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ABSTRACT: In contrast to general settlement models of invertebrate larvae, recent Swedish studies
of settlement of the shore crab Carcinus maenas indicate that many postlarvae close to metamorphosis emigrate from their preferred settlement habitats. In the present study, we assessed physical and
biological factors affecting shore crab settlement and emigration from nursery habitats, and explored
possible ultimate factors in this behavior. Postlarval abundance in the field was not affected by the
tidal phase, but varied significantly according to the light conditions. Settlement densities on artificial substrates were significantly higher during the day compared to at night. In contrast, densities of
planktonic postlarvae were highest at night. This result suggests that the postlarvae cling to shallow
benthic habitats during the day and swim in the plankton at night. Mesocosm experiments demonstrated that most postlarvae remained in the benthos during the day, even in suboptimal habitats, but
that a large proportion (on average 58%) actively emigrated at dusk, irrespective of settlement conditions. Emigration rates were significantly higher and metamorphosis rates lower in open sand compared to mussel habitats, whereas food levels and settlement densities had only small effects on the
settlement process. Emigrated postlarvae were at a significantly earlier developmental stage and
metamorphosed on average 1 d later than the megalopae that remained in the benthic habitat. Postlarvae > 2 d from metamorphosis emigrated even from optimal settlement conditions. These results
suggest that settlement in shore crabs is not an irreversible process once a late-stage postlarva has
found a settlement habitat, but involves 2 separate behavioral components: (1) the selection of a benthic habitat during the day, which is mainly affected by the availability of refuges from predation; and
(2) the choice to stay or emigrate the following night, where emigration is induced by a decrease in
light and determined mainly by the development stage of the postlarvae. We propose a conceptual
model of settlement in the shore crab where the dynamic behavior of the postlarvae is an adaptation
to diel differences in predation risk between the settlement habitat and the plankton.
KEY WORDS: Settlement cues · Swimming behavior · Habitat selection · Migration · Metamorphosis ·
Planktonic mortality · European green crab
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Most benthic macro invertebrates produce pelagic
larvae that disperse for days or months in the plankton
before settling into a benthic habitat. The early idea
that planktonic larvae were passively dispersed and
settled at random when larval development was completed (Nelson 1928, Colman 1933) was rejected once
it became clear that the development rate and the
behavior of many larvae were affected by specific

environmental stimuli (Crisp 1974). Many larvae
migrate vertically in the water column on both ontogenetic and diel schedules in response to endogenous
rhythms and/or specific physical and biological cues.
This swimming behavior may affect the large-scale
horizontal transportation of larvae (see Shanks 1995,
Forward & Tankersley 2001 for review) and help in the
selection of settlement habitats that will increase the
survival of the benthic stages (see Meadows & Campbell 1972, Crisp 1974, Pawlik 1992 for review). The
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larvae of a diverse range of marine organisms behave
very similarly as settlement approaches: they migrate
towards the bottom, often in response to a specific
combination of environmental stimuli, and ‘touch
down’ periodically on different habitats to examine the
surface. The presence or lack of specific chemical
and/or physical cues in the habitat will either cause the
larvae to emigrate back into the water column, to be
transported to another area, or to settle and metamorphose into the benthic stage (Meadows & Campbell
1972, Crisp 1974, Pawlik 1992).
Because settling larvae are very small and cryptic,
settlement behavior is difficult to study under natural
conditions. Most of our understanding of this is based
on laboratory studies of sessile and infaunal organisms;
much less is known about mobile invertebrates, which
are harder to study, particularly in the field (Hunt &
Scheibling 1997). However, an increasing number of
experimental studies on marine decapods suggest that
the behavior of settling larvae plays an important role
in the distribution and survival of their recruits. Active
habitat selection at settlement has been demonstrated
for several decapod species in both the laboratory
(Botero & Atema 1982, Herrnkind & Butler 1986, Fernandez et al. 1993, Liu & Loneragan 1997, Hedvall et
al. 1998, Stevens & Kittka 1998) and in the field (Eggleston & Armstrong 1995, Moksnes 2002). These species
select structurally complex habitats at settlement,
which provide refuge from predation for the postlarvae
and young benthic stages (Barshaw & Able 1990,
Smith & Herrnkind 1992, Fernandez et al. 1993,
Moksnes et al. 1998).
The shore crab Carcinus maenas (L.) is one of the
most studied decapod species, and intensive work in
the last decade has dramatically increased our understanding of its larval behavior during the dispersal
phase and at settlement. The larval phase of the shore
crab includes 4 pelagic zoea stages and a megalopal
(postlarval) stage that settles and metamorphoses into
the first benthic crab stage. The duration of the megalopal stage varies from 9 to 16 d depending on temperature (Mohamedeen & Hartnoll 1989). Recent studies
of the shore crab larvae from tidal areas suggest that
vertical migration behavior in phase with local tides
may control both the dispersal of zoea larvae from the
coast (Zeng & Naylor 1996a, Queiroga et al. 1997,
Duchêne & Queiroga 2001) and the migration of the
megalopal stage back to nursery areas (Queiroga et al.
1994, Zeng & Naylor 1996b, Queiroga 1998). Little is
known about vertical migration behavior in crab larvae
from systems where tidal currents do not play a significant role in the water movements, such as the microtidal area along the Swedish west coast.
In western Sweden, shore crab megalopae settle between June and October (Moksnes 1999), and young

juvenile crabs are found mainly in shallow (<1 m), soft
sediment bays (Pihl 1986). Within these nursery areas,
settlers (megalopae and first-instar crabs) are concentrated at high densities in several structurally complex
microhabitats, primarily in blue mussel beds Mytilus
edulis (L.) and shell debris, and also in eelgrass beds
and in filamentous macroalgae. However, lower densities (40 ×) are found in adjacent open sand or mud
(Moksnes 2002). Recent laboratory flume and field
cage experiments have demonstrated that megalopae
avoid open sand habitats and actively select mussel
shell, eelgrass or algal habitats at settlement (Hedvall
et al. 1998, Moksnes 2002). Decreased mortality in the
selected habitats suggests that this behavior is an
adaptation to reduce predation (Moksnes et al. 1998).
Young juvenile crabs are agonistic to each other, and
density-dependent growth, emigration and cannibalism have been demonstrated at naturally occurring
densities (Moksnes 1999). However, it is not known
if or how settlement densities affect the behavior of
settling megalopae. It is also unclear whether food
availability affects habitat selection at settlement.
Recent field studies of larval behavior and settlement
in Swedish shore crabs suggest that many postlarvae
in a late development stage emigrate from their preferred settlement habitats. Experiments using artificial
settlement collectors and larval migration traps indicated that most postlarvae were transient in nursery
areas and emigrated after clinging to the habitats for
about 12 h, although they were only 2 to 3 d from
metamorphosis (Moksnes & Wennhage 2001, Moksnes
2002). These puzzling results are not in accordance
with general settlement models of invertebrate larvae.
They contrast with the ‘settle and stay hypothesis’,
which states that planktonic larvae of seagrass associated fish and crustaceans (including portunid crabs)
will settle into the first seagrass habitat they encounter,
irrespective of quality, because mortality in the plankton is very high (Bell & Westoby 1986). They are also
inconsistent with a settlement model in American lobster Homarus americanus Milne-Edwards, which suggests that postlarvae will permanently settle when
the preferred habitat is encountered, irrespective of
development state (Barshaw & Rich 1997).
In this study, a series of short field and laboratory
experiments were performed to assess physical and
biological factors affecting settlement behavior in
shore crabs. The major objectives were: (1) to test if
tidal phase and light period affect the swimming and
settlement behavior of megalopae; (2) to assess if the
refuge and food quality of the habitat, settlement densities and the development stage of the postlarvae
affect the emigration rate from the habitat and (3) to
explore possible ultimate factors in this apparently
non-adaptive emigration behavior.
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MATERIALS AND METHODS
Field experiments: effect of tidal phase, light period
and water depth. To assess the swimming and settlement behavior in shore crabs, 2 short field experiments
were conducted in a shallow bay next to Kristineberg
Marine Research Station, located in the Gullmarsfjord
on the Swedish west coast (56° 15‘ N, 11° 35‘ E; Fig. 1).
In this area, the Baltic current creates a pycnocline
that is generally found at 15 to 20 m depth with higher
salinity water underneath: summer surface salinity and
temperature normally range from 15 to 30, and 15 to
20°C, respectively (Svansson 1984). Tides in the area
are semidiurnal with small amplitude, normally < 0.3 m
(Moksnes & Wennhage 2001). The water exchange to
shallow bays in the Gullmarsfjord is driven mainly by
density differences (baroclinic circulation), wind, and
large-scale currents along shore, whereas tides are
thought to play a negligible role (Andersson & Rahm
1985, Söderkvist 1997).
A 3 d field experiment was conducted September
6 to 9, 1997 to assess how abundance of shore crab settlers on artificial settlement collectors varied in relation
to tidal phase, light period, and water depth. We used
standardized cylindrical collectors (van Montfrans et
al. 1995) consisting of ‘hogs-hair’ air-conditioning filter
material wrapped around a floating PVC pipe. A
recent evaluation of this technique for shore crabs

