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Abstract. Shelter-seeking behaviors are vital for survival
for a range of juvenile benthic organisms. These behaviors
may be innate or they may be affected by prior experience.
After hatching, American lobsters Homarus americanus likely
first come into contact with shelter during the late postlarval
(decapodid) stage, known as stage IV. After the subsequent
molt to the first juvenile stage (stage V), they are entirely ben-
thic and are thought to be highly cryptic. We hypothesized
that postlarval (stage IV) experience with shelter would carry
over into the first juvenile stage (stage V) and reduce the time
needed for juveniles to locate and enter shelters (sheltering).
We found some evidence of a carryover effect, but not the
one we predicted: stage V juveniles with postlarval shelter ex-
perience took significantly longer to initiate sheltering. We
also hypothesized that stage V juveniles would demonstrate
learning by relocating shelters more quickly with immediate
prior experience. Our findings were mixed. In a maze, juve-
niles with immediate prior experience were faster to regain vi-
sual contact with shelter, suggesting that they had learned the
location of the shelter. In contrast, there was no significant ef-
fect of immediate prior experience on time to initiate shelter-
ing in an open arena, or in the maze after juveniles had re-
gained visual contact. We conclude that very young (stage V)
juvenile lobsters modify their shelter-seeking behavior based
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on prior experiences across several timescales. Ecologically
relevant variation in habitat exposure among postlarval and
early juvenile lobsters may influence successful recruitment
in this culturally and commercially important fishery species.

Introduction

Most benthic organisms are vulnerable to predators through-
out their life histories, and particularly during their early de-
velopment. Classes of vulnerable size often rely on shelters
for protection from predators, and limited availability of hab-
itat refugia may cause demographic bottlenecks (Werner and
Gilliam, 1984). Therefore, shelter-seeking behaviors may be
critical during settlement and the early juvenile stages.

Shelter-seeking behaviors have been documented for a
wide range of juvenile organisms, from reef fish (Shulman,
1985) to crayfish (Figler et al., 1999). Commercially impor-
tant fishery species such as the Nassau grouper Epinephelus
striatus (Dahlgren and Eggleston, 2000), Caribbean spiny lob-
ster Panulirus argus (Eggleston and Lipcius, 1992), New Zea-
land rock lobster Jasus edwardsii (Butler et al., 1999), stone
crab Menippe mercenaria (Beck, 1995), and American lob-
ster Homarus americanus (Wahle and Steneck, 1992) are
all highly mobile as pelagic larvae and as adults, but are shelter-
restricted as early juveniles. Understanding how shelter-seeking
behaviors vary across a species’ life history and how early ju-
veniles find shelter may be critically important to the conser-
vation and management of important fisheries species such
asH. americanus (Botero andAtema, 1982;Wahle andSteneck,
1992).

The American lobster Homarus americanus is a commer-
cially important crustacean with a planktotrophic larval stage
that can last for several weeks. It exhibits shelter-seeking be-
havior in late larval stages (Botero and Atema, 1982) and
throughout its benthic life history, from foraging juvenile
(Lawton, 1987; Rossong et al., 2011) to mating adult (Cowan
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102 S. R. BAYER ET AL.
and Atema, 1990; Hovel andWahle, 2010). Shelter limitation
may have important demographic consequences for adult lob-
sters (Karnofsky et al., 1989; Steneck, 2006), and has been
suggested as a potential demographic bottleneck for juveniles
in the Gulf of Maine (Wahle and Steneck, 1991). Behavioral
observations suggest that initial shelter-seeking behavior dur-
ing settlement is innate (Botero andAtema, 1982), while shelter-
seeking behavior after settlement in the context of shelter
relocation or other post-settlement movements may be influ-
enced by prior experiences.

