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ABSTRACT: Settlement is a critical period in the life cycle of crabs and can be a major factor influ-
encing the structure of local populations. Under natural conditions, tidal stream velocities commonly
exceed swimming capabilities of postlarvae and can affect settlement onto favourable habitats. In an
annular flume simulating natural flow velocities, the diel variability of megalopal distribution, and
the ontogenetic change in habitat use of young juveniles of the velvet swimming crab Necora puber
were examined simultaneously on 4 substrata of different structural complexity (a red macroalga,
pebbles, artificial grass and sand). The distribution of dead animals was non-even and higher num-
bers occurred on complex substrata. Live animals showed a positive response to the macroalga and
pebbles, causing an increase in settlement compared to the passive distribution of dead animals. In
contrast, numbers of settlers on artificial grass were significantly lower than for dead animals. Differ-
ences in the pattern of distribution between day and night suggested that megalopae were less selec-
tive during the day, and avoidance of Astroturf tended to be stronger at night. Although megalopae
and early juveniles show capability of active selection of substrata, the differential distribution on
natural substrata during settlement was most likely set by hydrodynamic conditions; active

movement may only occur when a substratum of lower suitability is encountered.
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INTRODUCTION

The first step in determining processes controlling
the recruitment of benthic organisms is understanding
the variation in the arrival of settlers. This includes
(1) production of larvae, (2) their dispersal in the plank-
ton, (3) the risk of mortality while dispersing, and
(4) the settlement of larvae (Underwood & Keough
2001). For meroplanktonic animals, the transition to
the benthos (or settlement) is a critical period in their
life cycle, and can be a major influence on the structure
of local populations (Underwood & Fairweather 1989).

Settlement of crabs, like many benthic invertebrates,
can be influenced by chemical and/or physical cues,
including surface texture or chemistry and presence of
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microbial films or other benthic species (see reviews
by Pawlik 1992, Rittschof et al. 1998). Blue crab
Callinectes sapidus megalopae avoid odours from
potential predators (Welch et al. 1997, Diaz et al. 1999),
and modify swimming behaviour according to turbu-
lence and presence of odours from nursery area vege-
tation (Welch et al. 1999, Welch & Forward 2001,
Forward et al. 2003). Similarly, megalopae of the
porcelain crabs Petrolisthes cinctipes and P. eriomerus
have aggregated settlement with adults in response to
conspecific chemical cues (Jensen 1989, 1991).
Although crabs and lobsters settle in a wide variety
of habitats (Cobb et al. 1997, Booth 2001), settlement
occurs primarily onto structurally complex habitats,
such as oyster shells (Fernandez et al. 1993), macroal-
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gae (Hedvall et al. 1998), hydroids (Stevens 2003),
gravel (Stevens & Kittaka 1998) and cobble (Linnane et
al. 2000). High levels of mortality during settlement or
soon after are observed widely in marine invertebrates
and can substantially alter the distribution of recruits
and the structure of the population (Gosselin &
Qian 1997, Hunt & Scheibling 1997). Settling in an
unfavourable habitat that provides poor shelter could
lead to high predation as reported for crabs (Eggleston
& Armstrong 1995, Pile et al. 1996, Moksnes et al. 1998,
Loher & Armstrong 2000, Luppi et al. 2001) and lob-
sters (Incze & Wahle 1991, Wahle & Steneck 1991,
1992, Cobb & Wahle 1994).

Despite decapod postlarvae generally being strong
swimmers (Cobb et al. 1989, Luckenbach & Orth 1992,
Fernandez et al. 1994), tidal stream velocities com-
monly exceed their swimming capabilities and during
the postlarval stage, flow plays a major role in dispersal.
Flow can affect settlement of marine organisms at dif-
ferent levels (see reviews by Butman 1987, Abelson &
Denny 1997). Firstly, it may exert hydrodynamic forces
on settlers, affecting encounters with substrata and be-
haviours following encounter (e.g. Pawlik & Butman
1993). Secondly, flow may act as a settlement cue which
induces active behaviour of settlers; recent advances in
the understanding of the mechanisms controlling selec-
tive flood-tide transport have demonstrated the impor-
tance of turbulence (Forward & Tankersley 2001).
Finally, flow may be a modifying factor affecting the
various settlement cues mentioned above.

