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Notwithstanding the commercial importance of Lithodes santolla in the southern tip of South America, little is
known about settlement habitat and behavior of their larvae. Such information is relevant for understanding its
life history and for management and development of fishery-stock enhancement programs. The aims of this
study were to determine the natural substrata that larval stages, zoeae and megalopa select for recruitment, and
the effects of megalopa density and diurnal–nocturnal phase on such selection. Different laboratory experiments
with durations of 8 h to 4 weeks were performed in 6-L round containers with their bottoms divided in four equal
portions, each filledwith sand, gravel, cobble and broken shell as substrata. Containers were kept in a cold room at
7.1±0.5 °C and under 12:12 h light and dark photoperiod. Trials began with the release of larvae of different
stages in the center of the containers. After different time periods, proportions of larvae swimming or settled on
each substrate were determined. Larvae selected and settled on natural substrata immediately after being placed
into the containers. Experiments showed that all larval stages (zoeae andmegalopa) preferred complex substrata
such as broken shell, cobble and gravel over sand which was rejected. The megalopa selects the substrate even
during night period. Selection seems to be density-dependent since at the lowest density broken shellwas the pre-
ferred substrate. Selection of complex substrata (i.e. mussel beds and/or shell fragments in nature) by all larval
stages, even as early as the first zoea stage, provides a cryptic habitat which may reduce mortality by predation
and/or cannibalism. Knowledge on habitat preference is useful for fishery management and also for assessing
the different habitats in a potential stock enhancement program of southern king crab.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Inmanymarine decapod crustaceans the transition from planktonic
larvae to benthic juveniles plays a key role during recruitment. This
transition involves many factors (e.g. current, tide, salinity, temperature,
settling behavior, cannibalism, predation, or competition) (Fernández
et al., 1993; Forward, 1990; Hasek and Rabalais, 2001; Heck et al.,
2001; Moksnes et al., 2003; Phillips et al., 1991; Stevens, 2003; Sulkin
and Epifanio, 1984; Van Montfrans et al., 2003) which may affect the
recruitment success and reduce significantly the number of individuals
surviving to adulthood (Rabalais et al., 1995; Wahle, 2003; Wahle and
Steneck, 1991). This demographic bottleneck effect is of special rele-
vance for management in species of fishery and aquaculture interest
(Rabalais et al., 1995; Wahle and Steneck, 1991). For example, the
density estimation of young juvenile lobsters is a good indicator of
interannual variations in settlement and is a good proxy of future
harvests (Incze et al., 2003).

Settlement behavior is one of the most important factors affecting
recruitment since it involves the selection of an adequate substrate
that provides shelter and food during the critical early juvenile stages.
ax: +54 2901 430644.

l rights reserved.
Several studies have demonstrated that megalopae actively select
substrate to settle before they metamorphose to the first juvenile
crab (Stevens, 2003; Van Montfrans et al., 2003; Wahle and Steneck,
1992). Such selection can be made on the basis of adult conspecific
presence (e.g. Petrolisthes cinctipes (Randall, 1839); Jensen, 1991,
Petrolisthes laevigatus (Guérin, 1835); Gebauer et al., 2011 and Uca
pugilator (Bosc, 1802); O'Connor, 1993), or in response of chemical
cues which orientate megalopae towards nursery areas (e.g. Callinectes
sapidus Rathbun, 1896; Forward et al., 2003). Also, many studies sug-
gest that megalopae do such selection on the basis of settlement
habitat complexity. For example, the fourth larval stage of the American
lobster Homarus americanus Milne Edwards, 1937 selects rapidly
sheltered habitat such as macroalgal-covered rocks, and delays settle-
ment when sand substrate are offered (Botero and Atema, 1982).
Megalopae of the intertidal Dungeness crab Cancer magister Dana,
1852 settle near shore and select shell habitat over mud (Fernández
et al., 1993). Particularly, megalopae of the red and blue king crabs
(Paralithodes camtschaticus (Tilesius, 1815) and Paralithodes platypus
Brandt, 1850) actively select complex natural substrata (Stevens,
2003; Stevens and Kittaka, 1998; Stevens and Swiney, 2005; Tapella
et al., 2009).

The southern king crab (SKC) Lithodes santolla Molina (1782) is
the most valuable commercial species among the lithodids that
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inhabits the Sub-Antarctic waters of South America. Distribution of
SKC is associated with cold-temperate water, between 4 °C and
12 °C, and commonly occurs at shallow waters south to 41°S. Off
the Pacific coast, L. santolla is distributed south from Chiloé Island
(42°S 74°W) to the Cape Horn (55°S 67°W) including the Straits
of Magellan (53°S 70°W) and fjords around Tierra del Fuego
(Macpherson, 1988). In the Atlantic waters L. santolla has a disjoint
distribution: mainly in the Golfo San Jorge (46°S 66°W) and the
Beagle Channel (54°S 67°W) (Boschi et al., 1992; Lovrich et al., 2002;
Retamal, 2000). The SKC fishery around Tierra del Fuego began during
1920s and 1930s in Chilean and Argentinean waters, respectively
(Guzmán et al., 2004; Vinuesa, 1991). Maximum yields of the Chil-
ean fisheries were at least one order of magnitude higher than in
Argentina: annual landings peaked at 320 t in the Argentinean Beagle
Channel and 2756 t in the Chilean fisheries. After a constant reduction
in landings from the Beagle Channel, in 1994 the fishery for L. santolla
was closed due to overfishing (Lovrich, 1997). The decreasing yields
of L. santolla in both Argentina and Chile also encouraged retaining
the sympatric less valuable species, the stone or false southern king
crab Paralomis granulosa Jacquinot, 1847, which had been considered
a bycatch species at early stages of the fishery. Currently, though
P. granulosa is the main target of the fishery, the catch pressure on
the SKC L. santolla remains high because of its elevated commercial
value in the local and international markets.

L. santolla has an annual reproductive cycle. In late November–early
December and immediately after females molt, mating occurs, oocytes
are fertilized and eggs develop for approximately 9–10 months before
hatching (Lovrich and Vinuesa, 1999; Vinuesa, 1991). Larval hatching
extends for 4–6 weeks (Thatje et al., 2003) and larval development is
completely nonfeeding (endotrophic) (Lovrich et al., 2003) from
hatching to metamorphosis (3 zoea stages followed by a megalopa)
(Campodonico, 1971; McLaughlin et al., 2001). Southern king crab
larvae are absent from plankton samples (Lovrich, 1999) and in lab-
oratory larval rearing they remain associated with the aquarium
bottom (Anger et al., 2004; Calcagno et al., 2004; Vinuesa et al.,
1985), suggesting that they have a strong epibenthic habit. There
are few studies dealing with distribution of early stages of L. santolla
and all revealed that they are associated with 3-dimensional habi-
tats, such as the holdfast of the kelp Macrocystis pyrifera (L.) C.
Agardh, 1820 (Brusca et al., 2000; Cárdenas et al., 2007). Juveniles
of 1.5–13.5 mm carapace length (CL) occur at b40 m depth and set-
tle in passive collectors that were also colonized by sea urchins,
polychaetes and ophiurids (Tapella and Lovrich, 2006).