Homerus americanus larvae and postlarvae in the field are
typically found in the upper portion of the water column, re-
gardless of the time of day (Harding et al., 1987; Annis,
2005). Young postlarvae display photopositive behavior in
the laboratory, while older postlarvae appear to be photoneg-
ative (Hadley, 1905; Botero andAtema, 1982). Adult lobsters
typically are also photonegative (Karnofsky et al., 1989). All
negative phototactic behavioral patterns of early benthic-
stage juveniles are based on observations of hatchery-reared
lobsters, either in the laboratory, natural aquaria, or in the wild
(Ennis, 1973; Botero and Atema, 1982; Cobb et al., 1989). In
laboratory studies, photonegativity may be confounded with
shelter seeking because shelters appear dark.

The juvenile stage ofH. americanus is thought to be largely
shelter-restricted to avoid demersal fish predators (Barshaw
and Lavalli, 1988; Wahle and Steneck, 1992; reviewed in
Lawton and Lavalli, 1995). Highlighting the importance of
shelter in H. americanus, Nielsen and McGaw (2016) found
that juveniles (15–27 mm carapace length [CL]) prioritized
shelter over ideal temperature regimes and food availability.
Wahle (1992) demonstrated that in the presence of a preda-
tory fish,H. americanus juveniles display an ontogenetic shift
in behavior, from hiding at ~5 mm CL to showing aggressive
displays at larger sizes (CL ~40mm). Similarly, Rossong et al.
(2011) showed that juvenile lobsters with CL < 35 mm in-
creased sheltering behavior in response to predatory crabs,
while juveniles with CL > 35 mm were unaffected. Juvenile
lobsters typically reach 5 mm CL within their first year of
life (Wahle and Incze, 1997), suggesting that very young ju-
veniles should be the most cryptic and show the strongest
shelter-seeking behaviors.

Spatial learning has been demonstrated in a wide range of
mobile benthic crustaceans (Vannini and Cannicci, 1995),
and there is some evidence of spatial learning during long-
distance homing behavior in adult H. americanus (Pezzack
and Duggan, 1986; Karnofsky et al., 1989). One-year-old juve-
nile European lobsters Homarus gammarus exposed to shel-
ter can locate and settle into shelter more quickly than inexpe-
rienced juveniles (van der Meeren, 2001). However, spatial
learning and navigation have not been studied in H. amer-
icanus juveniles or, to our knowledge, in any decapod at very
young (< 1 y) juvenile stages.

Homerus americanus postlarvae (stage IV) (Botero and
Atema, 1982) and at early juvenile stages (Johns and Mann,
This content downloaded from 128.
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1987; Wahle and Steneck, 1992) are selective about habitat,
preferring cobble and macroalgae to sand, consolidated mud,
and gravel (Cooper and Uzmann, 1980; Wahle et al., 2009);
but they are remarkably efficient in making burrows in mud
if it is the only available substrate (Botero and Atema, 1982).
In the Gulf of Maine, settlement density is highest in shallow
subtidal cobble habitats (Wahle and Steneck, 1992; Incze et al.,
1997; Wahle and Incze, 1997). However, these habitats are
relatively rare (11% of 60.2 km of shoreline) in mid-coast
Maine (Wahle and Steneck, 1991). Given the limited avail-
ability of habitat, crowding and competition for shelter are
likely during early juvenile life.

Larval experiences affect juvenile performance in a broad
array of organisms (reviewed by Pechenik, 2006), but studies
of these “carryover effects” typically have focused on physi-
ological and morphological effects, not on learning or behav-
ior. American lobsters are ideal candidates in which to study
behavioral carryover effects because postlarvae are morpho-
logically very similar to juveniles and spend time in benthic
juvenile habitats. Thus, habitat information learned by post-
larvae has a high likelihood of being useful to early instar ju-
veniles. Postlarval experience with juvenile habitat is also
likely to vary widely across lobster populations; postlarvae
that spend more development time in shallow nursery habitats
may accumulate extensive shelter experience, while postlarvae
that travel long distances in the plankton cannot accumulate
benthic experience prior to settlement.