The velvet swimming crab Necora puber (L.) is
abundant in the shallow waters of British rocky shores
(Ingle 1983), with juveniles being found commonly in
the lower intertidal (Choy 1986, Norman 1989). We
have found megalopae and juvenile N. puber in peb-
bled/cobbled areas and in coarse sand, but more usu-
ally in turf algae such as Mastocarpus stellatus (Stack-
house) Guiry (J.T.Lee et al. unpubl. data). The ecology
of the benthic adult has been examined (e.g. Gonza-
lez-Gurriaran 1985a,b, Choy 1988, Norman & Jones
1992, 1993, Gonzalez-Gurriaran et al. 1995, Freire et
al. 1996). However, there is limited understanding of
the planktonic phase of the life cycle of N. puber,
despite the classical works of Lebour (1928, 1947).
There are some reports on larval biology (Alvarez-
Ossorio et al. 1990, Choy 1991, Mene et al. 1991,
Valdes et al. 1991) and postlarval ecology (e.g. Lindley
1986, 1987), but none, to our knowledge, on the transi-
tion from pelagic to benthic periods during the life his-
tory of this crab.

To increase understanding of the integration of these
environments, and the processes controlling the abun-
dance and distribution of benthic populations of Nec-
ora puber, it is essential to determine the processes
involved in the initial distribution of settlers. As illus-

trated above, the former is a direct consequence of
water flow conditions and larval behaviour; therefore,
we have investigated (1) the effect of flow in the pas-
sive distribution of settlers, (2) the active component
during settlement of megalopae and early juveniles of
N. puber under hydrodynamic conditions, (3) the
change in habitat use by first juvenile instars, and
(4) the diel variation in the settlement pattern of
megalopae.

MATERIALS AND METHODS

Collection and maintenance of specimens. Mega-
lopae were collected from Plymouth Sound, UK
(50°22"N, 04°11'W), 2 to 3 d prior to the trial runs. A
plankton net (mesh size 500 pm) was towed for approx-
imately 5 min in surface waters and specimens were
transported to the laboratory in an iced cool box imme-
diately after collection. In the laboratory, animals were
maintained in a temperature-controlled room at 15 +
1°C, under 14:8 h light:dark conditions, with approxi-
mately 1 h of diffuse light at dusk and dawn (close to
natural conditions at Plymouth during this period of
the year). Animals were fed ad libitum with newly
hatched nauplii of Artemia sp. and kept under these
conditions for at least 48 h before experiments were
carried out. First juvenile instars of Necora puber were
cultivated from wild megalopae and fed newly
hatched nauplii of Artemia sp. Only first or second
juvenile instars were used; we refer to these as
‘juveniles'.

Flow tank. All experiments were carried out using
an annular flume constructed of acrylic material (full
description is given by Widdows et al. 1998). The
external diameter was 64 cm and the water channel
dimensions were 10 cm width by 40 cm height (Fig. 1).
Flow was induced by a rotating annular drive plate on
the surface of the water at a height of 20 cm above the
substrata. The most important benefit of an annular
over a linear flume is a continuous system where
megalopae can face a flow regime for many hours, as
experienced in the natural environment. Due to the
curvature of the channel, small differences in flow in
the inner and outer walls of the flume may cause minor
secondary radial flows; nonetheless, these can be min-
imized by reducing the channel width (see Fukada &
Lick 1980). Current velocity was measured in the mid-
dle of the channel, 10 cm above the substratum, using
an electromagnetic current flow meter (Valeport
Model 800-175) inserted via a port in the base of the
flume. Flow measurements were taken after the trials
to avoid interference of the probe with the settlement
behaviour. At the rotating plate speed used (34 rpm),
and with the addition of substrata, the flume generated
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a current velocity of ca. 6 cm s}, which is broadly rep-
resentative of benthic conditions in Plymouth Sound at
neap tides.

Hypotheses tested. The main purpose of the study
was to determine the factors affecting substratum
selection of megalopae and early juveniles of Necora
puber under flow conditions. We tested the following
hypotheses: (1) Passive deposition of megalopae or
early juveniles creates a non-even distribution. Passive
distribution of dead animals was tested against the null
hypothesis of an even distribution to determine the
importance of flow on the dispersal of settlers. (2) Pas-
sive deposition differs from active settlement for each
developmental stage. Distribution of live animals was
tested against dead ones to provide the extent of active
substratum selection. In both the tests above, dead
crabs were used, as these are identical to live crabs in
terms of cross-sectional area, drag and buoyancy but
without the ability to cling. (3) Substratum selection
amongst megalopae and early juveniles differs. Distri-
bution of live megalopae was tested against distribu-
tion of live early juveniles to determine ontogenetic
variation of settlement selection. (4) Substratum selec-
tion of megalopae varies according to time of day.
Distribution of animals at night was tested against dis-
tribution from daytime to examine possible diel differ-
ences in selection or strategies during settlement. Evi-
dence from the blue crab Callinectes sapidus showed
no difference in planktonic dispersal between day and
night for first and second instars, and only a tendency
for greater dispersal at night for third through fifth
instars (Blackmon & Eggleston 2001); thus, only night
trials were run for live juveniles.