Despite the commercial importance of SKC L. santolla in the
southern South America, little is known about the settlement hab-
itat and behavior of their larvae. Thus, the aims of this study, as a
part of a stock enhancement program, were to determine whether
SKC larvae (zoea and megalopa stages) exhibit a preference for any
of four natural substrata with different complexity level, which are
commonly found in the distribution depth range of early stages
(Brambatti et al., 1991; Colizza, 1991; Pineda et al., 2002). Two ad-
ditional experiments were done with megalopae to test whether
substrate selection was affected by their density or the schedule (day
and night) at which the trials started.

2. Materials and methods

2.1. Animals captured and maintenance

During August 2006, 25 SKC ovigerous females were caught with
commercial traps in the Beagle Channel at the proximity of Ushuaia
city (54°S 67°W) and were taken to the wet laboratory of the Centro
Austral de Investigaciones Científicas (CADIC). Throughout the two-
month-hatching period, females were maintained in an increasing
temperature regime from 7 to 10 °C, in individual 20-L containers
which were set up in a recycling 3000-L seawater system. Water
quality was maintained with mechanic (20 μm) and biological filters,
and UV-sterilizer. Nitrogen wastes were measured twice a week and
ammonia (NH3/NH4

+), nitrite (NO−2) and nitrate (NO−3) levels
were kept under 0.25, 0.8 and 12.5 mg·l−1, respectively by the re-
placement of ~1000 l of seawater (commonly every ~10 days). Fe-
males were fed ad libitum twice a week with squid (Illex spp.) and
the leftovers were removed the following day.

2.2. Larval cultivation

During the peak of the hatching period (ca. 400–1800 larvae·day−1;
Tapella, unpublished results), stage 1 zoeae (Z1) were collected by si-
phoning with a tube of 10 mm diameter, thus avoiding larval damage.
Massive larval cultivation allowed us to obtain a large number of stage
zoeae 2 and 3 (Z2 and Z3) and megalopae for substrate preference ex-
periments. Larval cultures were performed in a cold room at 7.1±
0.5 °C with 12:12 h dim uniform light (0.5 lx) and dark photoperiod.
Larvae were reared at a density of 30 individuals·l−1 in round con-
tainers of 11.5 l (24×25.5 cm of diameter and height, respectively).
Containers were filled with 10 l of seawater previously filtered to
5 μm and UV-sterilized and aerated continuously to maintain oxygen
at saturation levels and keep larvae suspended in the water column.
Water was changed three times per week (Monday, Wednesday and
Friday) and larvae were not fed since they are lecitotrophic (Lovrich
et al., 2003). Dead larvae were removed every time that water was
changed, and close to each molting stage periods daily observations
were made to determine the occurrence of different larval stages. Sub-
strate selection experiments were performed with freshly hatched Z1,
with Z2 and Z3 that molted in the previous 24 h, and with megalopae
that molted 96 h before the start of the trials.

2.3. Zoea and megalopa substrate preference

In order to determine natural substrate that SKC zoea andmegalopa
stages prefer to settle and whether they redistribute among substrata
over time, two experiments of 24 h and 4 week duration were per-
formed for each zoea stage (Z1, Z2 and Z3) and megalopa, respectively.
Experiments were conducted in 6 L-round containers (22×16 cm of
diameter and height, respectively) with their bottoms divided in four
equal portions by a cross-shaped white plastic sheet of 5 cm height.
Each section of the container was filled with one of the following
natural substrata: 150 cm3 of beach sand (b0.1 cm), 220 g of gravel
(0.1–0.34 cm), 250 g of cobble (0.96–1.9 cm), and 110 g of broken
shells of 0.34–0.96 cm length of several bivalves as mussels Mytilus
chilensis (Hupé, 1854), Perumytilus purpuratus (Lamarck, 1797) and
Aulacomya atra (Molina, 1782) and clams Eurhomalea exalbida
(Chemnitz 1795) and Tawera gayi (Hupé, 1854). Particle size for
each experimental substrate was controlled by sieving. Before setting
up the substrata into round containers, they were rinsed three times
with fresh water to remove naturally occurring organisms and dried
at 50 °C. Substrata were randomly sorted in each portion of the round
container to avoid location effect. The surface of each substrate was
ca. 3–4 cm below the upper lip of the white plastic divider. This design
allowed larvae to settle in any substrate and change among them only
by an actively swimming over dividers. Experiments utilized a total of
40 round containers (4 for each zoea stages and 28 for megalopa) filled
with 5 l of filtered (5 μm) and UV-sterilized seawater. Containers were
randomly distributed in a single rack inside the cold roomwhere larvae
were cultured. During the course of experiments, all containers were
covered with a white plastic sheet in order to avoid any possible exter-
nal perturbation.

Experiments began with the release of 36 larvae belonging to the
corresponding stage in the center of each container at water surface
by means of a pipette. During the course of the experiments four
replicate containers of each larval stage were analyzed by removing
them from the experiments after periods of 24 h, 2, 4, 7, 14, 21 and



Table 1
Lithodes santolla. Results of one-way analyses of variance (ANOVAs) conducted to test
the effect of any possible disturbance on the proportions of settled southern king crab
zoea and megalopa stages at 24 h and 4 days, respectively in containers without
natural bottom. References: F, F-statistic; df, degree of freedom and MS, mean square.
For details on controls treatments see Materials and methods.

Stage Source df MS F P

Zoea 1 24 h 3 67.41 0.599 0.628
Error 12 112.52

Zoea 2 24 h 3 91.45 3.224 0.061
Error 12 28.36

Zoea 3 24 h 3 23.96 0.431 0.735
Error 12 55.60

Megalopa 4 days 3 24.25 1.046 0.408
Error 12 23.19

72 F. Tapella et al. / Journal of Experimental Marine Biology and Ecology 411 (2012) 70–77
28 days (treatments), respectively. Thus, at 24 h period a total of 16
containers were removed (4 of each larval stage), whereas during
the rest of the experiment 4 containers with megalopae were ana-
lyzed at each date.

In order to determine whether phototaxis or any possible external
perturbation but not substrate may affect larval location or settlement
behavior, control round containers were set up for all zoea and mega-
lopa stages. Sixteen containers (4 for each zoea stage and megalopae)
were arranged under same experimental conditions but without sub-
strata. Thus, during the course of the experiment 4 control containers
of each larval stage were removed and analyzed after periods of 24 h
and 4 days for zoea stages and megalopae, respectively.