Fig. 1. Location of the Gullmarsfjord (western Sweden) and
the shallow bay next to Kristineberg Marine Research Station
(KMRS) where the field experiments were carried out

217

demonstrated that megalopal abundance on collectors
correlates both to water column abundance of postlarvae, and to settlement densities in blue mussel beds
(Moksnes & Wennhage 2001). Replicate collectors
were randomly placed along the 10 m depth curve at
the opening of the shallow bay, either floating at the
water surface or placed 1 m above the bottom (n = 3).
The collectors were immersed for approximately
6.15 h, following the local semidiurnal tides, and collected at expected slack tide between tidal changes.
This resulted in 4 distinct tidal phase/light periods
being sampled each day: (1) morning ebb (before to
after dawn), (2) day flood, (3) evening ebb (before to
after dusk), (4) night flood. At this latitude dawn
occurred approximately from 06:30 to 08:00 h and dusk
from 18:30 to 20:00 h during the experimental period.
The collectors were retrieved by boat, carefully placed
in 30 l buckets, soaked for a minimum of 30 min in
fresh water before being rinsed into a 750 µm sieve,
after which postlarvae and first-instar shore crabs were
identified and enumerated alive.
The experiment was repeated September 14 to 16 in
the same bay when the same tidal/light phase combination was sampled. In this experiment we also performed plankton net tows at the opening of the bay to
assess day-night differences of water column abundance of megalopae, since an effect of light period was
detected in the first experiment. Plankton net tows
were performed with a circular plankton net (250 µm
mesh; 0.5 m2 opening) fitted with a mechanical flowmeter, and towed from a small boat at the surface
across the opening of the bay (approx. 200 m, 6 to 8 min
duration, sampling approx. 100 m3 of water) above the
10 m depth curve. Day and nighttime tows were carried
out between 14:00 and 16:00 h, and 01:00 and 03:00 h,
respectively. Tidal amplitude, water temperature and
salinity, and light intensity (PAR) were constantly measured at Kristineberg Marine Research Station next to
the bay over the course of both experiments.
In each experiment, the number of settlers per collector was used as the dependent variable in a 3-factor,
mixed ANOVA model with tidal/light phase (4 levels,
fixed factor), depth (surface and bottom, fixed factor)
and day (Day 1 to 3, random factor) as independent
variables. Day-night differences in water column
abundance of megalopae from the plankton tows were
assessed in a 2-factor ANOVA model with light phase
(day and night) and day as independent variables, and
number of megalopae per 100 m3 of water as the
dependent variable. Residuals were tested for temporal autocorrelation using a test of serial independence
(Sokal & Rohlf 1995). All data were tested for homoscedasticity with Cochran’s C-test (Sokal & Rohlf 1981)
and log(x + 1)-transformed to meet the assumption of
homogenous variance. A posteriori multiple compar-
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isons were carried out with the Student-Newman
Keuls (SNK) procedure.
Laboratory experiments: effect of habitat quality
and conspecific densities. The field experiments indicated little effect of tidal phase, but a strong effect of
the light period on megalopal swimming and settlement behavior. To further investigate the effect of
light, and also to assess how biological factors affected
settlement and emigration of shore crab megalopae
from natural habitats, 2 laboratory experiments were
conducted during July and August 1998 at Kristineberg Marine Research Station.
General laboratory experimental procedures: Eight
cylindrical flow-through (approx. 3 l min–1) mesocosms
(0.19 m2) with approximately 40 cm water depth above
the sand substratum (total volume = 80 l) were used in
both experiments. Water entered along the tank wall
and left at the surface in the center through a pipe, creating a continuous circular current in the tank (Fig. 2).
Any megalopae swimming randomly in the water column would be swept out through the exit pipe within
30 min and collected in a cup equipped with 750 µm
mesh placed underneath each tank in a water-channel
bath (Fig. 2). This experimental setup was thought to
approximate natural conditions where megalopae that
let go of a substrate and start swimming in the shallow
bays will be quickly transported away from the habitat
and the nursery area. Filtered (750 µm) water was
pumped in from a shallow bay next to the lab at 1 m
depth, and showed natural fluctuations in temperature
and salinity. Three sources of light were used to provide 15 h daylight, 6 h darkness and 1.5 h of dusk
(21:00 to 22:30 h) and dawn (04:30 to 06:00 h), respectively, approximating natural light conditions during
the summer in Sweden. Shore crab megalopae were
collected in the shallow bay next to the station using
migration traps (see Moksnes & Wennhage 2001 for
details) and artificial settlement collectors. At the start