Experimental design. Trials were carried out during
the summer and autumn of 2002 at the Plymouth
Marine Laboratory, Plymouth, UK. The employed
design followed the pioneering study of Hedval et al.
(1998) using an annular flume. Four substrata of dif-
fering structural complexities were chosen for the
study: (1) A red macroalga Mastocarpus stellatus with
a complex 3D structure, hereafter referred to as ‘alga’.
This alga is reasonably abundant on the rocky shores
where early juveniles are commonly found; further
details of M. stellatus can be found in Hiscock (1986).
It was chosen as a natural complex structure that rep-
resents the substrata of the lower intertidal area, and
also possessed biotic cues. Individual branches of the
alga were attached to a mesh to create a uniform
height of 5 cm and stems were evenly distributed ca.
2 cm apart. This density was lower than on the shore,
but was chosen due to the logistics of frequently
replacing decaying or damaged branches. (2) Artifi-
cial grass (Astroturf™), with ‘leaves’ 2 cm long, 2 mm
wide and ca. 1 to 2 mm apart was chosen as a habitat
with complex structure that lacked biotic chemical

cues. Preliminary studies had shown that megalopae
and juvenile Necora puber could get between the
blades. Mats were washed in hot water, then soaked
in filtered seawater (1 pm) for 5 d prior to the experi-
ment to minimise traces of manufacturing chemicals.
(3) Pebbles, ranging from 2 to 6 cm diameter, were
collected from the intertidal area. This substratum
was chosen as a structurally less complex habitat. (4)
Sand, an unstructured habitat, was collected from the
same intertidal area, and sieved through a 2 mm
mesh-size sieve to remove small pebbles. Substrata 3
and 4 were thoroughly hand-cleaned of visible biota,
washed in hot water and air-dried.

The bottom of the flume channel was divided into 4
sections and each was covered with 1 of the substrata
(Fig. 1a). The circular arrangement of the 4 substrata
was permutated in 6 different ways, minimising the
possible effect of the order of the substrata; each treat-
ment was replicated with all 6 possible permutations,
except the dispersal of dead megalopae where 5 repli-
cates were performed. Flow velocity used was ca.
6 cm s~!, below the velocity in which sand erosion was
observed. To reduce additional turbulence incurred by
differences in height from the edges of the substrata,
Astroturf, which was the lowest in height, was raised
by adding acrylic plates underneath. To give clear dif-
ferences in substrata, 6 cm gaps were left between sec-
tions and covered with an acrylic plate at the same hor-
izontal level of the substrata. Rotation of the flume
drive plate was initiated at least 30 min prior to speci-
mens being introduced through the gap between the
rotating lid and the flume outer wall; 40 specimens per
trial were released, 10 on top of each substratum whilst
the flume was running. Tests of nocturnal settlement
were initiated shortly after natural dusk time and
lasted for 9 h. Daytime experiments started around
midday and lasted 6 h. At the end of each experiment,
acrylic plates were placed vertically amongst the sub-
strata sections to avoid movement of megalopae or
crabs during removal of substrata for counts.

Passive deposition was tested using freshly anaes-
thetised and killed animals, as previous trials have
shown sinking rates to differ from those of preserved
specimens. Runs lasted for only 2 h to avoid any
changes in sinking rate due to decomposition of
specimens.

Data analysis. Due to the occurrence of nil values,
data were (x + 1)-transformed to permit the taking of In
values. A replicated goodness-of-fit test (Sokal & Rohlf
1995) was used to compare proportions of settlement
on the substrata. When the null hypothesis of pooled
data was rejected, an additional analysis was per-
formed excluding the substratum, with highest contri-
bution to the G-value, and the level of p was adjusted
accordingly (Sokal & Rohlf 1995). In addition, the net
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Fig. 1. Schematic diagram of the annular flume. (a) Top view of substrata arrangement. Shadings indicate differences in
substrate types; all possible combinations of substrate type were used in the experiment. (b) Side view of the annular flume

response (residuals obtained by subtracting passive
deposition of dead animals from distribution of live
specimens) from pairing trials with identical substrata
arrangement was calculated for each substratum at
each time of day tested.