We examined the effect of shelter experience on shelter-
seeking behaviors in newly metamorphosed (stage V, CL
< 5 mm) juvenile lobsters across long-term (days) and short-
term (min) time scales. We hypothesized that a) postlarval
(stage IV) experiences with shelter would carry over into
the first juvenile stage and thus reduce the time to locate shel-
ters and initiate sheltering behavior, and b) newly molted, first
instar (stage V) juveniles would learn the location of shelters
and relocate them more quickly with immediate prior experi-
ence.
Materials and Methods

All rearing and experiments took place indoors in the En-
vironmental Systems Laboratory at Woods Hole Oceano-
graphic Institution (WHOI), using ambient temperature flow-
through seawater (18–20 7C). Sand and cobbles were collected
from the beach near WHOI and washed in flow-through sea-
water for at least two weeks prior to the start of the experi-
ments. Lobster larvae were collected at hatching and were
reared in large kreisels (i.e., smooth-sided upwelling tanks de-
signed for culturing planktonic organisms; Hughes et al., 1974)
until theymetamorphosed into postlarvae (stage IV). Immedi-
ately after they metamorphosed, postlarvae were transferred
to 1 of 2 large (244-cm diameter, ~60 cm depth) arenas featur-
ing flow-through seawater entering along the side and drain-
ing from a central standpipe. “Naive” postlarvae were placed
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SHELTER-SEEKING JUVENILE LOBSTERS 103
in an arena containing only a 5-cm layer of sand on the bot-
tom, while “conditioned” postlarvae were placed in a “condi-
tioning arena” containing a 5-cm layer of sand and 7 ~15-cm
diameter piles of cobble (“cobble shelters”) spaced around the
perimeter (Fig. 1A). The cobble shelters were not glued to-
gether and could be easily dismantled to retrieve test subjects.
Cobbles were large enough (2–5 cm) to prevent displacement
by the activities of the juvenile lobsters during the experi-
ments. Both tanks received a continuous inflow of seawater,
which exited through a standpipe. The standpipe was securely
covered in mesh to prevent the loss of swimming postlarvae.
The population in each arena changed daily as new postlarvae
entered and older individuals were removed (when they died
or molted to stage V), but postlarval densities of 10–15 in-
dividuals were maintained in each arena throughout the cul-
ture period. Our pilot experiments in the same tank indicated
no effect of crowding on shelter choice at postlarval densities
less than 20, and the cobble shelters readily accommodated 3–
4 individuals in separate areas of the cobble (M. W. Jacobs,
unpubl. data). All postlarvae were fed twice per day follow-
ing the rotation diet suggested by Tlusty et al. (2005). When
postlarvaemolted intofirst instar (stage V) juveniles, theywere
removed from their respective arenas and placed individually
into mesh holding pens located in a flow-through sea table.
All juveniles did not vary greatly in size based on visual assess-
ment (CL ~0.5 cm) and were tested within 24–48 h of molting
to stage V.
Experiment 1: Effect of postlarval conditioning with shelter
on juvenile shelter-seeking behavior

We compared the shelter-seeking behavior of sand-arena
(naive) versus shelter-arena (conditioned) stage V juveniles
in a 244-cm diameter, circular open arena with continuous
This content downloaded from 128.
All use subject to University of Chicago Press Terms
seawater flow, covered by a 5-cm layer of sand but containing
only a single rock pile shelter (Fig. 1B). The shelter was vis-
ible from all areas of the arena except for a small region located
immediately behind the central standpipe. We divided the
open arena into three uneven areas based on distance from
the shelter: the shelter itself, the area within 10 body lengths
of the shelter, and the rest of the tank (greater than 10 body
lengths from the shelter, approximately 89% of the tank). A
line of pebbles (diameter < 1 cm) pressed into the sand de-
noted these concentric rings around the shelter (Fig. 1B).