Fig. 2. Experimental setup for the laboratory experiments
showing a mesocosm tank and the water-channel bath with
the cup that collected emigrated megalopae

of each trial, the water supply was stopped and megalopae were carefully introduced to the surface from
0.5 l cups (up to 20 larvae cup–1) until the desired larval
density was reached. At lower megalopal densities,
cups with water only were also used to standardize the
disturbance in all treatments. The megalopae were
allowed to adapt in the tanks for 30 min before the
water supply was started, which denoted the beginning of a trial. All trials were initiated during daylight
hours but at different times, to decouple the effect of
light period from the time of introduction. The cups
under the tanks were checked 30 min after starting,
and before and after dusk and dawn in both experiments. Emigrated megalopae were continuously transferred to 10 l buckets (1 for each experimental tank)
that were standing in water-channel baths to stabilize
temperature. Upon termination of each trial, the water
in each tank was sieved through 750 µm mesh (see
Moksnes et al. 1998 for recovery methods), and all
animals were enumerated live and checked for metamorphosis. The number of missing megalopae was
assumed to reflect cannibalism since losses due to handling during recovery were very low (0 to 3%).
To assess if the development stage differed between
the megalopae that remained in the tanks and the ones
that emigrated, and if the experimental treatments
affected the development rate, 10 megalopae (when
possible) from each tank and bucket were transferred
to separate 0.5 l cups and monitored for metamorphosis rate after each experimental trial. On a daily basis
they were fed Artemia sp. nauplii (only in Expt 2), the
water was changed in the cups and all first-instar crabs
were enumerated and removed, and average time to
metamorphosis (TTM) was calculated for each cup.
Data from either the emigrated or the remaining megalopae from each tank were randomly chosen for the
statistical analysis to meet the assumption of independence between samples.
Expt 1: effect of habitat and food: The effect of habitat and food supply on megalopal settlement and emigration was assessed by using 2 different habitats (blue
mussels and bare sand) in combination with 2 levels of
food (excess of food and no additional food). The blue
mussel habitat consisted of sand and 20 live adult mussels in a tightly packed bed, located in the middle of the
tank. Blue mussels were chosen because shore crab
megalopae actively select this habitat at settlement
(Hedvall et al. 1998, Moksnes 2002) and because mussels provide a significant refuge from predation (Moksnes et al. 1998). The excess of food treatment consisted
of half of a finely chopped blue mussel (shell and digestive gland removed) and approximately 30 000 freezekilled Artemia sp. nauplii (these food sources are readily eaten by megalopae and first-instar crabs). Two
replicates of each of the 4 habitat and food combina-
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tions were assessed in 3 different trials (n = 6), using
megalopal densities (of 60, 40 and 50 megalopae tank–1
and starting times 17:00, 15:00 and 21:00 h, respectively. The trials were run for approximately 40 h. Proportional emigration rate (per 40 h) of megalopae (no.
found emigrated/total no. recovered), proportion of
megalopae that emigrated before the first dusk (no. of
megalopae emigrating before dusk/total no. of megalopae emigrating), proportional loss rate ([no. introduced – no. recovered]/no. introduced; per 40 h), and
proportional metamorphosis rate (no. of first-instar
crabs/total no. of settlers recovered from buckets and
tanks; per 40 h) were used as the dependent variables
in 4 separate 3-factor ANOVA models with habitat,
food and trial as independent variables. The proportion
that emigrated before dusk was analyzed to test if
megalopae emigrate earlier from poor-quality habitats.
TTM was measured in both emigrated (from buckets)
and non-emigrated megalopae (from tanks) that remained at the end of the experiment in the last 2 trials
and analyzed in a 3-factor ANOVA model with settlement behavior (emigrated or stayed), habitat and food
as independent variables, and the trials as replicates.
Average no. of days to metamorphosis per cup was
used as the dependent variable.
Because few megalopae remained in the tanks after
the experiment (on average 4.3 megalopae), lower densities of megalopae were used in the cups from the tanks
compared to the buckets (10 megalopae at all times). A
subsequent analysis of cannibalism in the cups showed
significantly higher rates among the megalopae from the
buckets (19% mortality) compared to megalopae from
the tanks (9% mortality) in both trials (ANOVA, F = 5.0,
df = 1, 27, p < 0.05). Since we were concerned that the
differences in densities used in the TTM experiment and
cannibalism could affect the estimates of TTM (cannibalism likely occurs on newly metamorphosed individuals), a complementary experiment was performed to assess the effect of megalopal densities and food on
metamorphosis rates and cannibalism. Seven densities of
megalopae (1, 2, 4, 8, 16, 32 and 64 megalopae cup–1)
were placed in replicated cups and assessed for TTM as
described earlier, where half were fed Artemia sp. nauplii daily and the other half received no food (n = 4). Time
to metamorphosis and loss rates were analyzed in 2
separate 2-factor ANOVA (mixed) models with megalopal density (random factor) and food treatment as
independent variables.
Expt 2: effect of settlement density: The effect of
megalopal density on settlement and emigration rates
was tested using blue mussels as habitat (12 live adult
mussels) and 4 densities of megalopae (12, 36, 108
and 324 megalopae tank–1; equivalent to approx. 63 to
1705 megalopae m–2), selected to reflect natural density
ranges from low to very high settlement during recruit-

ment (Moksnes 2002). All megalopae were provided
with an excess of food (blue mussel and Artemia sp.).
Three trials were assessed, which started at different
times (16:00, 19:00 and 21:00 h), with 2 replicates of
each density treatment at each trial. These trials were
stopped in the morning after the first night, since Expt 1
demonstrated very little emigration after the first night.
Proportional emigration rate (per 15 h), proportion of
megalopae that emigrated before the first dusk, proportional loss rate (per 15 h), and proportional metamorphosis rate (per 15 h) were used as dependent variables in 4 separate 2-factor (mixed) ANOVA models
with density (random) and trial as independent variables. TTM in remaining megalopae from tanks and
buckets was analyzed in a 2-factor (mixed) ANOVA
model with settlement behavior and density (random)
as independent variables. Since high cannibalism rates
were found in the cups in Expt 1, Artemia sp. nauplii
were given as food in the TTM experiment to reduce
this potential artifact.

RESULTS
Field experiments: effect of tidal phase,
light period and water depth
In the first experiment, abundance of shore crab
settlers on artificial collectors differed significantly between tidal-light phases, but the temporal pattern was
only found on surface collectors causing a significant
tidal-light phase × depth interaction effect (Fig. 3,
Table 1). On surface collectors, densities were significantly higher after the morning ebb and the day flood
(average 65.9 and 71.2 settlers collector–1, respectively)
compared to the evening ebb and night flood samples
(1.3 and 1.7 settlers collector–1, respectively) on all days.
On bottom collectors, densities were low at all times (on
average 0.4 to 0.7 settlers collector–1) and no significant
differences were detected between treatments (SNKtest, p > 0.05). Densities of settlers were significantly
higher on surface collectors compared to bottom collectors in the morning ebb and day flood samples only. The
abundance of shore crab settlers varied significantly between days on surface collectors but not on bottom collectors causing a significant depth × day interaction effect (Table 1). The effect of the tidal-light phase appears
to be an effect of light only, since densities from ebb- and
flood-tide samples were very similar on all days (average
18.4 and 17.2 settlers collector–1, respectively; Fig. 3c).
In the second experiment, the number of shore crab
settlers on the surface collectors were much lower
(average 0.4 collector–1) and none were found on the
bottom collectors (excluding the depth factor from the
analysis). Although a trend of higher densities of set-
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No difference was seen between ebb- and flood-tide
samples (average 0.6 and 0.3 settlers collector–1,
respectively). However, high numbers of megalopae
were caught in the concurrently performed plankton
net tows, but with the opposite temporal pattern; significantly higher densities were sampled at night compared to the day (average 35 and 3.0 megalopae
100 m– 3, respectively) on all days (Fig. 4b, Table 2).
Water surface salinity showed small daily variations
(<1.5 change d–1) and a progressive increase from 23.3
to 25.8 during the 10 d experimental period. Surface
temperature was similarly stable and showed a corresponding decrease from 20.3 to 18°C.