RESULTS
Observation of swimming

Usually, deposition of dead megalopae took less
than 1 min, while dead juveniles sank within 10 s.
On some occasions, dead me galopae were carried
for a distance over the sand section before they
stopped; this secondary transport was not observed
on the other substrata or with dead juveniles. Most
live megalopae settled within 1 to 2 min after being
introduced to the flume, but it was common for a few
individuals (1 to 5) to swim throughout the trial.
Megalopae swam in short horizontal bursts; some
maintained position or at times moved against the
flow for up to 4 s, with a tendency to swim upwards.
However, most were carried with the flow and
settled during the experiment; few animals were
observed swimming after 6 h. At the end of night
trials, after separation plates were placed among the
substrata and light was used, some megalopae
appeared to show positive phototaxis. No juvenile
was found swimming at the end of trials, and all
settled within a few seconds after being introduced
to the flume.

Substrata selection

On average, the recovery rate of dead megalopae
and juveniles was above 99 %; likewise, that of live
megalopae and juveniles was above 97 %. Moulting
from megalopa to juvenile crab instar occurred on all
night runs, ranging from 1 to 10 individuals, which
suggests that megalopae used in the experiment
were competent to metamorphose and ready to settle.

The dispersal pattern of dead animals was signifi-
cantly heterogeneous amongst replicates. Results from
pooled data showed that, under the hydrodynamic
conditions tested, a non-even distribution of the dead
megalopae was produced (Table 1, Fig. 2). Settlement
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Fig. 2. Necora puber. Mean proportion of dead megalopae,
megalopae during daytime and nighttime for each substra-
tum (+SEM)
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Table 1. Necora puber. Summary of replicated goodness-of-fit tests (Sokal &
Rohlf 1995) to test the null hypothesis of even distribution. Data were (x+1)-
transformed to remove zeros. Each replicate was tested separately, followed by
the test of all data (Grota), pooled data (Gp,), and the test of heterogeneity
(Ghet)- The distributions of Meg(dead) = dead megalopae and Juv(dead) = dead
juveniles were tested against the extrinsic hypothesis of Even = even
distribution. *p < 0.05, **p < 0.01, ***p < 0.001, ns: p > 0.05

Distribution Replicates

1 2 3 4 5 6

GTotal GPool GHet

df 3 3 3 3 3 15 3 12
Meg(dead) vs Even G 18.8 4.1 26.8 16.8 32.4 99.0 76.8 22.2
P e T T ek e wxx

df 3 3 3 3 3 3 18 3 15

Juv(dead) vs Even G 377 35 145 21 6.5 88 76.2 32.2 409
ser g ns ns * war ke wkx

*x

tively (Fig. 2). In contrast, Astroturf
showed not only the highest residuals
on average (Fig. 3a), but also a nega-
tive effect with the proportion of set-
tlement reduced by 19 and 20% at
night and during the daytime, respec-
tively (Fig. 2). Examination of the
contribution of each substratum to the
G-value for the live megalopae treat-
ments suggested that settlement on
Astroturf was one of the main factors,
and an a posteriori test excluding the
settlement on the artificial substratum
was carried out. Data (as a whole) con-
tinued to show a poor fit to the null

of live megalopae occurred mostly on complex sub-
strata, in a similar pattern to the distribution of dead
specimens (Fig. 2). Although overall patterns amongst
replicates of live megalopae were highly variable, their
deviations in relation to expected frequencies from the
distribution of dead megalopae were consistently posi-
tive towards algae and cobble, and negative to Astro-
turf. As a result, the G-values of pooled data for day
and night trials were both highly significant (Table 2),
supporting the hypothesis of active habitat selection.
Frequencies of live megalopae found on algae, peb-
bles and sand were, on average, higher than those of
dead megalopae distribution by 10, 10 and 1% at
night, and 2, 5 and 3% during the daytime, respec-
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hypothesis of passive distribution;
nevertheless, pooled data showed
no significant difference for the nocturnal period
(Table 2), suggesting that at night, differences in the
settlement pattern in relation to the distribution of
dead megalopae occurred mainly on Astroturf.

When the diel component was tested, the distribu-
tion of live megalopae was significantly affected by
the time of day (Table 3), and results from mean
residuals suggested that the net response on complex
substrata (algae, pebbles and Astroturf) tended to be
lower during daytime than at nighttime (Fig. 3a).
Once more, Astroturf was the largest contributor to
the G-value, and the pooled data from the analysis
with Astroturf excluded indicated no difference in the
pattern of settlement due to time of day (Table 3).
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Fig. 3. Necora puber. Mean net response (counts from live animal minus counts from dead animal trials) of (a) megalopae
during daytime and nighttime, and (b) megalopae (meg) and juveniles (juv) from nighttime (+ SEM)
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Table 2. Necora puber. Summary of replicated goodness-of-fit tests (Sokal & Rohlf 1995) to test the hypothesis of active substra-

tum selection. Data were (x+1)-transformed to remove zeros. Each replicate was tested separately, followed by the test of all data