American lobsters are thought to be more active at night
and more shelter-restricted during the day (Karnofsky et al.,
1989). All trials were conducted during daylight hours (be-
tween 09:00 and 17:00) by a single observer (S. Bayer)
who was blind to the treatment group (naive or conditioned)
of the juveniles being tested. At the start of each trial, the ob-
server transferred a single stage V juvenile from its mesh
holding pen to a mesh acclimation pen in the open arena, us-
ing gentle suction from a wide mouth turkey baster. After the
stage V juvenile’s 2-min acclimation period, the pen was re-
moved and the observer recorded the location of the juvenile
every 5 s for 5 min (Gerlach et al., 2007). Juvenile location
was a categorical variable with three possible values: “shel-
ter” if any part of the juvenile was in contact with the shelter,
“within 10 body lengths” if any part of the juvenile was touch-
ing the line or within the 10 body lengths of the line but not in
contact with the shelter, or “rest of the tank” (all other loca-
tions).

The 5-min time period was chosen based on prior behav-
ioral work (Gerlach et al., 2007) on behavioral observations
of more than 250 postlarvae in a similar arena, in which about
75 percent initiated settlement within 5 min of exposure to
shelter (M. W. Jacobs and N. Shutari, unpubl. data), and on a
pilot experiment in which 5 of 5 newly metamorphosed juve-
Figure 1. (A) Tank used for conditioning postlarvae for the open arena experiment. (B) Open arena, used to
measure settlement behavior as a function of conditioning treatment and immediate prior experience.
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104 S. R. BAYER ET AL.
niles initiated settlement within 5 min (S.R. Bayer and M.W.
Jacobs, unpubl. data). The juvenile was considered to have ini-
tiated sheltering if it came in contact with the shelter and re-
mained there for at least 2 min after initial shelter contact. Six
of 18 naive and 5 of 19 conditioned juveniles (30% overall)
did not initiate sheltering within the 5-min trial period. These
individuals were monitored for an additional 15 min to see if
sheltering occurred, although the location of the juvenile was
no longer recorded every 5 s. The shelter was dismantled be-
tween trials and allowed to flush with flow-through seawater
for at least 5 min before reconstruction.

We tested our data for normality using Shapiro-Wilk tests
and for homogeneity of variance using Levene’s test, and then
the data were transformed by log (x11) to homogenize vari-
ances and normalize distributions. We used t-tests to compare
sheltering times between naive and conditioned stage V juve-
niles. For all juveniles that initiated sheltering during the 5-min
trial, we compared total time to initiate sheltering, and time to
initiate sheltering after coming within 10 body lengths of the
shelter. We also compared total time to initiate sheltering for
the longer dataset (all individuals that initiated sheltering within
20 min).

Experiment 2: Effect of immediate prior experience
with shelter on stage V shelter-seeking behavior

We tested the hypothesis that stage V juveniles would learn
the location of shelter and find shelter faster with immediate
prior experience in two environments: the open arena de-
scribed above for Experiment 1 (Fig. 1B) and a maze (Fig. 2).
First, all sheltered juveniles from Experiment 1 were gently
removed from their shelters after 2 min. Cobbles were re-
moved one at a time until the juvenile was visible, and then
gentle suction from a wide mouth turkey baster was used to
collect the juveniles and place them back into the mesh hold-
ing pen at the release point. After 2 min of reacclimation, ju-
This content downloaded from 128.
All use subject to University of Chicago Press Terms
veniles were re-released and monitored, as described in Ex-
periment 1. We used repeated measures ANOVA to compare
time to initiate sheltering between the two trials, with treat-
ment group (naive juveniles vs. conditioned juveniles) as a
fixed factor.