Fig. 3. Carcinus maenas. Field Expt 1: (a) tidal changes in water
level. (b) Mean no. of shore crab settlers (megalopae and firstinstar crabs; +SE, n = 3) on artificial settlement collectors located
either at the surface or close to the bottom (at 9 m depth) and immersed for approximately 6.15 h to sample semidiurnal ebb and
flood tides. Note the different scales used in the surface and bottom graphs. (c) Data pooled from the 3 d experiment for the
4 tidal-light periods sampled each day at the surface

Table 1. Carcinus maenas. Field Expt 1. log(x+1)-transformed
no. settlers (megalopae + first-instars) as a function of tidal-light
phase (morning ebb, day flood, evening ebb, night flood),
depth (bottom, surface), and day (Day 1 to 3). Three-factor
mixed-ANOVA models (*p < 0.05, ***p < 0.001,****p < 0.0001,
ns: p > 0.05)
Source of variation

df

SS

Tidal-light phase (A)
Depth (B)
Day (C)
A×B
A×C
B×C
A×B×C
Residual

3
1
2
3
6
2
6
48

9.59
13.14
0.85
9.15
0.64
0.97
0.25
2.50

F
30.0***
27.0*
8.2***
73.0****
2.0 ns
9.3***
0.8 ns

tlers on the surface collectors in morning ebb and day
flood samples (on average 0.9 and 0.7 settlers collector–1, respectively) compared to evening ebb and
night flood samples (0.2 and 0 settlers collector–1,
respectively) was observed, similar to the first experiment, no significant effect was found (Fig. 4a, Table 2).

Fig. 4. Carcinus maenas. Field Expt 2. (a) Mean no. of shore
crab settlers (megalopae and first-instar crabs; + SE, n = 3)
sampled with artificial settlement collectors during ebb and
flood tides at day and night, located at the surface. (b) Mean
no. of megalopae 100 m– 3 (+ SE, n = 3) collected with surface
plankton net tows during the day and night. Note the different scales used in the 2 graphs

Table 2. Carcinus maenas. Field Expt 2: log(x+1)-transformed
no. settlers on collectors as a function of tidal-light phase and
day. Log(x+1)-tranformed no. megalopae in plankton net tows
as a function of light phase (daylight, night) and day. Twofactor mixed-ANOVA models (****p < 0.0001, ns: p > 0.05)
Source of variation

df

SS

F

Collectors
Tidal-light phase (A)
Day (B)
A×B
Residual

3
2
6
24

0.22
0.06
0.23
0.87

1.9 ns
0.8 ns
1.1 ns

Plankton net
Light phase (A)
Day (B)
A×B
Residual

1
2
2
11

3.64
0.52
0.60
0.87

46.0****
3.3 ns
3.8 ns
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Laboratory experiments — postlarval emigration
Recovery rates of megalopae were high in both
experiments (> 95% on average). Few megalopae were
found dead (< 3% on average). The water flow rate to
each tank was measured at the beginning and at the
end of each experiment. The average flow rate varied
from 1.8 to 3.0 l min–1 but did not differ significantly
between treatments in the 2 experiments (see Tables 3
& 6). Further, no significant correlation was found
between the flow rate and the emigration rate h–1
in each tank (linear regression analysis: p > 0.05;
r2 = 0.02; n = 47), suggesting little linear effect of flow
rate on megalopal emigration in the experiment. Water
temperature and salinity in the mesocosms varied
between 15 and 21 and between 23 and 30°C, respectively, during the 2 experiments.

Expt 1: effect of habitat and food
Over 60% of the megalopae emigrated from the
tanks during the 40 h experiment. Close to 80% of the
total emigration occurred during the night, with a peak
occurring at dusk and early night. Few megalopae
emigrated during the initial daylight hours, and most
of this emigration occurred within the first 30 min of
the experiment. This temporal pattern was found irrespective of experimental treatment or when the experiment was initiated (Fig. 5). Virtually no emigration
occurred after the first night in the last 24 h of the
experiment (<1%), although several live postlarvae
were found in the tanks at the termination of the
experiment (average 3.4 megalopae tank–1).
Proportional emigration rate of megalopae was significantly higher from sand compared to mussel habitats (average 79 and 45%, respectively), irrespective of
food treatment. This habitat effect was significant in all
trials, but emigration rate within habitat treatments
varied between trials causing a significant habitat ×
trial interaction effect (Fig. 6a, Table 3; SNK-test,
p < 0.05). Emigration rates were significantly lower in
habitats with food (average 58%) than in habitats
without food (average 66%) in both habitats, although
the effect of food appeared smaller in sand (Fig. 6a,
Table 3). The proportion of megalopae that emigrated
during daylight was significantly higher from the sand
habitat (average 25%) than from the mussel habitat
(average 15%) indicating that megalopae emigrated
earlier from the sand habitat; no significant effect of
food was found (Fig. 6b, Table 3). Significantly higher
losses of settlers occurred in sand with food (7.0%)
than in mussel with food (1.5%), possibly indicating
cannibalism between settlers in sand. However, no significant differences were found between habitats in
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treatments without food, or between food treatments,
causing a significant habitat × food interaction effect
(Fig. 6c, Table 3; SNK-test, p < 0.05). Proportional
metamorphosis rate at the end of the 40 h experiment
varied significantly between trials and was significantly higher in mussel than in sand treatments (on
average 51% and 41%, respectively) but similar
between food treatments (Fig. 6d, Table 3), indicating
that habitat type, but not food levels, affected the
development TTM. An additional analysis performed
only on the emigrated megalopae showed the opposite
pattern; proportional metamorphosis rate was significantly higher in megalopae emigrating from the sand
treatments than in megalopae from mussel treatments
(average 29% and 19%, respectively; Table 3), indicating that later stage megalopae emigrated from the
sand compared to mussel treatments. No significant
effect of food was found.
TTM in the megalopae that remained at the end of
the last 2 trials was significantly longer in emigrated
megalopae (average 2.2 d) than in the megalopae
recovered from the experimental tanks (average 1.3 d)
in all treatment combinations (Fig. 7, Table 4). No significant effect of habitat or food was detected.

Fig. 5. Carcinus maenas. Laboratory Expt 1: Temporal pattern
of emigration. Mean no. of shore crab megalopae (± SE, n = 8)
that emigrated h–1 from sand and mussel habitats during the
40 h experiment in Trials 1 to 3. Note the different scales used
in the 3 graphs
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nificantly higher in the treatments without food, but
only at the higher densities, causing a significant density × food interaction effect (Table 5; SNK-test, p <
0.05). These results suggest that care should be taken
to use food and low and similar megalopal densities
when estimating TTM in shore crabs to avoid high
rates of cannibalism and biased estimates of metamorphosis rates. Since densities and cannibalistic rates
varied between treatments in the TTM analysis of
Expt 1, the result should be interpreted cautiously.