(Grotal), pooled data (Gp,), and the test of heterogeneity (Gyet). The distributions of Meg(day) = live megalopae during daytime,

Meg(night) = live megalopae during nighttime, Juv(night) = live juveniles during nighttime were tested against the

extrinsic hypotheses of Meg(dead) = dead megalopae and Juv(dead) = dead juveniles. *p < 0.05, **p < 0.01, ***p < 0.001, ns:
p > 0.05. Corrected probability values for substratum-excluded test are: *p < 0.025, **p < 0.01, ns: p > 0.025

Distribution — Replicates ——— Grotal Ghpool Ghet
1 2 3 4 5 6
df 3 3 3 3 3 3 18 3 15
Meg(day) vs Meg(dead) G 4.0 18.4 11.8 0.7 9.1 18.1 62 20.4 41.6
p ns . . ns s . . . ax
df 3 3 3 3 3 3 18 3 15
Meg(night) vs Meg(dead) G 21.4 5.6 12.4 22.6 2.8 18.3 82.7 48 34.7
P axr ns . . ns s onx . onx
df 3 3 3 3 3 3 18 3 15
Juv(night) vs Juv(dead) G 4 1.0 3.4 0.6 9.8 10.0 33.3 11.4 21.8
P * ns ns ns * * * * ns

Astroturf excluded

df 2 2 2 2 2 2 12 2 10
Meg(day) vs Meg(dead) G 3.7 4.4 4.2 0.6 8.5 12.8 35.2 8.5 25.7
P ns ns ns ns - . - . .
df 2 2 2 2 2 2 12 2 10
Meg(night) vs Meg(dead) G 0.6 1.3 8.9 16.7 1.1 1.7 29.7 5.8 23.8
P ns ns * * ns ns * ns *
df 2 2 2 2 2 2 12 2 10
Juv(night) vs Juv(dead) G 3.3 0.4 2.1 0.5 2.6 5.0 14.0 0.8 13.2
p ns ns ns ns ns ns ns n ns
Results from the juvenile treatments were similar to niles differed significantly from the distribution of dead
those from the megalopae. Dead animals were dispersed juveniles. Replicates were homogeneous and supported
non-evenly (Table 1), and the distribution of live juve- the hypothesis of active substrata selection (Table 2).

However, when the analysis was car-

Table 3. Necora puber. Summary of replicated goodness-of-fit tests (Sokal & Rohlf ried out excluding Astroturf, no sig-

1995) to test the hypothesis of diel variation in substratum selection. Data were nificant difference was found in any
(x+1)-transformed to remove zeros. Each replicate was tested separately, followed replicate nor on the total and pooled
by the test of all data (Groa), pooled data (Gpon), and the test of heterogeneity data (Table 2). With reference to
(Get). The distributions of Meg(night) = live megalopae during nighttime were
tested against the extrinsic hypothesis of Meg(day) = live megalopae during day-
time. *p < 0.05, **p < 0.01, ***p < 0.001, ns: p > 0.05. Corrected probability values

differences due to developmental
stages, the pattern of deposition of

for substratum-excluded test are: *p < 0.025, **p < 0.01, ns: p > 0.025 dead megalopae was significantly dif-
ferent from that of dead juveniles

Distribution Replicates Grotat Gpool  Get (Table 4). Deposition of dead mega-
1 2 3 4 5 6 lopae was, on average, 8 and 5%

higher than of dead juveniles on algae
and Astroturf, and 7 and 6% lower
on pebbles and sand, respectively
(Fig. 4). The pattern for live animals
was similar, and distribution of live

# 2 2 2 2 2 2 12 9 10 juveniles was significantly different
Meg(night) vs Meg(day) G 1.0 3.2 7.8 11.9 1.5 0.8 262 2.3 23.8 from that of live megalopae (night tri-

P ns ns * ** ns ns ns - als only) (Table 4). Megalopae settled
in higher numbers on alga compared

df 3 3 3 3 3 3 18 3 15
Meg(night) vs Meg(day) G 11.8 3.7 8.8 13.1 1.5 9.5 47.8 132 34.6
p ns * ** ns * wax “x oax

*x

Astroturf excluded

*
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Table 4. Necora puber. Summary of replicated goodness-of-fit tests (Sokal & Rohlf 1995) to test the hypothesis of ontogenetic

change in substratum selection. Data were (x+1)-transformed to remove zeros. Each replicate was tested separately, followed by

the test of all data (Grota1), pooled data (Gp,)), and the test of heterogeneity (Gyet). The distributions of Juv(dead) = dead juveniles

and Juv(night) = live juveniles during nighttime were tested against the extrinsic hypotheses of Meg(dead) = dead megalopae

and Meg(night) = live megalopae during nighttime. *p < 0.05, **p < 0.01, ***p < 0.001, ns: p > 0.05. Corrected probability
values for substratum-excluded test are: *p < 0.025, **p < 0.01, ns: p > 0.025

