (lunar
phase (year) * Site; Table 1).

The ANOVA testing of neap and spring tide influences
on crab settlement rates revealed a significant interaction
between tidal phases and location for each year
(Fe303 = 8.9, P < 0.01). This result emerged because only
Mancera exhibited a consistent tidal pattern across years,
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Fig. 4 Mean (£SD) settlement rates of Cancer edwardsii megalopae
in collectors with (non-exclusion) and without predator access
(exclusion) during recruitment seasons (2006-2008) at three locations
in the Valdivia River estuary. Different scales were used for each year

where the maximum settlement rates were always detected
during the spring tidal phase, whereas San Carlos and Los
Molinos showed peak settlement during contrasting tidal
phases between years, or no differences in larval settlement
(Fig. 6).

Multiple regressions between normalized settlement
rates and environmental variables included in the model
exhibited a spatial dependence of the relative influence on
settlement. The stepwise regression model only selected
tidal range as a significant factor explaining settlement for
the river-ward location (Mancera), but for seaward loca-
tions, upwelling index and wind stress were selected by
the model (Table 2). The time lags at which the environ-
mental variables were associated with the settlement of
C. edwardsii also differed between locations. At Mancera
and San Carlos, tidal range and upwelling index, respec-
tively, were highly correlated with settlement rates after at
a lag of —2 days. However, at Los Molinos, zonal wind
stress exhibited a weaker, but significant, relationship with
a lag of 5 days (Fig. 7).
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Fig. 5 Mean (£SD) settlement rates of Cancer edwardsii megalopae
during full lunar cycles at three locations in the Valdivia River estuary
during 3 years. Total replicates: 326. nd no data were available for
these dates due to the fact that 24 collectors were lost in a storm

Table 1 ANOVA testing the effects of the lunar cycle, year, and
location on settlement rates of Cancer edwardsii within the Valdivia
River estuary

Source of variation df MS F P
Year 2 21.4 6.5 0.150
Lunar phase (year) 9 4.7 1.2 0.383
Location 2 7.4 2.8 0.178
Year * location 4 2.7 0.7 0.632
Lunar phase (year) * location 16 4.1 11.6 <0.001
Residuals 287 0.4

Bold type indicates statistically significant differences
Discussion

This study provides evidence that the predominant physical
factor controlling the entry of competent crab larvae into
estuarine environments varies spatially within the Valdivia
River estuary. The outer sites were affected by different
components of wind stress (zonal versus meridional com-
ponent), while the inner estuarine site was mainly influ-
enced by the spring—neap tidal cycle (higher during spring
tides). Intense predation on megalopae was not detected
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—— Neap

San Carlos

2.0 - l

1.5
1.0

T

0.5 4

2.5

Los Molinos
2.0 4

1.5 A
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ol [

0.5

1.8
1.6 -
1.4
1.2 4
1.0
0.8 -
0.6
0.4
0.2 - j

0.0 -

2006 2007 2008

Mancera

Settlement rates ( In megalopae collector -1 d -)

Fig. 6 Mean (£SD) settlement rates of Cancer edwardsii megalopae
during the spring—neap tidal cycle at three locations in the Valdivia
River estuary. Total replicates: 326. Due to the fact that 24 collectors
were lost in a storm, no data were available for one of the neap tide
periods in San Carlos and Mancera 2006; during the other neap tide
period in 2006, no larvae were recorded at these two sites

and assumed negligible in the estuary, which allows us to
interpret the results without the confounding influence of
predation effects on settlement rates.

In regions with persistent upwelling regimes, the rela-
tive importance of wind stress in promoting the settlement
of meroplanktonic crustaceans in estuaries and along the
open coast has been well recognized (Queiroga et al. 2007).
However, field evidence indicates high variability in the
type of wind control on settlement, which can occur during
surface water advection by onshore winds, upwelling,
downwelling, or relaxation periods (Flores et al. 2002;
Narvaez et al. 2006; Queiroga et al. 2007; Morgan et al.
2009), principally due to the strong regulation by larval
behavior on larval transport and the influence of the coastal
configuration (Palma et al. 2006; Morgan et al. 2009). Our
findings reflect this variability, sites close to the mouth of
the estuary were significantly influenced by wind stress but
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Table 2 Results of stepwise multiple regressions between physical environmental variables and settlement rates of Cancer edwardsii in the

Valdivia River estuary

Locality Multiple R P Physical variable Lag B R?
Los Molinos 0.963 0.002 Zonal stress 5 23.755 0.42
0.04 Meridional stress 2 —4.566 0.1
Mancera 0.886 0.002 Tidal range 2 2.778 0.67
San Carlos 0.928 0.002 Upwelling 2 0.421 0.6
0.03 Tidal range 5 1.885 0.18

Only variables that are significant in each model are presented
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1.5 4
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Fig. 7 Partial regression between the principal explanatory physical
variables and settlement rates of Cancer edwardsii megalopae for
each location. Bars above and below the dots represent the standard
error. Data were normalized relative to the mean and standard
deviation of abundance of megalopae for each year and site

settlement at each site was influenced by different com-
ponents of wind stress.

At the southern shore site (San Carlos), a direct associ-
ation with the relaxation of upwelling (positive value in the
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index used here) was found. Upwelling relaxation is relative
to the decline of equatorward winds (meridional compo-
nent) and subsequent onshore advection of warm water
masses associated with the offshore upwelling front. This
mechanism behind larval transport has frequently been
accepted (Wing et al. 1995b; Narvéez et al. 2006; Queiroga
et al. 2007), but sampling with high temporal frequency
should be performed in order to test this hypothesis.