On each treatment date, swimming larvae were counted in each
container immediately after removing the white plastic cover. Then
water was siphoned down to the divider edge, and live and dead
specimens were recorded in each substrate. Individuals that occurred
on dividers or container walls were recorder as being on “other” sub-
strata. Water in experimental containers was changed once a week by
siphoning down to 1 cm above the divider edge and refilling to 5-L
with filtered and UV-sterilized seawater. To minimize the disturbance,
water change was performed 6 days before larvae were removed and
only in those containers that belonged to 14, 21 and 28 day treatment
periods. Finally, proportions of Z1, Z2, Z3 and megalopae stages either
swimming or settled on each substrata and portion (for experimental
and control containers, respectively) were calculated on the basis of
total animals alive in each round container.

2.4. Effect of megalopa density on substrate preference

In order to determine the effect of megalopa abundance on natu-
ral substrate selection, a 4-day experiment was designed. A total of
16 round containers were used, with 4 densities (18, 36, 72 and
144 megalopae·container−1) replicated 4 times each. All container
bottoms were divided in 4 portions and filled with the same substra-
ta previously described. Containers were filled with seawater and
megalopae released in the center of each container by pipetting.
After 4 days, proportions of megalopae on each substrate and swim-
ming individuals were calculated in the same way as in the previous
experiment. Data used for the density of 36 megalopae·container−1

were those obtained at 4 day period from the previously described
experiment.

2.5. Effect of diurnal and nocturnal periods on megalopa
substrate selection

To determine whether megalopa selection occurs during day or
night periods, two experiments of 8 h duration each were performed
under light and darkness conditions, respectively. Each experiment
was conducted in 12 experimental round containers which were pre-
pared identically as those used for the previous experiments and kept
in the cold room. Experiments started when releasing with a pippette
36 megalopae in the center of each container at 10:00 h and 22:00 h
for diurnal and nocturnal conditions, respectively. Therefore, the
schedule of the experiment intended not to influence the circadian
rhythm of megalopae. Containers were removed by 4 (replicates) at
2, 4 and 8 h periods after larval release and the proportion of megalo-
pae either swimming or settled on each substrate were calculated as
in previously described experiments.

2.6. Data analysis

Proportions of larvae on natural substrata, swimming and settled
on “other” substrate are presented as means±standard errors (SE).
Categories of swimming and settled on “other” substrate were ex-
cluded from the statistic analysis since they produced statistical dif-
ferences without a biological meaning. However, they were used as
qualitative variables and are presented in all figures. Similarly, every
time that larval proportion on a specific substrate was zero in all rep-
licates, statistic analyses were performed excluding these data since
there was no SE to calculate.

Data were arcsine-transformed and assessed for normality and
homogeneity of variances by Kolmogorov–Smirnov and Cochran tests,
respectively (Sokal and Rohlf, 1995). Analyses of variance (one-way
ANOVAs) were performed to determine natural mortality among
larval stages and over time, the preference of larvae for the different
natural substrata and the effect of megalopa density and, nocturnal
and diurnal period conditions on such preference. All analyses were
performed separately for each sampling period and larval density.
Significant differences (Pb0.05) were compared using Tukey post-hoc
test (Sokal and Rohlf, 1995).

3. Results

Natural mortality of SKC larvae during the course of experiments
was low and similar between larval stages and sampling periods. At
24 h sampling period, mortality was statistically similar (ANOVA,
F=0.444, P=0.726) among Z1, Z2, Z3 and megalopa stages, and it
was in average 4.86±3.99%. Likewise, non statistical differences were
observed in the proportion of dead megalopae among sampling
periods of 4 week experiment (ANOVA, F=1.209, P=0.340) or den-
sity treatments (ANOVA, F=1.953, P=0.175). On average, mega-
lopa mortality was 1.49±2.33% and 1.39±1.88% in the 4 week and
density experiments, respectively. Since the number of dead larvae
in all larval stages was low and constant over time, we assumed that
habitat selection experiments were not affected by natural mortality.
Moreover, control treatments showed that larval locations among the
four separated portions were not affected by light or any external
perturbation factors. During all larval stages, proportions of individ-
uals in the four portions without substrata were statistically similar
(Table 1), and swimming animals and larvae settled on “other” sub-
strate were scarce and only present in some larval stages. Larvae set-
tled on “other” substrate were present in all but Z3 stage at 2.1–4.9%,
whereas swimming larvae were only found in Z2 and Z3 stages at
1.4% and 10.4%, respectively.

3.1. Zoea and megalopa substrata preference

Southern king crab larvae selected and settled on natural substrata
immediately (within 24 h) after being placed into the experimental
containers. During the course of substrate selection experiments,
the proportions of swimming and settled larvae on “other” substrate
were low. Particularly, swimming larvae were only found at 24 h in
Z2 and megalopa experiments in a proportion of 4.48±5.27% and
0.71±1.43%, respectively (Figs. 1 and 2). Likewise, larvae settled on
“other” substrata occurred at 0.69–3.38% in Z2 and Z3 trials and in all
megalopa sampling periods (except in 21 days) (Figs. 1 and 2).



Fig. 1. Lithodes santolla. Proportions of southernking crab zoea stages onnatural substrata
after 24 h of being released into the experimental containers. Vertical lines are standard
errors and different letters above bars indicate significant differences at Pb0.05. Note
that swimming individuals and larvae settled on “other” substrate were excluded from
the statistic analyses. For details on substrata see Materials and methods.

Table 2
Lithodes santolla. Results of one-way analyses of variance (ANOVAs) conducted to test
the preference of southern king crab larval stages for natural substrata at different
time-periods. References: F, F-statistic; df, degree of freedom and MS, mean square.
For details on treatments see Materials and methods.

Stage Source df MS F P

Zoea 1 24 h 3 358.39 5.250 0.015
Error 12 68.27

Zoea 2 24 h 3 869.68 12.323 0.001
Error 12 70.58

Zoea 3 24 h 3 382.34 3.180 0.063
Error 12 120.23

Megalopa 24 h 2 175.02 2.865 0.109
Error 9 61.09
2 days 2 187.37 3.097 0.095
Error 9 60.49
4 days 2 223.56 6.403 0.019
Error 9 34.91
7 days 3 1079.90 68.476 b0.001
Error 12 15.77
14 days 2 271.93 10.343 0.005
Error 9 26.29
21 days 2 93.59 9.301 0.006
Error 9 10.06
28 days 3 816.96 27.100 b0.001
Error 12 30.15
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Although slight differences were observed between zoea stages
and megalopae, our experiments showed that all larval stages pre-
ferred complex substrata such as broken shell, cobble and gravel in-
stead of sand (Figs. 1 and 2). During all but early Z3 stages, larvae
settled differentially on natural substrata (Table 2). In Z1 and Z2 ex-
periments, the proportion of larvae on broken shell and cobble were
higher than those observed on gravel and sand (Fig. 1). Particularly
in Z3 proportions of larvae were statistically similar in the four sub-
strata (Table 2), although larvae occurred less frequently in sand
(Fig. 1). In contrast to zoea stages, megalopae were virtually absent
on sand during all but at days 7 and 28, when they occurred at
0.71% and 3.72%, respectively (Fig. 2). Although there were general
non statistic differences on the proportion of megalopae on complex
substrata, broken shell was the most selected substrate compared to
cobble and gravel (Table 2, Fig. 2). According to the proportion of
megalopae on cobble and gravel, both substrata were equally selected
during all observation periods (Table 2, Fig. 2).