Distribution Replicates Grotal Ghpool Griet
1 2 3 4 5 6
df 3 3 3 3 3 3 18 3 15
Juv(dead) vs Meg(dead) G 11.7 25.9 4.9 22.5 5.7 6.1 76.8 35.8 41.0
P o on ns s ns ns - x P
df 3 3 3 3 3 3 18 3 15
Juv(night) vs Meg(night) G 0.9 12.9 11.6 10.0 16.4 3.9 55.8 35.2 20.6
p ns o o . axs ns e P o
Sand excluded
df 2 2 2 2 2 2 12 2 10
Juv(night) vs Meg(night) G 0.2 11.1 6.0 6.1 0.4 4.0 28.0 14.6 134
P ns * ns ns ns ns * * ns
to juveniles, whereas juveniles were found in a higher DISCUSSION

proportion on pebble, Astroturf and particularly on sand
than megalopae (Fig. 5). Differences in settlement pro-
portion on sand and algae produced the highest contri-
butions to the G-value of pooled data, 17.0 and 9.5, re-
spectively. Thus, a posteriori analysis was carried out
excluding results from settlement on sand. Replicates
became homogeneous and differences remained signif-
icant (Table 4), indicating that settlement of megalopae
on algae was significantly higher than for juveniles.

It has been proposed that finding and remaining in
sheltered areas after settling should maximise subse-
quent survival, particularly in megalopae and juve-
niles of crabs (e.g. Eggleston & Armstrong 1995, Pile et
al. 1996, Luppi et al. 2001, Moksnes 2002). Our results
show that selection of sheltered habitats by early ben-
thic stages can occur on a small spatial scale (<1 m)
under the influence of flow.

megalopae and juveniles
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Fig. 4. Necora puber. Mean proportion of live juveniles (juv), dead juveniles, live megalopae (meg), and dead megalopae.
Only night trials are included (+SEM)
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Fig. 5. Necora puber. Mean change in distribution due to
developmental stage (counts from live juveniles minus counts
from live megalopae trials) (+ SEM)

Megalopal settlement

Our observations of dead megalopae demonstrated
that hydrodynamics produce a non-even distribution,
with higher settlement on complex habitats; we refer to
this as passive settlement. No dead megalopae were
observed to re-suspend in the water column once
movement ceased. It was possible that secondary
transport after the dead megalopae have reached the
sand section caused a proportion of the megalopae to
be carried away to other substrata. Therefore, the
numbers deposited on the sand section should be
viewed as conservative values, and the mean net
response of live megalopae toward sand could be
lower. Our results on passive dispersal of megalopae
differ from the experiments carried out at a lower cur-
rent velocity (3 cm s™!) by Hedvall et al. (1998). The dif-
ference in the outcomes could have been a result of a
combination of the differential turbulence caused by
the higher current velocity used in the present study
and the difference in flume size (5.3 m compared to
1.7 m circumference in our study). In our study, a dead
megalopa would have been transported, on average,
for 120 cm (average sinking rate of 1 cm s7!), thus
covering an average of 2 substrata. In Hedvall et al.'s
(1998) work, megalopae would have been transported
for 115 cm on average (sinking rate 1.3 cm s}!), cover-
ing 1 substratum (47 cm) and 1 transition section
(87 cm). In addition to initial patterns set by passive
deposition, we observed that differential distribution
amongst substrata could be exacerbated by an active

component of the settlers. Evidence for such a mecha-
nism included the significant difference between set-
tlement frequencies of live and dead megalopae, in
particular the results from pooled data, which showed
that, despite the large variability amongst replicates,
the overall difference was highly significant. Whilst the
net response (residuals) on algae and pebble was, on
average, positive, the opposite response of megalopae
towards Astroturf occurred, where an active avoidance
was observed (Fig. 3a). This result indicated that most
of the increase in settlement on algae and pebble, in
relation to passive dispersal, was caused by movement
away from Astroturf by some megalopae. Despite the
structural architecture that allowed individuals to be
deposited passively and remain in the tufts of fibres,
Astroturf caused a negative effect, either inhibiting
settlement or lacking the cues to stimulate perma-
nence of the animals.