Second, we designed a simple flow-through maze within a
54� 38 cm tank with a sand-covered floor and a rock shelter
at one end of the tank (Fig. 2). We marked the line of sight,
defined as the location where juveniles could come into visual
contact with the shelter, about 5–10 body lengths away from
the shelter (Fig. 2). Rhodamine dye-tracing experiments re-
vealed that the bulk of the seawater flow (4–6 cm s-1) moved
steadily from the lobster release point toward the shelter, al-
though a small countercurrent also moved along the bottom
of the tank in the opposite direction.

For themaze experiment, we used a separate set (n5 39) of
newly molted stage V juveniles from naive postlarvae. Juve-
niles were gently transferred to a mesh cage at the release
point, using a wide mouth turkey baster, allowed to acclimate
there for 2 min, and then released (trial 1). A single observer
(K. Bianchi) recorded the time when the juvenile first crossed
the line of sight, and the total time to initiate sheltering, de-
fined as for the arena experiments above ( juveniles were con-
sidered sheltered when they remained in the shelter for 2 min
after initial contact with the shelter). Sheltered juveniles were
removed as described above for the arena experiments, re-
acclimated for 2 min, and then immediately re-released and
monitored as before (trial 2).

We tested the data for normality using Shapiro-Wilk tests
and for homogeneity of variance using Levene’s test, and
then the data were transformed by log (x11). This transfor-
mation homogenized variances in all cases and also normal-
ized distributions in all cases except for the time from cross-
ing the line of sight until sheltering. We used a paired t-test to
compare time from release until crossing the line of sight be-
tween trials 1 and trial 2, and a Wilcoxon signed rank test to
compare time from crossing the line of sight until initiation of
sheltering between trials 1 and 2. We also used a chi-square
test to compare the number of juveniles that sheltered in trial 1
with those in trial 2, based on the results of the experiment
(expected values for both trials were as follows: sheltered 5
32.5 juveniles, non-sheltered 5 6.5 juveniles; df 5 1).

Results

Effect of postlarval conditioning on time
to initiate sheltering

During the 5-min trial period in the open arena, conditioned
stage V juveniles (exposed to shelter as postlarvae) took signif-
icantly longer than naive juveniles to initiate sheltering during
trial 1 (Fig. 3A, t24 5 2.35, P 5 0.03). These juveniles also
took significantly longer to initiate sheltering after coming
within 10 body lengths of the shelter (Fig. 3C, t24 5 2.37,
P 5 0.03). When individuals that failed to initiate sheltering
Figure 2. Maze used to measure settlement behaviors as a function of
immediate prior experience.
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SHELTER-SEEKING JUVENILE LOBSTERS 105
within 5 min were included (the 20-min data set), there was no
significant effect of postlarval shelter conditioning on time to
initiate sheltering (Fig. 3B, t35 5 1.29, P 5 0.20).
This content downloaded from 128.
All use subject to University of Chicago Press Terms
Effect of immediate prior experience on time
to initiate sheltering

In the open arena, where juveniles had a clear line of sight
to the shelter at all times, there was no significant difference in
time from release to initiation of sheltering between trials 1
and 2 (t36 5 1.48, P 5 0.148), regardless of conditioning
treatment (Fig. 4, F1,355 1.27, P5 0.27). Thirty-six of 37 ju-
veniles sheltered within the 20-min time limit during trial 1,
and all 37 juveniles sheltered within 20 min in trial 2.

In the maze, juveniles took significantly less time to reach
the line of sight during trial 1 (Fig. 5, t38522.23, P5 0.03).
Once juveniles crossed the line of sight, there was no signif-
icant difference between trials in the time it took for juveniles
to initiate sheltering (Fig. 5,W5224.5, P5 0.54). Interest-
ingly, the percentage of juveniles that sheltered within 20 min
decreased from 100 percent in trial 1 to 67 percent in trial 2
(x25 15.6; P < 0.0001). Of the 13 juveniles that failed to set-
tle, 7 made contact with the shelter but never initiated shelter-
ing behavior, and 6 failed to make contact with the shelter at
all.