3.2. Effect of megalopa density on substrate preference

The substrate preference of L. santolla megalopae was affected by
larval density since a relocation of larvae among substratawas observed
Fig. 2. Lithodes santolla. Proportion of southern king crabmegalopae on natural substrata
at different time-periods after being released into the experimental containers. Vertical
lines are standard errors and different letters above bars indicate significant differences
at Pb0.05. Note that swimming and settled larvae on “other” substrate were excluded
from the statistic analyses. For details on substrata and sampling periods see Materials
and methods.
according to the increase of density. At all densities, megalopae located
differentially on natural substrata (Table 3). Proportion of megalopae
on broken shell was significantly higher than those on cobble, gravel
and sand (Fig. 3). The latter substrate was mostly rejected and megalo-
pae only occurred on sand at low proportions in the two higher densi-
ties (Fig. 3) where swimming larvae were also found at ca. 2–4%. At
the lowest density, broken shell was significantly preferred over cobble
and in turn cobble was significantly preferred over gravel (Table 3), this
being the less preferred substrate before sand, which was virtually
rejected (Fig. 3). In contrast, at the highest density this pattern changed
and gravel and broken shell were significantly preferred over cobble
and sand (Fig. 3).

3.3. Effect of diurnal and nocturnal periods on megalopae
substrata preference

Substrate selection of L. santolla megalopae was not affected by
the time (diurnal or nocturnal) at which the experiment started. Dur-
ing the course of both light and dark experiments, proportions of
megalopae were significantly different among substrata at all obser-
vation periods (Table 4 and Fig. 4). However, even though substrate
selection was not affected by the light condition, results suggest
that selection of complex substrata was slightly more evident under
light than in darkness. Under light, broken shell cobble and gravel
were always significantly preferred over sand (Fig. 4). In contrast, in
darkness sand substrate was equally preferred to at least one of the
complex substrata in all periods (Fig. 4).
Table 3
Lithodes santolla. Results of one-way analyses of variance (ANOVAs) conducted to test the
effect of larval density on the preference of different natural substrata during megalopa
stage. References: F, F-statistic; df, degree of freedom and MS, mean square. For details
on treatments see Materials and methods.

Source df MS F P

18 larvae·container−1 2 1394.00 31.562 b0.001
Error 9 44.16
36 larvae·container−1 2 223.56 6.403 0.019
Error 9 34.91
72 larvae·container−1 3 1159.50 53.556 b0.001
Error 12 21.65
144 larvae·container−1 3 782.40 51.970 b0.001
Error 12 15.05

image of Fig.�2


Fig. 3. Lithodes santolla. Proportion of southern king crabmegalopae on natural substrata
at different densities after 4 days of being released into the experimental containers.
Vertical lines are standard errors and different letters above bars indicate significant
differences at Pb0.05. Note that swimming and settled larvae on “other” substrate
were excluded from the statistic analyses. For details on substrates and sampling periods
see Materials and methods.

Fig. 4. Lithodes santolla. Proportion of southern king crabmegalopae on natural substrata
under diurnal and nocturnal conditions at three different time-periods after being
released into the experimental containers. Vertical lines are standard errors and different
letters above bars indicate significant differences at Pb0.05within each sampling and light
condition group. Note that swimming and settled larvae on “other” substrate were
excluded from the statistic analyses. For details on substrata, light conditions and
sampling periods see Materials and methods.
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4. Discussion

Experiments conducted in this study showed that all larval stages
of the southern king crab L. santolla select natural substrata on the
basis of their complexity. Our results suggest that both zoea and
megalopa stages prefer substrata with a high number of interstitial
spaces such as broken shell, cobble and gravel, instead of flat and
open substrata such as sand. Selection of complex substrata may pro-
vide a cryptic habitat to larvae and first juveniles, and reduces predation
and/or cannibalistic interactions during the early life and critical stages
(e.g. Moksnes et al., 1998; Stevens and Swiney, 2005). This selection
pattern has also been reported for the red and blue king crab P.
camtschaticus and P. platypus, respectively. In these species zoeae are
typically planktonic, and megalopae and first juveniles exhibit a strong
association with complex substrata. Megalopae of P. camtschaticus se-
lect either artificial (mesh) (Stevens and Kittaka, 1998) or biological
substrata as hydroids and red algae (Stevens, 2003), where larvae are
able to grip and hide among small interstitial spaces. Likewise, megalo-
pae and juveniles of P. platypus prefer shell, cobble, or gravel substrata
(Tapella et al., 2009) covered with diatoms, bryozoans and algae
(Armstrong et al., 1985), and avoid sandy habitats (Tapella et al., 2009).

The preference of megalopae for natural complex substrata such
as broken shell gravel and cobble during the 4 weeks of the experi-
ment (Fig. 2), supports the hypothesis that in channels and fjords of
southern South America the recruitment to the early juvenile phase
(2.5 mm CL) occurs at shallow waters. The morphological and sedi-
mentological surveys performed in the Beagle Channel, Magellan Strait
and surrounding fjords suggest that bottom complexity decreases as
depth increases. Mud and sandy-mud sediments are usually found at
greater depths (>60–70 m), whereas bottoms dominated by sandy-
Table 4
Lithodes santolla. Results of one-way analyses of variance (ANOVAs) conducted to test
the effect of diurnal and nocturnal periods on the selection of natural substrata of
megalopa stage. References: F, F-statistic; df, degree of freedom and MS, mean square.
For details on treatments see Materials and methods.

Source df Diurnal Nocturnal

MS F P MS F P

2 h period 3 490.06 7.383 0.005 210.19 3.717 0.042
Error 12 66.37 56.76
4 h period 3 445.29 7.107 0.005 326.94 7.036 0.005
Error 12 62.66 46.47
8 h period 3 448.99 8.212 0.003 667.19 9.250 0.002
Error 12 54.68 72.13
rock and gravel with shell debris are more frequent in shallow
waters (b40 m) (Brambatti et al., 1991; Colizza, 1991; Pineda et al.,
2002). In the Beagle Channel, SKC juveniles of an average size of ca.
6 mm CL occur in passive collectors located at depths of 10 to 40 m
and next to M. pyrifera kelp forests (Tapella and Lovrich, 2006). Par-
ticularly in the Magellan strait, pod aggregations of advanced SKC
juvenile stages (ranging in size from 34 to 75 mm CL) have been
found at shallow waters in the holdfasts and stipes/sporophylls of
M. pyrifera which were distributed in a sandy–rocky embayment
at b5 m depth (Cárdenas et al., 2007).