The lack of chemical or biological cues on Astroturf
suggests that inhibition by some waterborne cue
seems unlikely; however, surface rugosity could have
played a role in the avoidance of Astroturf. Hacker &
Steneck (1990) reported a preference for rugose sur-
face among artificial algal mimics of similar spatial and
structural architectures for the amphipod Gamarellus
angulosus. While Astroturf has a complex structure,
its surface is very smooth and could be influencing
tenacity (ability to grasp) of the postlarvae. This was
observed during counting, when megalopae were
removed easily by shaking the Astroturf mat, whilst
the alga required vigorous shaking to displace crabs.

Alternatively, we suggest that spatial complexity of
the habitat, and its refuge value against predators, was
influencing the behaviour of megalopae to remain in
the substratum. Bartholomew et al. (2000) demon-
strated that predator success on the amphipod Gam-
marus mucronatus increased with increase of the ratio
of inter-structural space size to predator size. The
megalopae of the shore crab Carcinus maenas, al-
though settling in higher proportions on macroalgae
than on open sand, seemed to avoid the most 3D com-
plex alga (Hedvall et al. 1998). This macroalga (Ento-
carpus siluculosus) produced poor refuges under
enhanced predation conditions (Moksnes et al. 1998),
and it was suggested that megalopae actively selected
complex habitats that provided good refuge against
predation (for other examples see Heck & Crowder
1991). In our experiment, Astroturf could have been
less attractive to settlers than the structurally less com-
plex pebble habitat, due to structural dimensions of the
tufts, just 2 cm height, compared to pebbles, where
megalopae could be well protected in the interstices
amongst the pebbles. Nonetheless, Astroturf must pro-
vide some level of protection against predation, as total
numbers settling were high, and field studies have
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shown that it collects similar numbers of postlarvae of
the American lobster Homarus americanus and the
rock crab Cancer irroratus with natural cobble habitats
(Palma et al. 1998).

In the laboratory, active habitat selection has been
demonstrated for postlarvae of a number of decapod
species (Fernandez et al. 1993, Hedvall et al. 1998,
Stevens 2003). In these studies, the hydrodynamical
conditions were relatively slower than the known
swimming capacity of the postlarvae. In the work pre-
sented here, the megalopae could swim against the
current for only brief periods of time; overall, flow ex-
ceeded their swimming capabilities. Literature on weak
swimming larvae suggests that when larvae are faced
with water movement greater than their horizontal
swimming speed, a passive process drives substratum
selection (see references in Butman 1987, Abelson &
Denny 1997). For example, in the larvae of the abalone
Haliotis rufescens, as current velocity increased above
a threshold, larvae acted increasingly like a passive
particle (Boxshall 2000). In our work, megalopae ac-
tively selected among the habitats and a possible mech-
anism utilized by the megalopae of Necora puber to
overcome the delivery to an unfavourable substratum
in flow conditions would be the desertion of the sub-
stratum rather than an active exploration, as suggested
by the negative net response to Astroturf; an active
selection could occur once an appropriate habitat is
encountered. This active selection supports evidence
from recent field studies that selective settlement is a
major determinant of distribution of megalopae of the
portunid crabs Carcinus maenas (Moksnes 2002) and
Callinectes sapidus (van Montfrans et al. 2003).

As pointed out by Butman (1987), active habitat
selection and passive deposition of larvae need not be
considered mutually exclusive, and could be operating
at different scales of time or space. The implications
of this finding are that, under hydrodynamic forces
higher than the settler's swimming capability, disper-
sal is a passive mechanism, while active selection of
substratum is possible when a less suitable substratum
is encountered. Hence, the proposed mechanism of
differential settlement caused by the desertion of an
unfavourable site, rather than exploration and active
selection of an appropriate site (Abelson & Denny
1997), must be taking place.

The diel settlement pattern of megalopae also
showed a significant difference, with a net response
(residuals) towards the complex substrata tending to
be stronger at night, in particular on the level of avoid-
ance of Astroturf. Conversely, during day trials, settle-
ment on complex substrata tended to be less specific,
i.e. less selective and closer to the passive deposition
(mean residuals closer to zero, Fig. 3a). Overall, lower
selectivity by megalopae during the day-time is similar

to that described in the field for megalopae of the
shore crab Carcinus maenas (Moksnes 2003). Moksnes
(2003) observed that megalopae were found in the
plankton in higher numbers at night, whereas benthic
megalopae were more abundant during the day, and
many remained in a poor habitat until dusk before
emigrating. The adaptive value of this behaviour is
thought to be related to the high predation risks in the
plankton during day-light, and such a strategy is evi-
denced in juveniles of the brown tiger shrimp Penaeus
esculentus, whose diel activity pattern of burrowing
during day-time, and actively swimming and feeding
at night, reduced predation rates by fish (Laprise &
Blaber 1992).