The effect of upwelling relaxation on larval settlement
at the southern shore site of the estuary was not immediate;
its signal was registered 2 days later in the settlement rates
measured by the collectors. The temporal decoupling
between environmental factors and settlement is caused by
the time lag between the generation of the conditions
needed to promote the supply of crab megalopae toward
the estuary and actual settlement within estuarine habitats
(Miller and Shanks 2004; Amaral et al. 2007). The state of
competence of megalopae might also contribute to the
observed decoupling between supply and settlement
(Queiroga et al. 2006).

At the northern shore site (Los Molinos), wind stresses
that drive direct advection toward the mouth of the estuary
(zonal component) showed greatest association with the
settlement rate. However, unambiguous environmental
factors controlling the larval settlement at Los Molinos
were not found (lower R* in partial regressions). This
suggests that a more complex interaction between factors
(i.e. river runoff, tide, winds, and larval behavior) is
probably involved in the transport of larvae to this site.
This complexity also was evidenced by the long lag
between wind action (—5 days) and settlement. Given that
Los Molinos is a wind-protected embayment on the
northern shore of the estuary, larvae could be delivered to
this section of the estuary by more local processes inde-
pendent of upwelling conditions (Shanks and Shearman
2009; Shanks and Brink 2005). Other factors such as larval
behavior and the upwelling shadow that forms behind
coastal features could play an important role (Morgan and
Fisher 2010).

In the Valdivia River estuary, tidal currents seem to
have only a marginal influence on larval settlement in the
most marine-influenced environments (Tables 1 and 2).
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The Valdivia River estuary experiences a micro-tidal
regime (sensu Dyer 2001) with a maximum tidal range of
1.48 m during spring tides (Pino et al. 1994). Therefore,
the tidal currents exert little control over megalopa trans-
port and settlement at sites close to the mouth of the
estuary. This is consistent with the minimal tidal current
speeds observed at the outer sites (Fig. 2).

In contrast, tidal influence was evident at the inner site,
where it can overwhelm wind control on crab settlement in
the middle of the Valdivia River estuary. At Mancera,
regardless of year, settlement was always higher during
spring tides, suggesting that megalopae use the strongest
flood tides to move up into the estuary. Stronger tidal
currents in the middle of the estuary probably enhance the
relative importance of tidal regulation on larval transport.
Similar results were found by Vargas et al. (2003), who
found evidence that tidal fronts and flood tides played a
role in the transport of fish larvae in the Valdivia River
estuary. In accordance with this, the tidal range was posi-
tively associated with settlement rates in Mancera, albeit
with a 2-day lag. Longer times spent exploring for avail-
able substratum by the larvae (Moksnes et al. 2003) or
higher levels of turbulence during spring tides promoting
swimming activity (Welch and Forward 2001) could
explain this decoupling.

Thus, the relative importance of wind-driven versus
tidal processes on larval settlement within an estuary is
likely to vary depending on the proximity of the settlement
location to the outer (coastal) parts of the estuary. In micro-
tidal estuaries, upwelling events and wind transport are
likely to be more important for sites close to the coast,
whereas tidal range is likely to be more important within
the estuary, away from the coast.

In a more general context, the relative importance of
physical forcings in controlling larval settlement in estu-
aries could depend on the magnitude of the tidal range in
each particular estuary. In estuaries with a micro-tidal
regime, like the Valdivia River estuary, tidal currents
appear to have marginal effects on currents relative to other
components of hydrological circulation. Supporting this,
Moksnes et al. (2003) did not find any tidal association of
settlement of Carcinus maenas megalopae in a micro-tidal
estuary on the Swedish west coast. Also, Jones and
Epifanio (1995b) found no tidal effect on settlement of
brachyuran megalopae in a micro-tidal estuary at the mouth
of Delaware Bay. In contrast, in many meso-tidal (Paula
et al. 2001; Almeida and Queiroga 2003; Forward et al.
2004; Queiroga et al. 2007) and macro-tidal estuaries
(Moser and Macintosh 2001; Miller and Shanks 2004;
Roegner et al. 2007), tides have been observed to signifi-
cantly affect estuarine immigration of decapod larvae.
Further meta-analysis studies should test whether the type
of estuary, based on tidal range, can be used to predict the

relative importance of winds and tides in the control of
larval settlement within estuaries. For this analysis, data
from multiple sites are needed to account for the spatially
variable pattern of settlement within estuaries.

Intra-estuarine spatial variation in the influence of
environmental forcings on larval settlement is not com-
monly reported, principally because the emphasis in pre-
vious studies has been on temporal rather than spatial
scales. However, when multiple sites have been sampled
within a single estuary to compare the relative abundance
of postlarvae, high variability has been observed among
sites and spatially explicit patterns of recruitment have
been found in Brachyura (Etherington and Eggleston 2003;
Ogburn and Forward 2009). In addition, in the present
study on intra-estuarine spatial variation, it was found that
settlement was controlled by physical rather than biological
factors (e.g. predation on megalopae) at all study sites.

Overall, the results support the conclusion that the factors
controlling settlement cannot be generalized within a par-
ticular estuary since the relative importance of factors
changes spatially. Based on our results, we conclude that the
relative influence of the factors that control larval settlement
rates depends on the location within the estuary: in micro-
tidal estuaries at an upwelling-dominated coast, settlement
patterns have a weaker tidal signal in the outer section of the
estuary than in the inner section, but the influence of tidal
transport increases at sites further up the estuary.
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