Our unexpected finding of zoeae selecting complex substrate as
early as in the first stage right after hatching is the first experimental
evidence supporting the hypothesis of benthic and cryptic habitat of
L. santolla larvae (Lovrich, 1999; Vinuesa et al., 1985). The only few
decapod species that have benthic zoea stages are freshwater
shrimps, which also have short larval development and non-feeding
larvae, e.g. Macrobrachium nattereri (Heller, 1862), Macrobrachium
ferreirai Kensley and Walker, 1982, Pseudopalaemon chryseus Kensley
andWalker, 1982, and Palaemonetes ivonicusHolthuis, 1950 (Magalhães
and Walker, 1988). All larval stages of L. santolla are lecithotrophic and
can complete their development without ingestion of external food
(Lovrich et al., 2003). Other lithodids that have lecithotrophic larval
development as Lithodes aequispinus Benedict, 1895, Lithodes maja
(Linnaeus, 1758), and P. granulosa were also reported to be associated
to the bottom in experimental trials (Anger, 1996; Calcagno et al.,
2004; Shirley and Zhou, 1997). Although lecithotrophy in lithodids is
considered as a main adaptation to the deep ocean realm where the
food source is unpredictable (Hall and Thatje, 2009), it may confer an
extra advantage since larvae save energy by avoiding to actively swim
in order to remain in the water column for feeding. In SKC, larval
survival cultured in darkness is higher compared to that under a
photoperiod regime, since larval swimming towards a light source
implies an extra use of energy reserves (yolk) (Paschke et al., 2006).
Consequently, the faster zoeae select substrata for hiding and protecting
from predators, therefore avoiding the excessive consumption of
energetic reserves when swimming, the higher their probability to
survive to the juvenile phase will be.

Additional evidence that supports the strong relationship of L. santolla
larvaewith the benthic habitatwas the ability ofmegalopae to quickly se-
lect natural complex substrata during either diurnal or nocturnal periods.
Our data show that megalopae were able to select complex substrata
within 2 h after being released into containers either during darkness
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or light periods (Fig. 4), suggesting that in nature habitat selection be-
havior of SKC larvae is a continuous process which does not depend
on daylight. This may be relevant for the success of megalopa recruit-
ment since it allows larvae to hide and protect in sheltered substrata
as soon as they find a suitable habitat regardless of light conditions.
Moreover, our findings of zoeae selecting complex substrata rather
than sand within 24 h, along with the their benthic habits and the
reported positive geotaxis of megalopae (Paschke et al., 2006) allow
us to speculate that zoeae could also select appropriate substrata
under darkness, as it occurs in themegalopae. Thus, since SKC hatching
occurs during night (Thatje et al., 2003), the ability of Z1 to select
complex substrata right after hatching would be important to avoid
demersal predators (e.g. Vanella et al., 2007). In P. camtschaticus,
planktonic zoeae ascend in the water column during daylight for
feeding and descend during the night (Shirley and Shirley, 1988, 1989)
as a behavior to avoid nocturnal predators (Stevens and Kittaka, 1998).
Therefore, we hypothesize that the main strategy for predator avoid-
ance in L. santolla larvae is choosing an adequate sheltered substrate
for protection.

The present study suggests that habitat selection of L. santolla
megalopae is a density-dependent process, and in nature mussel beds
and/or shell fragments would be the most suitable nursery habitats.
Nevertheless, other complex habitats such as rocky-gravel bottoms
may also play an important role in settlement, especially when the
shelly habitats become saturated because of high larval arrival. Mussel
bedsmay be advantageous over rocky-gravel bottoms since the organic
matter associated to bivalves, which accumulates in the interstices
between their bodies (Jones et al., 1994; Ragnarsson and Raffaelli,
1999), may also provide a food source to the first juvenile stages.
We hypothesize that if this type of habitat is detected early during the
larval development – rather for its protective conditions since larvae
do not ingest food – animals could remain until their metamorphosis
to the first crab stage, when they start feeding (Anger et al., 2004).
Our results show that broken shell is the most preferred substrate,
and megalopae do not relocate between substrata at least during the
28 day experiment (Fig. 2) when swimming behavior is more frequent
(Gonor and Gonor, 1973; Sotelano et al., in press; Stevens and Swiney,
2005). Likewise, preference for broken shell and avoidance of sand
is even evident at the lowest megalopa density (Fig. 3). As density
increases larvae relocate among substrata, suggesting that the in-
terference competition for space in the nursery habitat may result in
density-dependent movements of megalopae outside the most pre-
ferred habitat. Density-dependent emigration from nursery habitats
has been described as a common and important behavior that reg-
ulates recruitment (Moksnes, 2004 and references therein). For exam-
ple, an increment in the natural density of juvenile Carcinus maenas
crabs results in a higher emigration from mussel substrate, which is
the most preferred habitat (Moksnes, 2004).

The larval choice for adequate bottoms that provide shelter will
also be an adaptive behavior to reduce mortality by cannibalism
inflicted by older conspecifics, either crabs in the first juvenile stages
recently settled or older juveniles (Sotelano et al., in press). Although
intra-specific predation in decapods has been described as a common
behavior among early stages (Daly et al., 2009; Luppi et al., 2001;
Stevens and Swiney, 2005), it seems to be of particular importance
for recruitment to the adulthood phase in L. santolla for several rea-
sons. Laboratory experiments conducted during the intermolt period
of early L. santolla stages have shown high levels of cannibalism, e.g., a
single young-of-the-year crab can consume 5 conspecific larvae in
less than 4 days (Sotelano et al., in press). Different to other king
crab species (P. camtschaticus and P. platypus)whose zoea andmegalopa
stages are planktonic or demersal/benthic, all larval stages of L. santolla
are benthic. Due to both the extended hatching period of SKC, (longer
than the reported 6 weeks; Thatje et al., 2003; Tapella, unpublished
results) and the 60-day duration of larval development (Calcagno
et al., 2004; Tapella, unpublished results), larvae and juveniles of
the same cohort likely share the same habitat and cannibalism can
occur (Sotelano et al., in press). Therefore, the selection of shelter
performed by zoeae as soon as hatching occurs may play an impor-
tant role to avoid potential cannibals.