Expt 2: effect of settlement density
Fig. 6. Carcinus maenas. Laboratory Expt 1:
effect of habitat and
food. (a) Mean proportional emigration rate
(per 40 h) of megalopae,
(b) mean proportion of
the emigration occurring during daylight, (c)
mean proportional loss
of settlers (per 40 h),
and (d) mean proportional metamorphosis
rate (per 40 h) of megalopae (+ SE, n = 6)
in mussel and sand
habitats, with or without an excess of food

On average, 53% of megalopae emigrated from the
tanks during the 12 to 18 h experiment. Emigration
rates were low until dusk when they peaked (average
31% of all emigration occurred during the 1.5 h of simulated dusk) and remained high during the night (89%
of the total emigration occurred at dusk and night).
Proportional emigration rate varied significantly
between trials, but no significant effect of density was
found, although an increasing trend was seen from
12 to 324 megalopae (48 to 62% emigration; Fig. 9a,
Table 6). The proportion of megalopae that emigrated
during daylight increased significantly with larval
density, but only in 2 of the trials, causing a significant
density × trial interaction effect (Fig. 9b, Table 6). This
result indicates that megalopae may leave the habitats
earlier at high conspecific densities. Losses of settlers
were significantly higher (3 to 5%) at densities of 36 to
324 megalopae compared to the lowest density, in
which no loss occurred (Fig. 9c, Table 6), indicating
cannibalism between settlers at high megalopal densities. Proportional metamorphosis rates were low and
similar in the second experiment (average 6 to 13 % in
the 3 different trials) and density treatments did not
significantly affect the total metamorphosis rate or

The complementary cup experiment showed that
TTM and cannibalism increased significantly with
megalopal density (Fig. 8, Table 5). TTM was significantly shorter at megalopal densities 2 and 4 compared
to the higher densities (SNK-test, p < 0.05), whereas
food had no significant effect on metamorphosis rate.
Cannibalistic rates increased significantly with megalopal densities in both food treatments; they were sig-

Table 3. Carcinus maenas. Laboratory Expt 1: effect of habitat and food. Water flow (l min–1), proportional megalopal emigration, proportion of total emigration occurring during daylight, proportional loss of megalopae, proportional metamorphosis rate
of emigrated and remaining megalopae, and proportional metamorphosis rate of emigrated megalopae as a function of habitat
(mussel, sand), food level (surplus of food, no food), and trial (Trials 1 to 3). Three-factor ANOVA models (*p < 0.05, **p < 0.01,
****p < 0.0001, ns: p > 0.05)
Source of
variation

df

Habitat (A)
1
Food (B)
1
Trial (C)
2
A×B
1
A×C
2
B×C
2
A×B×C
2
Residual
12

Water flow

Prop. emigr.

SS

F

SS

F

25.2
4.9
86.4
3.4
5.3
19.8
7.0
126.7

2.2 ns
0.4 ns
3.8 ns
0.3 ns
0.2 ns
0.9 ns
0.3 ns

0.688
0.035
0.513
0.009
0.059
0.012
0.009
0.036

226.9****
11.7**
84.7****
3.1 ns
9.7**
2.0 ns
1.4 ns

Prop. day
emigr.
SS
F
0.054
0.001
0.294
0.003
0.044
0.014
0.004
0.071

9.1*
0.1 ns
24.6****
0.5 ns
3.7 ns
1.2 ns
0.4 ns

Prop. loss
SS

F

0.004
0.001
0.002
0.005
0.001
0.005
0.001
0.010

5.1*
0.6 ns
1.2 ns
6.3*
0.8 ns
2.9 ns
0.9 ns

Prop.
metam. all
SS
F
0.069 11.3**
0.008
1.3 ns
0.058
4.8*
0.000
0.1 ns
0.008
0.6 ns
0.018
1.5 ns
0.005
0.4 ns
0.073

Prop. metam.
emigr.
SS
F
0.058
0.001
0.096
0.000
0.032
0.037
0.020
0.136

5.1*
0.1 ns
4.3*
0.0 ns
1.4 ns
1.7 ns
0.9 ns
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Fig. 7. Carcinus maenas. Laboratory Expts 1 and 2: (a) mean
no. of days to metamorphosis (± SE, n = 3) in megalopae that
emigrated or remained in the habitat tanks

Table 4. Carcinus maenas. Laboratory Expt 1: time to metamorphosis (TTM, d) in megalopae remaining at the end of the
experiment as a function of settlement behavior (emigrated,
stayed), habitat type, and food levels. Three-factor ANOVA
models (***p < 0.001, ns: p > 0.05)
Source of variation
Settlement behavior (A)
Habitat (B)
Food (C)
A×B
A×C
B×C
A×B×C
Residual

df

SS

F

1
1
1
1
1
1
1
8

4.52
0.10
0.04
0.01
0.06
0.00
0.00
1.16

31.3***
0.7 ns
0.3 ns
0.1 ns
0.4 ns
0.0 ns
0.0 ns

regarding metamorphosis rate in the emigrated megalopae (6 to 10% and 0 to 4% at the 4 density treatments, respectively; Fig. 9d, Table 6).
TTM in the megalopae that remained at the end of
the trials was significantly longer in emigrated megalopae (average 2.3 d) than in megalopae recovered
from the experimental tanks (average 1.3 d) in all
treatment combinations (Fig. 7, Table 7). No significant
effect of density was detected. Megalopal densities
were similar and loss rates were low and similar
between tank and bucket treatments (6.7 and 6.6%
loss, respectively) suggesting little experimental artifact from cannibalism in the cups.
To further assess the effect of development stage on
emigration, a simple linear regression analysis was
performed between metamorphosis h–1 and proportional emigration h–1 (dependent variable) in each
treatment combination from both experiments. This
supplementary analysis demonstrated a significant
negative correlation between metamorphosis rate and
emigration rate (F = 13.3, df = 1, 46, p < 0.001, r2 = 0.22;
Fig. 10), although the regression line explained < 23%
of the variation.

Fig. 8. Carcinus maenas. Cup experiment of metamorphosis
and cannibalism. (a) Mean no. of days to metamorphosis, and
(b) mean proportional loss of megalopae (± SE, n = 3) as a
function of megalopal density and food.

DISCUSSION
Both field and laboratory experiments demonstrated
that many shore crab megalopae are associated with
benthic habitats during daylight hours only and actively emigrate at dusk, even from optimal settlement
conditions, to swim in the water column at night. These
results contrast with the ‘settle and stay hypothesis’
(Bell & Westoby 1986) and settlement models in the
Table 5. Carcinus maenas. Laboratory Expt 1: density and
food effects on metamorphosis. Time to metamorphosis
(TTM, d) and proportional cannibalism as a function of
megalopal density (1 to 64 larvae cup–1), and food levels
(food, no food). Two-factor-mixed ANOVA models (*p < 0.05,
***p < 0.001, ****p < 0.0001, ns: p > 0.05)
Source of
variation

df

Density (A)
Food (B)
A×B
Residual

6
1
6
42

TTM
SS
4.69
0.18
0.77
5.63

F
5.82***
1.44 (ns)
0.96 (ns)

Prop. cannibalism
SS
F
0.45
0.33
0.21
0.20

16.0****
9.46*
7.41****
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lowing night. We will argue that: (1) the habitat choice
is determined by the availability of refuges from predation, and less affected by food levels and conspecific
densities; (2) developmental stage is the main factor determining permanent settlement or emigration at dusk,
and not the quality of the habitat; (3) light is the physical factor inducing the temporary settlement and
emigration of postlarvae from benthic habitats in the
Swedish microtidal system, and not cues associated
with tidal changes. We will also propose a settlement
model where diel differences in predation risk between
the settlement habitat and the plankton are the major
ultimate factor in shore crab settlement behavior.