Early juvenile settlement and ontogenetic change
in distribution

Settlement of live juveniles was different from the
passive distribution of dead animals, and similar to
the pattern found in megalopae; most of the contribu-
tion to the G-value was due to a negative effect of
Astroturf (Fig. 3b). Juveniles were found in higher
numbers on the complex substrata, possibly in search
of the refuge qualities of these habitats. The shelter-
ing value against predation of substrata with complex
architecture has been described many times for early
crab juveniles (e.g. Pile et al. 1996, Loher & Arm-
strong 2000, Orth & van Montfrans 2002).

With regard to ontogenetic changes in settlement
pattern, the present study found passive deposition of
dead crabs to be significantly different from the mean
distribution of dead megalopae, possibly due to dif-
ferential hydrodynamic morphology and density
between stages. As expected, the analysis comparing
live individuals also showed significant difference. In
this test, the residuals suggested that selectivity of
substrata by early juveniles was less specific than by
megalopae (Fig. 3b), and the shift in substrata
‘choice’ from megalopa to juvenile consisted of a
reduction of settlement on algae and an overall
increase in the other 3 substrata by juveniles (Fig. 5).
Sheltering can be strongly affected by the interstitial
space relative to prey size (Hacker & Steneck 1990,
Bartholomew et al. 2000) and, as juveniles grow, spe-
cific requirements for foraging and shelter might be
shifting, which could explain the relatively lower
negative effect of Astroturf compared to the mega-
lopal response. Plasticity in the habitat requirement
of early juveniles has also been observed for the
shore crab Carcinus maenas (Moksnes et al. 1998).

When the largest contributor to the G-value (sand)
was excluded from the comparison between live
megalopae and juveniles, pooled data continued to
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show significant differences amongst the distribution
of megalopae and juveniles, suggesting that the sec-
ond highest contributor to the G-value (algae) was also
responsible for the significant differences in frequen-
cies; this further supports the possibility that an onto-
genetic change in habitat use is initiated early in the
early benthic instars. An ontogenetic shift of habitat
use by early juvenile instars has been observed for
the shore crab Carcinus maenas (Hedvall et al. 1998,
Moksnes 2002) and the blue crab Callinectes sapidus
(Pardieck et al. 1999, Etherington & Eggleston 2000).
In the latter, active post-settlement dispersal has been
shown in early juveniles through planktonic movement
(Blackmon & Eggleston 2001).

High density has been evoked as a strong influence
in the distribution of early juveniles of Callinectes
sapidus in nature (Pile et al. 1996, Moksnes et al. 1997,
Pardieck et al. 1999, Etherington & Eggleston 2000,
van Montfrans et al. 2003), causing dispersal by den-
sity-dependent agonistic interactions and/or canni-
balism. In the trials, the high numbers of individuals
necessary for the statistical tests meant that the density
used was much higher than that encountered in the
field, and cannibalistic and agonistic behaviours could
have pressured animals for a more even distribution.
However, the impact of cannibalism was apparently
small, as recovery rates were high. Occasionally, ani-
mals were observed settling within 1 cm of each other,
and densities as high as 20 juveniles per section
(>1000 ind. m™2) were observed on the algal section
during the trials; thus, movement due to agonistic
interaction must have been on the scale of cm.

Habitat-specific predation of early instars is com-
monly regarded as a factor structuring populations
(e.g. Pile et al. 1996, Etherington & Eggleston 2000,
Heck et al. 2001, Orth & van Montfrans 2002). None-
theless, this is not always the case, as demonstrated
recently for a population of Carcinus maenas in
Sweden (Moksnes 2002) where high predation rates
caused great changes in abundance, but not in the
pattern of distribution of young juveniles. Thus, it is not
clear to what extent predation could be responsible for
the formation of patchy distribution of juveniles of
Necora puber, which are found mainly under cobbles
and pebbles (Choy 1986, Norman 1989, Hearn 2001,
J. T. Lee unpubl. data).

In summary, our findings suggest that megalopae of
Necora puber actively select substrata of higher
structural complexity, particularly during the nocturnal
period. This initial pattern of distribution is soon
changed by post-settlement movement of early juve-
nile instars, which have different habitat requirements
and are generally less selective. Our conclusions, how-
ever, are limited by the spatial (metres) and the tempo-
ral scale (less then 12 h) of this study. We suggest that

post-settlement migration of juveniles at larger spatial
and temporal scales, and refuge from predation,
should play an important role in the distribution of sub-
sequent instars. Further work should focus on under-
standing the mechanisms involved in the stimuli
towards the preferred substrata under larger temporal
scales and the impact of predation pressure on the
behaviour demonstrated by the early benthic stages, as
these would certainly affect the patterns observed.
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