Since all L. santolla larval stages prefer complex substrata, we hy-
pothesize that ovigerous females may play a key role in the dispersion
and habitat localization for larval recruitment. Dispersion of different
deep-sea lithodids of the genus Lithodes and Paralomis with lecitho-
trophic larvae has been attributed to adult migrations rather than to
currents (Thatje et al., 2005). Planktonic larval transportation to the
recruitment areas depends on the combination of larval behavior
(time of occurrence and depth distribution) and current intensity,
which is significantly lower at the bottom layer by friction (Queiroga
and Blanton, 2005 and references therein). During the course of the
present study, swimming larvae were exceptional in all trials, even in
the control containers devoid of substrate and in the density experi-
ment. At high densities, megalopae were expected to be actively
swimming due to the lack of shelters or competition for vacant spaces.
Hence, since swimming behavior of L. santolla larvae is limited and
currents are weak at the bottom, it is unlikely that at mid to large
geographical scales (>100s meters) they can localize by their own the
appropriate recruitment areas. In contrast, adult SKC females per-
form vertical migrations associated with the reproductive cycle
(Hernández, 1985). During the first part of austral spring (September–
October) just before larval hatching occurs (Lovrich and Vinuesa,
1999; Vinuesa, 1991) females migrate to shallow waters where com-
plex substrata are more widespread, and they return to deeper waters
in December–January after mating (Hernández, 1985). Ovigerous fe-
males of other decapods aggregate in particular bottom types and this
was described as a behavior for larval dispersion, among several other
factors (e.g. Aguilar et al., 2005; Campbell, 1990; Carr et al., 2004;
Darnell et al., 2010; Hill, 1994). Therefore, the larval substrate selection
presented in this work seems to be the end of a complex habitat
selection behavior that probably begins with the migration of oviger-
ous females to locate a suitable habitat before hatching.

Our experimental results presented herein can help to orientate the
search for the early stages of lithodid species in the field. Several studies
that used conventional sampling devices such as nets or trawls failed in
finding larvae or first juvenile stages as occurred with L. santolla (e.g.
Lovrich, 1999). With the knowledge on substrate preference and the
use of the adequate sampling gear as e.g. airlift samplers (Loher and
Armstrong, 2000), future studies should evaluate the distribution of L.
santolla early stages and their natural mortality. Thus, a restocking pro-
gram (provisioning the natural habitats with amassive number of early
juvenile stages) would be a feasible initiative in order to improve the
population numbers of overfished populations.

Acknowledgments

This study was funded by the Argentinean Agencia Nacional de
Promoción Científica y Tecnológica (FONCyT PICT 07–1308) and Con-
sejo Nacional de Investigaciones Científicas y Técnicas (PIPs 0335,
0200 and 0268). The English writing was improved by M. Liljesthrom.
We are grateful to O. Florentín, M. Gutierrez and M. Turus for labora-
tory assistance and J. Ebling for his help in the field.[SS]

References

Aguilar, R., Hines, A.H., Wolcott, T.G., Wolcott, D.L., Kramer, M.A., Lipcius, R.N., 2005.
The timing and route of movement and migration of post-copulatory female blue
crabs, Callinectes sapidus Rathbun, from the upper Chesapeake Bay. J. Exp. Mar.
Biol. Ecol. 319, 117–128.

Anger, K., 1996. Physiological and biochemical changes during lecithotrophic larval
development and early juvenile growth in the northern stone crab, Lithodes
maja (Decapoda: Anomura). Mar. Biol. 126, 283–296.

Anger, K., Lovrich,G.A., Thatje, S., Calcagno, J.A., 2004. Larval andearly juvenile development
of Lithodes santolla (Molina, 1782) (Decapoda: Anomura: Lithodidae) reared at differ-
ent temperatures in the laboratory. J. Exp. Mar. Biol. Ecol. 306, 217–230.



76 F. Tapella et al. / Journal of Experimental Marine Biology and Ecology 411 (2012) 70–77
Armstrong, D.A., Armstrong, J.L., Palacios, R.,Williams, G., Jensen, G.C., 1985. Early life history
of juveniles blue king crab, Paralithodes platypus, around the Pribilof Islands. Proceedings
of the International King Crab Symposium. University of Alaska Sea Grant, Anchorage,
AK, USA, pp. 211–230.

Boschi, E.E., Fischbach, C.E., Iorio, M.I., 1992. Catálogo ilustrado de los crustáceos estoma-
tópodos y decápodosmarinos de Argentina. FrenteMarítimo. (Montevideo, Uruguay)
10, 7–94.

Botero, L., Atema, J., 1982. Behavior and substrate selection during larval settling in the
lobster Homarus americanus. J. Crustac. Biol. 2, 59–69.

Brambatti, A., Fontolan, G., Simeoni, U., 1991. Recent sediments and sedimentological
processes in the Strait of Magellan. Boll. Oceanol. Teor. Applic. 9, 217–259.

Brusca, M., Lovrich, G.A., Romero,M.C., Calcagno, J.A., Tapella, F., 2000. Efectos del corte del
dosel de Macrocystis pyrifera (Phaeophyta) sobre la fauna asociada a su grampón de
fijación. IV Jornadas Nacionales de Ciencias del Mar. CENPAT-CONICET, UNPSJB,
Puerto Madryn, Argentina, p. 44.

Calcagno, J.A., Anger, K., Lovrich, G.A., Thatje, S., Kaffenberger, A., 2004. Larval development
of the subantarctic king crabs Lithodes santolla and Paralomis granulosa reared in the
laboratory. Helgol. Mar. Res. 58, 11–14.

Campbell, A., 1990. Aggregations of berried lobsters (Homarus americanus) in shallow
waters off Grand Manan, eastern Canada. Can. J. Fish. Aquat. Sci. 47, 520–523.

Campodonico, I., 1971. Desarrollo larval de la centolla Lithodes antarctica Jacquinot en
condiciones de laboratorio (Crustacea Decapoda, Anomura: Lithodidae). An. Inst.
Pat. (Punta Arenas, Chile) 2, 181–190.

Cárdenas, C.A., Cañete, J.I., Oyarzún, S., Mansilla, A., 2007. Podding of juvenile king crab
Lithodes santolla (Molina, 1782) (Crustacea) in associationwith holdfasts ofMacrocystis
pyrifera (Linnaeus) C. Agardh, 1980. Invest. Mar. Valparaíso 35, 105–110.

Carr, S.D., Tankersley, R.A., Hench, J.L., Forward, R.B., Leuttich, R.A., 2004. Movement
patterns and trajectories of ovigerous blue crabs Callinectes sapidus during the
spawning migration. Estuar. Coast. Shelf Sci. 60, 567–579.

Colizza, E., 1991. Preliminary report on coastal morphology and sea-bottom sediment of
the Canales Beagle, Ballenero, Brecknock, Cockburn, and Magdalena. Boll. Oceanol.
Teor. Applic. 9, 273–279.

Daly, B., Swingle, J.S., Eckert, G.L., 2009. Effects of diet, stocking density, and substrate on
survival and growth of hatchery-cultured red king crab (Paralithodes camtschaticus)
juveniles in Alaska, USA. Aquaculture 293, 68–73.

Darnell, M., Rittschof, D., Forward, R., 2010. Endogenous swimming rhythms underlying
the spawning migration of the blue crab, Callinectes sapidus: ontogeny and variation
with ambient tidal regime. Mar. Biol. 157, 2415–2425.

Fernández, M., Iribarne, O., Armstrong, D., 1993. Habitat selection by young-of-the-year
Dungeness Crab Cancer magister and predation risk in intertidal habitats. Mar. Ecol.
Prog. Ser. 92, 171–177.