Physical factors affecting settlement behavior
in Swedish shore crabs

Fig. 9. Carcinus maenas. Laboratory Expt
2: effect of settlement
density. (a) Mean proportional emigration
rate (per 15 h), (b)
mean proportion of
the emigration occurring during daylight,
(c) mean proportional
loss of settlers (per
15 h), and (d) mean
proportional
metamorphosis rate (per
15 h) (± SE, n = 6) in
mussel habitats with
food as a function of
megalopal
density

Tides
Tides appeared to have little influence on the swimming and settlement behavior in Swedish shore crabs.
Abundance of shore crab megalopae on artificial settlement collectors did not vary in relation to the tidal
phase, neither on the surface nor on the deep collectors, in spite of a clear tidal variation in the water level
of about 0.3 m. Although the tidal phase could not be
separated from the tidal-light phase assessed, almost
identical numbers of megalopae were collected each
day in the morning ebb and the day flood samples, and
in the evening ebb and night flood samples, suggesting little effect of tides alone.
The larvae of many estuarine animals that develop in
offshore waters use selective tidal stream transport to
disperse from the coast and return to estuarine nursery
areas for settlement (see Forward & Tankersley 2001
for review). Such vertical migration behavior has been
documented for shore crab larvae from mesotidal areas
in Europe. In these areas, shore crab zoea larvae display an inheritable endogenous circatidal migration
rhythm (Zeng & Naylor 1996a,c, Duchêne & Queiroga

American lobster (Barshaw & Rich 1997), which state
that postlarvae will settle into the first settlement habitat they encounter, irrespective of habitat quality and
developmental stage. In shore crabs, settlement is not
an irreversible process after the megalopa has found a
settlement habitat, but involves 2 separate behavioral
components: (1) the selection of a benthic habitat during the day, (2) the choice to stay or emigrate the fol-

Table 6. Carcinus maenas. Laboratory Expt 2: effect of settlement density. Water flow (l min–1), proportional megalopal emigration,
proportion of total emigration occuring during daylight, proportional loss of megalopae (angular-transformed), proportional metamorphosis rate of emigrated and remaining megalopae and proportional metamorphosis rate of emigrated megalopae as a function
of megalopal density (12 to 324 larvae tank–1), and trial (Trials 1 to 3). Two-factor mixed ANOVA models (**p < 0.01, ****p < 0.0001,
ns: p > 0.05)
Source of
variation

df

Density (A) 3
Trial (B)
2
A×B
6
Residual
12

Water flow

Prop. emigr.

SS

F

SS

F

157.8
20.6
73.1
447.2

1.4 ns
0.9 ns
0.3 ns

0.063
0.442
0.107
0.115

2.2 ns
12.4**
1.9 ns

Prop. day
emigr.
SS
F
0.048
0.053
0.040
0.006

Prop. loss
SS

30.8**** 0.173
4.0 ns 0.001
12.7**** 0.033
0.111

F
6.3**
0.1 ns
0.6 ns

Prop.
metam. all
SS
F
0.008
0.024
0.018
0.033

Prop. metam.
emigr.
SS
F

1.0 ns 0.004
4.1 ns 0.007
1.1 ns 0.005
0.012

1.2 ns
3.9 ns
0.8 ns
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Table 7. Carcinus maenas. Laboratory Expt 2: time to metamorphosis (TTM, d) in megalopae remaining at the end of the
experiment as a function of settlement behavior (emigrated,
not emigrated), and settlement density. Two-factor mixedANOVA model (**p < 0.01, ns: p > 0.05)
Source of variation

df

SS

F

Settlement behavior (A)
Density (B)
A×B
Residual

1
3
3
16

7.03
0.58
0.29
4.25

71.5**
0.7 ns
0.4 ns

unpubl. data). Swedish shore crabs could therefore not
use tidally induced changes in salinity and turbulence
as cues for selective tidal transport, such as those
described for blue crab megalopae Callinectes sapidus
Rathbun in meso-tidal areas (Tankersley et al. 1995,
Welch et al. 1999, Welch & Forward 2001). Further,
since the tides are thought to play only a minor role
in coastal water circulation in Sweden (Andersson &
Rahm 1985), vertical migration and clinging to benthic
habitats in phase with local tides would be of little benefit for dispersal and recruitment in this system.

Light

Fig. 10. Carcinus maenas. Laboratory Expts 1 and 2: relationship between the metamorphosis rate h–1 and the proportional emigration rate h–1 of megalopae from all treatments
combined (linear regression analysis, n = 48)

2001), and peak surface abundance and metamorphosis of megalopae occur at local high tide (Zeng &
Naylor 1996b, Zeng et al. 1997, Queiroga 1998). The
lack of a tidal pattern in the present study suggests that
tides do not play an important role in the transport and
settlement of shore crabs on the Swedish west coast.
The present result is consistent with recent laboratory
studies demonstrating a lack of endogenous circatidal
vertical migration rhythms in Swedish shore crab zoea
(Queiroga et al. 2002) and megalopae (T. Reinwald &
P-O. Moksnes, unpubl. data), and is in accordance
with field studies showing that megalopal water column abundance in the Gullmarsfjord does not vary
with the tidal phase (Queiroga et al. 2002). Thus, the
present study supports the suggestion that different
swimming and settlement behavior may exist within
the same species from different tidal environments
(see Queiroga et al. 2002 for further discussion).
The lack of a tidal signal in megalopal settlement
abundance was not surprising considering that the
microtidal conditions on the Swedish west coast do not
produce any predictable changes in current speed or
salinity (Moksnes & Wennhage 2001, P-O. Moksnes

Light appears to be the key physical factor affecting
the temporal pattern of swimming and settlement in
Swedish shore crabs. A clear diel pattern was found in
megalopal abundance both on the collectors and in the
water column, but at opposite phases; significantly
higher densities were found on the collectors in the
morning and in the day compared to the evening and
night samples, whereas plankton-net tows showed significantly higher densities at night compared to the day.
This result suggests that megalopae swim during the
night and cling to benthic habitats during daylight. Although the field data supporting nocturnal swimming
was limited to 6 d in this study, they are consistent with
field studies demonstrating a significant negative correlation between the light intensity and the water column abundance of shore crab megalopal in the Gullmarsfjord (Queiroga et al. 2002). Light has been shown
in numerous studies to affect the swimming behavior of
marine larvae; most display a nocturnal type of diel vertical distribution (see Forward 1988 for review), including shore crab and blue crab megalopae from mesotidal areas, which are more abundant in surface waters
during night flood tides compared to day flood tides
(Forward & Rittschof 1994, Zeng & Naylor 1996b).
The field data in this study also suggest that many
megalopae associated with benthic habitats during the
day reenter the water column to swim as light decreases in the evening. Collectors that were sampled
just before dusk in the first experiment had on average
30 times higher densities of megalopae than collectors
sampled after dusk. A similar, although not significant,
pattern was seen in the second experiment. This result
is consistent with recent field experiments in which
> 80% of megalopae emigrated from artificial collectors immersed for >12 h, presumably during the night
(Moksnes & Wennhage 2001).
This suggestion is supported by the laboratory experiments, which demonstrated that a large proportion of
shore crab megalopae actively emigrate from potential
settlement habitats, and that decreasing light intensity
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was a key factor initiating this behavior. On average,
58% of megalopae emigrated from the experimental
tanks, and 85% of the total emigration occurred at the
simulated dusk and in the early hours of the night, irrespective of habitat quality or when the postlarvae were
introduced to the tanks. The start of emigration at dusk
in the present study appears not to be endogenously
controlled since very little emigration occurred at natural dusk, which occurred approximately 1 h before the
simulated dusk in the laboratory. This is consistent with
studies of shore crabs and blue crabs in meso-tidal
areas where swimming behavior in late-stage megalopae appears to be controlled by exogenous cues
(Tankersley & Forward 1994, Zeng & Naylor 1996b).