Forward Jr., R.B., 1990. Behavioral responses of crustaceans larvae to rates of temperature
change. Biol. Bull. 178, 195–204.

Forward Jr., R.B., Tankersley, R.A., Smith, K.A., Welch, J.M., 2003. Effects of chemical cues on
orientation of blue crab, Callinectes sapidus, megalopae in flow: implications for location
of nursery areas. Mar. Biol. 142, 747–756.

Gebauer, P., Freire, M., Barria, A., Paschke, K., 2011. Effect of conspecifics density on the
settlement of Petrolisthes laevigatus (Decapoda: Porcellanidae). J. Mar. Biol. Assoc.
UK 91, 1453–1458.

Gonor, S.L., Gonor, J.J., 1973. Feeding, cleaning, and swimming behavior in larval stages
of porcellanid crabs (Crustacea: Anomura). Fish. Bull. 71, 225–234.

Guzmán, L., Daza, E., Canales, C., Cornejo, S., Quiroz, J.C., González, M., 2004. Estudio
biológico pesquero de centolla y centollón en la XII Región. Informe Final, Proyecto
FIP 2002–15. Instituto de Fomento Pesquero, IFOP, Chile. 130 pp.

Hall, S., Thatje, S., 2009. Global bottlenecks in the distribution of marine Crustacea:
temperature constraints in the family Lithodidae. J. Biogeogr. 36, 2125–2135.

Hasek, B.E., Rabalais, N.N., 2001. Settlement patterns of brachyuran megalopae in a
Louisiana Estuary. Estuaries 24, 796–807.

Heck Jr., K.L., Coen, L.D.,Morgan, S.G., 2001. Pre- andpost-settlement factors as determinants
of juvenile blue crab Callinectes sapidus abundance: results from the North-central Gulf
of Mexico. Mar. Ecol. Prog. Ser. 222, 163–176.

Hernández, M.B., 1985. Southern king crab, Lithodes antarctica, of the Magellan Region,
Chile. Proccedings of the International King Crab Sympoisum. University of Alaska
Sea Grant, Anchorage, AK, USA, pp. 231–247.

Hill, B.J., 1994. Offshore spawningby the portunid crab Scylla serrata (Crustacea: Decapoda).
Mar. Biol. 120, 379–384.

Incze, L.S., Wolff, N., Wahle, R.A., 2003. Can scientific observations of early life stages be
scaled up to the level of a fished population? A case study using Homarus americanus.
Fish. Res. 65, 33–46.

Jensen, G.C., 1991. Competency, settling behavior, and postsettlement aggregation by por-
celain crab megalopae (Anomura: Porcellanidae). J. Exp. Mar. Biol. Ecol. 153, 49–61.

Jones, C.G., Lawton, J.H., Shachak, M., 1994. Organisms as ecosystem engineers. Oikos
69, 373–386.

Loher, T., Armstrong, D.A., 2000. Effects of habitat complexity and relative larval supply on
the establishment of early benthic phase red king crab (Paralithodes camtschaticus
Tilesius, 1815) populations in Auke Bay, Alaska. J. Exp. Mar. Biol. Ecol. 245, 83–109.

Lovrich, G.A., 1997. La pesquería mixta de centollas Lithodes santolla y Paralomis granulosa
(Anomura: Lithodidae) en Tierra del Fuego, Argentina. Invest. Mar. Valparaíso 25, 41–57.

Lovrich, G.A., 1999. Seasonality of larvae of Brachyura andAnomura (Crustacea, Decapoda)
in the Beagle Channel, Argentina. Sci. Mar. 63, 347–354.

Lovrich, G.A., Vinuesa, J.H., 1999. Reproductive potential of the lithodids Lithodes
santolla and Paralomis granulosa in the Beagle Channel, Argentina. Sci. Mar. 63,
355–360.

Lovrich, G.A., Perroni, M., Vinuesa, J.H., Tapella, F., Chizzini, A.C., Romero, M.C., 2002.
Occurrence of Lithodes confundens (Decapoda: Anomura) in the intertidal of the
Southwestern Atlantic. J. Crustac. Biol. 22, 894–902.
Lovrich, G.A., Thatje, S., Calcagno, J.A., Anger, K., Kaffenberger, A., 2003. Changes in biomass
and chemical composition during lecithotrophic larval development of the southern
king crab, Lithodes santolla (Molina). J. Exp. Mar. Biol. Ecol. 288, 65–79.

Luppi, T.A., Spivak, E.D., Anger, K., 2001. Experimental studies on predation and cannibalism
of the settlers of Chasmagnathus granulata and Cyrtograpsus angulatus (Brachyura:
Grapsidae). J. Exp. Mar. Biol. Ecol. 265, 29–48.

Macpherson, E., 1988. Revision of the family Lithodidae Samouelle, 1819 (Crustacea,
Decapoda, Anomura) in the Atlantic Ocean. Monogr. Zool. Mar. 2, 9–153.

Magalhães, C., Walker, I., 1988. Larval development and ecological distribution of Central
Amazonian palaemonid shrimps (Decapoda, Caridea). Crustaceana 55, 279–292.

McLaughlin, P.A., Anger, K., Kaffenberger, A., Lovrich, G.A., 2001. Postlarval development in
Lithodes santolla (Molina) (Decapoda: Anomura: Paguroidea: Lithodidae), with notes
on zoeal variations. Invertebr. Reprod. Dev. 40, 53–67.

Moksnes, P.-O., 2004. Interference competition for space in nursery habitats: density-
dependent effects on growth and dispersal in juvenile shore crabs Carcinus maenas.
Mar. Ecol. Prog. Ser. 281, 181–191.

Moksnes, P.-O., Pihl, L., Van Montfrans, J., 1998. Predation on postlarvae and juveniles
of the shore crab Carcinus maenas: importance of shelter, size and cannibalism.
Mar. Ecol. Prog. Ser. 166, 211–225.

Moksnes, P.-O.,Hedvall, O., Reinwald, T., 2003. Settlement behavior in shore crabs Carcinus
maenas: why do postlarvae emigrate from nursery habitats?Mar. Ecol. Prog. Ser. 250,
215–230.

O'Connor, N.J., 1993. Settlement and recruitment of the fiddler crabs Uca pugnax and U.
pugilator in a North Carolina, USA, Salt Marsh. Mar. Ecol. Prog. Ser. 93, 227–234.

Paschke, K., Gebauer, P., Hausen, T., 2006. Cultivation of Lithodes santolla in Chile: advances
in the last six years usingmultiple apporches in PuertoMontt, Chile. Proceeding of the
Alaska Crab Stock Enhancement and Rehabilitation. Alaska Sea Grant College Program,
University of Alaska Fairbanks, Kodiak, AK, USA, pp. 65–69.

Phillips, B.F., Pearce, A.F., Litchfield, R.T., 1991. The Leeuwin Current and larval recruitment to
the rock (spiny) lobster fishery off Western Australia. J. R. Soc. West. Aust. 74, 93–100.

Pineda, V.M., Contardo, X.B., Alfaro, G.H., Helle, S.J., 2002. Caracterización textural,
mineralógica y geoquímica de los sedimentos del Canal Beagle y Bahía Nassau,
XII Región de Magallanes, Chile. Crucero CIMAR-FIORDO 3. Cienc. Tecnol. Mar.
25, 5–21.

Queiroga, H., Blanton, J., 2005. Interaction between behaviour and physical forcing in
the control of horizontal transport of Decapod Crustacean larvae. Adv. Mar. Biol.
47, 107–214.

Rabalais, N.N., Burditt, F.R., Coen, L.D., Cole, B.E., Eleuterius, C., Heck, K.L., McTigue, T.A.,
Morgan, S.G., Perry, H.M., Truesdale, F.M., Zimmer-Faust, R.K., Zimmerman, R.J.,
1995. Settlement of Callinectes sapidus megalopae on artificial collectors in four
Gulf of Mexico estuaries. Bull. Mar. Sci. 57, 855–876.

Ragnarsson, S.Á., Raffaelli, D., 1999. Effects of themusselMytilus edulis L. on the invertebrate
fauna of sediments. J. Exp. Mar. Biol. Ecol. 241, 31–43.

Retamal, M.A., 2000. Decápodos de Chile. World Biodiveristy Database. CD-ROM Series.
ETI-UNESCO.

Shirley, S.M., Shirley, T.C., 1988. Behavior of red king crab larvae: phototaxis, geotaxis
and rheotaxis. Mar. Behav. Physiol. 13, 369–388.

Shirley, S.M., Shirley, T.C., 1989. Interannual variability in density, timing and survival of
Alaskan red king crab Paralithodes camtschatica larvae. Mar. Ecol. Prog. Ser. 54, 51–59.

Shirley, T.C., Zhou, S., 1997. Lecithotrophic development of the golden king crab
Lithodes aequispinus (Anomura: Lithodidae). J. Crustac. Biol. 17, 207–216.

Sokal, R.R., Rohlf, F.J., 1995. Biometry, the Principles and Practice of Statistics in Biological
Research. W.H. Freeman and Co., N.Y. New York. 887 pp.

Sotelano, M.P., Lovrich, G.A., Romero, M.C., Tapella, F., in press. Cannibalism during
intermolt period in early stages of the Southern King Crab Lithodes santolla
(Molina 1872): effect of stage and predator–prey proportions. J. Exp. Mar.
Biol. Ecol. doi:10.1016/j.jembe.2011.10.029.

Stevens, B.G., 2003. Settlement, substratum preference, and survival of red king crab
Paralithodes camtschaticus (Tilesius, 1815) glaucothoe on natural substrata in the
laboratory. J. Exp. Mar. Biol. Ecol. 283, 63–78.

Stevens, B.G., Kittaka, J., 1998. Postlarval setting behavior, substrata preference, and
time to metamorphosis for red king crab Paralithodes camtschaticus. Mar. Ecol.
Prog. Ser. 167, 197–206.

Stevens, B.G., Swiney, K.M., 2005. Post-settlement effects of habitat type and predator
size on cannibalism of glaucothoe and juveniles of red king crab Paralithodes
camtschaticus. J. Exp. Mar. Biol. Ecol. 321, 1–11.

Sulkin, S.D., Epifanio, C.E., 1984. A conceptual model for recruitment of the blue crab
Callinectes sapidus Rathburn, to estuaries of the middle Atlantic Bight. In: Jamieson,
G.S., Bourne, N. (Eds.), North PacificWorkshop on Stock Assessment andManagement
of Invertebrates: Can. Spec. Publ. Fish. Aquat. Sci. , pp. 117–123.

Tapella, F., Lovrich, G.A., 2006. Asentamiento de estadios tempranos de las centollas
Lithodes santollay Paralomis granulosa (Decapoda: Lithodidae) en colectores artificiales
pasivos en el Canal Beagle, Argentina. Invest. Mar. Valparaíso 34, 47–55.

Tapella, F., Romero, M.C., Stevens, B.G., Buck, C.L., 2009. Substrate preferences and
redistribution of blue king crab Paralithodes platypus glaucothoe and first crab
on natural substrates in the laboratory. J. Exp. Mar. Biol. Ecol. 372, 31–35.

Thatje, S., Calcagno, J., Lovrich, G., Sartoris, F., Anger, K., 2003. Extendedhatching periods in
the subantarctic lithodid crabs Lithodes santolla and Paralomis granulosa (Crustacea:
Decapoda: Lithodidae). Helgol. Mar. Res. 57, 110–113.

Thatje, S., Hillenbrand, C.-D., Larter, R., 2005. On the origin of Antarctic marine benthic
community structure. Trends Ecol. Evol. 20, 534–540.

Van Montfrans, J., Clifford, H.R., Orth, R.J., 2003. Substrate selection by blue crab Calli-
nectes sapidus megalope and first juvenile instars. Mar. Ecol. Prog. Ser. 260, 209–217.

Vanella, F., Fernández, D.A., Romero,M.C., Calvo, J., 2007. Changes in thefish fauna associated
with a sub-Antarctic Macrocystis pyrifera kelp forest in response to canopy removal.
Polar Biol. 30, 449–457.



77F. Tapella et al. / Journal of Experimental Marine Biology and Ecology 411 (2012) 70–77
Vinuesa, J.H., 1991. Biología y pesquería de la centolla (Lithodes santolla). Atlantica, Rio
Grande 13, 233–244.

Vinuesa, J.H., Ferrari, L., Lombardo, R.J., 1985. Effect of temperature and salinity on larval
development of southern king crab (Lithodes antarcticus). Mar. Biol. 85, 83–88.

Wahle, R.A., 2003. Revealing stock-recruitment relationships in lobsters and crabs: is
experimental ecology the key? Fish. Res. 65, 3–32.
Wahle, R.A., Steneck, R.S., 1991. Recruitment habitats and nursery grounds of the
American lobster Homarus americanus: a demographic bottleneck? Mar. Ecol.
Prog. Ser. 69, 231–243.

Wahle, R.A., Steneck, R.S., 1992. Habitat restrictions in early benthic life: experiments
on habitat selection and in situ predation with the American lobster. J. Exp. Mar.
Biol. Ecol. 157, 91–114.


	Experimental natural substrate preference of southern king crab Lithodes santolla larvae
	1. Introduction
	2. Materials and methods
	2.1. Animals captured and maintenance
	2.2. Larval cultivation
	2.3. Zoea and megalopa substrate preference
	2.4. Effect of megalopa density on substrate preference
	2.5. Effect of diurnal and nocturnal periods on megalopa substrate selection
	2.6. Data analysis

	3. Results
	3.1. Zoea and megalopa substrata preference
	3.2. Effect of megalopa density on substrate preference
	3.3. Effect of diurnal and nocturnal periods on megalopae substrata preference

	4. Discussion
	Acknowledgments
	References