Depth
The field data suggest that megalopae settle mainly
in shallow water. Very few megalopae were caught on
the collectors placed at 9 m depth (average 0.3 megalopae collector–1 24 h–1), whereas high numbers of postlarvae were concurrently caught on surface collectors.
Predation probably did not affect this result, since densities of potential predators are very low on the open
mud bottom where the collectors were located (P-O.
Moksnes unpubl. data). Moreover, recent cage experiments performed in shallow nursery areas, where
densities of potential predators are very high, found no
effect of predation on settlement on the collectors
(Moksnes & Wennhage 2001). The low larval densities
on the bottom collectors also appears not to be a result
of the vertical distribution of megalopae since plankton
samples taken with pumps from the surface and at 9 m
depth at the same location showed similar densities of
megalopae (Queiroga et al. 2002). The suggestions that
megalopae actively select to settle at shallow depths is
supported by studies in the British Isles where shore
crab megalopae appear to settle mainly in high intertidal areas (Zeng et al. 1997). The proportion of firstinstar crabs was higher in samples from the bottom collectors compared to the surface collectors (average 38
and 2%, respectively; low numbers of settlers on the
deep samples precluded a statistical analysis), possibly
indicating that megalopae very close to metamorphosis
migrate towards the bottom to find a settlement habitat.

Biological factors affecting emigration
from benthic habitats
Habitat quality
The benthic habitat had a large effect on both the
settlement behavior and the development rate of shore

crab megalopae, where the availability of refuges from
predation appeared to be more important than food
levels. Megalopae emigrated at significantly higher
rates and at an earlier time from unstructured sand
habitats compared to mussel habitats in the laboratory
study (average 79 and 45% emigration, respectively),
irrespective of food levels. Metamorphosis rates among
emigrated megalopae were significantly higher in
megalopae from sand habitats compared to mussel
habitats, suggesting that megalopae emigrated in later
developmental stages from the sand. This result is consistent with earlier laboratory and field experiments
demonstrating that shore crab megalopae avoid open
sand and actively settle in structurally complex habitats (Hedvall et al. 1998, Moksnes 2002) that provide a
refuge from predation (Moksnes et al. 1998). The present study provides further support for the refuge value
of the mussel habitat in demonstrating significantly
lower levels of cannibalism between settlers in mussels
compared to those in the sand habitat, although densities of settlers on average were > 2 times higher in the
former at the end of the experiment.
Interestingly, > 75% of the megalopae that emigrated from sand remained in the habitat until dusk
before doing so, even when no food was present. Thus,
although this result confirms earlier studies of shore
crab habitat preference at settlement, it also suggests
that habitat selection is not necessarily an instantaneous process where a habitat is accepted or rejected
upon encounter, but that it may involve a delay of up to
12 h where the megalopae remain in the rejected habitat for the right light conditions before emigration. This
behavior suggests that there must be a strong selective
force to avoid the plankton during the day, possibly
related to predation or dispersal.
The metamorphosis rate was significantly higher in
postlarvae that had been introduced to mussel habitats
(51% per 40 h) compared to sand habitats (41% per
40 h), irrespective of food levels. Accelerated metamorphosis in response to chemical or structural cues of
the habitat has been demonstrated in many benthic
invertebrate larvae (see review by Pechenik 1990),
including blue crabs (Forward et al. 1994, 1996, Wolcott & De Vries 1994, Brumbaugh & McConaugha
1995, Moksnes et al. 1997). Little is known regarding
exogenous cues affecting the metamorphosis rate in
shore crabs. A recent study demonstrated that shore
crabs from tidal areas display an endogenous circatidal
rhythm of metamorphosis, which appears to be little
affected by salinity, adult cues and the presence of
gravel (Zeng et al 1997). This study is the first to
provide indirect evidence that habitat cues may affect
metamorphosis rate in shore crabs. Megalopae that
were kept in small cups without refuge and food metamorphosed only a few days after postlarvae provided

Moksnes at al.: Settlement behavior in shore crabs

with optimal settlement conditions, suggesting that the
ability of shore crabs to delay metamorphosis is limited
to 1 or 2 d, similar to that found in blue crabs.
Food levels had only a small effect on shore crab settlement behavior. Although emigration rates were significantly higher when food levels were lower, in both
habitats the average effect was small (58 and 66%
emigration at high and low food levels, respectively).
Further, low food levels did not induce earlier emigration, nor did it make megalopae in an earlier developmental stage leave. Food levels also did not have any
effect on the settlers metamorphosis rate. These findings suggest that food levels are less important than
the refuge value of the habitat in shore crab settlement.

Settlement density
Recent studies have demonstrated several important
density-dependent interactions in young juvenile
shore crabs resulting in decreased feeding rates and
growth, increased emigration from nursery habitats
and cannibalism within and between cohorts (Moksnes 1999). This study provides further support for density-dependent cannibalism between settlers, although
this effect was small (0 to 5% mortality 15 h–1) when
assessed under realistic conditions in the mesocosm
tanks. Thus, megalopae that settle in habitats with
low densities of conspecifics should receive a selective
advantage, and therefore may have developed behaviors to avoid or emigrate from habitats with high number of settlers. However, this study provides little
support of this hypothesis. We found only small effects
of conspecific densities on the settlement behavior and
development rates in shore crabs, even though very
high natural settlement densities were assessed (equivalent to over 1700 megalopae m–2). Proportional emigration rates did not increase significantly with megalopal density, although a small trend of increased
emigration was seen (48 to 62%). When testing the
emigration that occurred during the first hours of daylight, a significant density-dependent effect was
found, suggesting that megalopae may leave habitats
earlier at high conspecific densities. However, this
effect was also small and only significant in 2 of the
3 trials.
Proportional metamorphosis rates were not significantly affected by megalopal density when assessed
under realistic conditions in the mesocosm tanks. The
results of the complementary cup experiment should
be interpreted cautiously since the conditions were
highly artificial and the significant effect of megalopal densities could have been affected by densitydependent cannibalism on metamorphosed individuals. Similar results have been found in blue crabs,
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where density-dependent effects on metamorphosis
rates have been reported only in experiments performed in very small containers without any natural
habitats (Forward et al. 1996) or in mesocosm tanks
with sand, but not in tanks with seagrass, their preferred settlement habitat (Moksnes et al. 1997).

Developmental stage
The developmental stage of megalopae appears to
be the key biological factor affecting the emigration
from settlement habitats. Emigrated megalopae were
in a significantly earlier developmental stage, and
metamorphosed on average 1 d later than the megalopae that remained in the tanks. Further, a significant
negative correlation was found between metamorphosis rate and emigration rates even though the data
from all treatments were combined. This correlation
was probably not caused by metamorphosis physically
preventing emigration since most of the emigration
occurred within the first 2 to 6 h of the 15 and 40 h
experiments. The hierarchy of the key factors affecting
postlarval emigration was best seen when contrasting
developmental stage with habitat quality. In the second experiment, almost 50% of the megalopae emigrated from mussel habitats with an excess of food and
low conspecific densities, although the emigrated postlarvae were only 2 to 3 d from metamorphosis, on average. Thus, megalopae appear to emigrate at dusk from
optimal settlement habitats if the postlarvae are > 2 d
from metamorphosis.

Why do postlarvae emigrate?
Although it appears clear that late-stage shore crab
megalopae actively emigrate from settlement habitats
at dusk, it is still puzzling why they exercise this
behavior. There appears to be little selective advantage for a larva to leave an encountered settlement
habitat when it is only a couple of days from metamorphosis and competent to occupy the juvenile habitat,
particularly since it has only a limited ability to delay
molt. Such a behavior would expose the larva to the
supposedly high mortality rates in the plankton and
the risk of not encountering another suitable settlement area before metamorphosis occurs. We will argue
that both risks may be lower than generally perceived,
and that the temporary settlement and emigration in
shore crab postlarvae is an adaptation to reduce predation mortality in postlarvae not ready to metamorphose, while remaining close to nursery areas.
Larval migration towards the bottom during the day
to avoid visual fish predators in the plankton has been
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suggested for many species (see Morgan 1995 for
review), including crab larvae (Cronin & Forward
1986, Tankersley et al. 1995), and the observed temporary daylight settlement in shore crabs may be an
adaptation to reduce this. Moreover, clinging to a benthic habitat will also reduce transport from the shore.
In contrast to planktonic fish predators, benthic crabs
and shrimp are often more active during nighttime,
and predation in shallow coastal habitats is generally
believed to be higher at night (Raffaelli & Hawkins
1996). One of the most abundant predators of shore
crab settlers in shallow nursery areas, the brown
shrimp Crangon crangon L. (Moksnes et al. 1998), has
its peak foraging activity at night (Pihl & Rosenberg
1984). Similarly, cannibalistic juvenile shore crabs display very high consumption rates of settlers during the
night (P-O. Moksnes unpubl. data). The risk of predation may therefore be higher in benthic habitats than
in the plankton at night when visual pelagic predators
are less efficient. Thus, a diel difference in predation
risk between benthic and planktonic habitats may
be the major ultimate factor in shore crab settlement
behavior, and may explain why postlarvae remained in
habitats of poor quality during the day and emigrated
at dusk in this study.
The idea that predation rates should be higher on
postlarvae in settlement habitats compared to the
plankton is not consistent with the conventional wisdom of very high mortality during the planktonic
phase (Thorson 1950, Bell & Westoby 1986). However,
several authors have recently pointed out that data are
not available to support the paradigm that mortality is
higher in the plankton than on the sea floor (Ólafsson
et al. 1994, Morgan 1995, 2001, Underwood & Keough
2001), partly because of the practical difficulties in
measuring planktonic mortality in the field. In contrast,
an increasing number of studies of benthic invertebrates have demonstrated very high mortality rates of
early juvenile stages (see Gosselin & Qian 1997, Hunt
& Scheibling 1997 for review). In shore crabs, predation can cause very high settlement mortality in mussel
beds and other structurally complex habitats (Hedvall
et al. 1998, Moksnes et al. 1998, Moksnes 1999) because small epibenthic predators (mainly cannibalistic
juvenile crabs and shrimp) concentrate in these habitats at high densities (Moksnes 2002). Conservative
estimates from field experiments using cages and
small bays as mesocosms, where larval and juvenile
migration was accounted for, suggest that predation
mortality in nursery habitats during settlement and the
first-instar stage is >15% d–1, on average (Moksnes
2002).
Support for higher mortality at settlement than in the
plankton is provided by a simple life-history mortality
model that calculates an indirect estimate of larval

mortality in Swedish shore crabs using field data of
settlement and post-settlement mortality to backcalculate how many individuals need to settle per
female for 2 offspring to survive to reproduction. These
calculations suggest that approximately 80% of larvae
perish during the larval phase, equivalent to an average instantaneous larval mortality rate of 4% day–1 (PO. Moksnes unpubl. data). This estimate is within the
range of in situ estimates of mortality in decapod zoea
larvae (1.6 to 22%; mean 6.9% mortality d–1; Rumrill
1990) and suggests that settlement is a true bottleneck
in the life-cycle of the shore crab, and that the risk of
being eaten in the settlement habitat may be substantially higher than in the plankton. Thus, it may not be
adaptive for megalopae that are > 2 d from metamorphosis to remain in a benthic habitat during the night
because of the high risk of predation there, even if the
settlement conditions are optimal, and even if they risk
being transported away from any suitable settlement
area. The latter risk may be smaller than generally perceived if shore crab megalopae have behavioral mechanisms in microtidal areas that control their on-shore
transport. For example, larvae that display diel vertical
migration within the water column may be able to
exploit diurnal sea and land breezes to influence their
dispersal (Shanks 1995), which may be a possible
cross-shelf transport mechanism for shore crab larvae
in microtidal systems. These suggestions present testable hypotheses and a challenge for future studies.
Based on the data presented here and in earlier studies (Hedvall et al. 1998, Moksnes 1999, 2002, Queiroga
et al. 2002), and on the assumption of diel differences
in predation risk, we propose the following conceptual
model of settlement in shore crabs: (1) shore crab
megalopae transported by currents to shallow (<1 m)
coastal areas during daylight actively select habitats
over a scale of meters to 10s of meters. Predation risk is
the dominant factor affecting habitat choice, and postlarvae select several structurally complex habitats that
provide refuge from predation, avoiding open sand
and mud, even if the food availability there is good.
Some megalopae that only encounter unstructured
bottom will temporarily settle there until dusk. This
temporary settlement provides a spatial refuge from
visual predators in the plankton and decreases the risk
of being transported away from the coast and suitable
settlement areas. (2) Using decreasing light intensity
as a cue, most megalopae emigrate from habitats at
dusk to swim in the water column colse to the surface
during the night. Developmental stage of the megalopa is the main factor affecting emigration; postlarvae
> 2 d from metamorphosis emigrate, irrespective of
habitat quality. In megalopae that are closer to metamorphosis, remaining in the benthic habitat is affected
by availability of refuges, but is less affected by the
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abundance of food or conspecific postlarvae. The nocturnal swimming behavior provides a spatial refuge
from night-active benthic predators, and a temporal
refuge from visual predators in the plankton. The
megalopae will be transported away from the shore
with the land breeze during the night and will swim in
the neuston until the sea breeze brings them back to
shore and they encounter a shallow habitat in daylight.
(3) The diel pattern of temporary settlement and swimming repeats itself until a megalopa that is < 2 d from
metamorphosis encounters a refuge habitat. The postlarva will then permanently settle and stay up to 2
nights in the habitat until metamorphosis occurs.
It is not known if this settlement model is applicable
to other species or if postlarval emigration is unique to
shore crabs, since few studies of other species have
been designed to detect this behavior. Exceptionally,
blue crab megalopae are believed to temporarily associate with the bottom at ebb tides when exercising
selective flood-tide transport towards nursery habitats
(Tankersley et al. 1995 and references therein). It is not
clear, however, whether blue crab megalopae would
continue this behavior if the preferred settlement habitat was encountered. We encourage further research
with other species to assess if postlarval emigration
from settlement habitats is common in benthic invertebrates. These studies could improve our understanding
of the dynamic processes involved during settlement
and our ability to accurately model habitat use and
recruitment in marine organisms.
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