Discussion

Behavioral carryover effect

We observed a potential behavioral carryover effect be-
tween postlarvae (stage IV) and first instar juveniles (stage V);
however, contrary to our hypothesis, juveniles that had been
exposed to shelter as postlarvae took longer to initiate shelter-
ing over short time scales. This result was surprising because
early instar juveniles are broadly characterized as being ex-
tremely cryptic and shelter-restricted (reviewed in Lawton and
Lavalli, 1995), and we predicted that prior experience would
facilitate faster sheltering.
Figure 3. Box and whisker plots displaying maximum, minimum, up-
per and lower quartiles, and median times to initiate sheltering for naive ver-
sus conditioned stage V juveniles for the (A) 5-min trial period, (B) 20-min
trial period, and (C) from 10 body lengths from the shelter.
Figure 4. Box and whisker plots displaying maximum, minimum, up-
per and lower quartiles, and median times to initiate sheltering in the open
arena as a function of immediate prior experience (trial 1 vs. trial 2) and con-
ditioning treatment (naive vs. conditioned).
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106 S. R. BAYER ET AL.
Juveniles with postlarval experience may be slower to ini-
tiate sheltering because they spend more time sampling their
environments or engaging in other benthic-specific behav-
iors. Our experiments were not designed to test for this, al-
though qualitatively we did not observe any obvious behav-
ioral differences between juveniles in the two treatment groups.
Alternatively, juveniles with postlarval shelter experience may
be more selective about shelter location. Data from hatchery-
reared versus wild-caught juvenile fish (reviewed in Hunt-
ingford, 2004) are consistent with this premise: wild-caught
red drum Sciaenops ocellatus juveniles strongly prefer struc-
tured habitat, but hatchery-reared juveniles are far less selec-
tive (Stunz et al., 2001).

There are several potential causes of increased selectivity.
Juveniles may alter their sheltering behavior based on their
postlarval experiences: juveniles from postlarvae reared in
the presence of shelters may be more selective because they
have learned that shelters are abundant, while juveniles from
naive postlarvae may base their initial behavior on the prem-
ise that shelters are rare. It is also possible that juveniles from
experienced postlarvae were more selective because they
were more cautious. Shelters in the postlarval conditioning
arena were sometimes disturbed in order to remove newly
molted juveniles or to census remaining postlarvae, and so ju-
veniles with these experiences may have been more cautious
about reentering a similar-appearing rock pile shelter during
the behavioral trial. Crustaceans are known to learn shelter
aversion very quickly in some circumstances. For example,
Magee and Elwood (2013) found that the shore crabCarcinus
This content downloaded from 128.
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maenas learns to avoid specific shelters in response to very
strong negative stimuli (electric shocks) after only two expe-
riences. However, their control crabs were handled in a man-
ner that was very similar to our protocol (removed from their
shelters after 2 min and then re-released), and they did not dis-
play any decrease in shelter-seeking behavior across ten tri-
als. We also did not observe any evidence of learned shelter
aversion in the maze trials. These results suggest that a single,
gentle removal from a shelter is unlikely to trigger shelter
aversion in benthic crabs and lobsters.

Finally, it may be important to differentiate between innate
shelter-seeking behavior during initial settlement and other
subsequent shelter-seeking behaviors that may be influenced
by prior experience. Initial settlement would have occurred
during the postlarval stage (stage IV) in our conditioned treat-
ment but during trial 1 of our experiments in the naive treat-
ment. It is possible that naive and conditioned juveniles be-
haved differently because naive juveniles were engaging in
settlement, an innate behavior, while conditioned juveniles
were engaged in post-settlement exploration and shelter seek-
ing.
Spatial learning and navigation behavior

Some of our results suggest that very young (stage V) juve-
nile lobsters can learn the locations of shelters, but our find-
ings are mixed. In the maze, lobsters reached the line of sight
more quickly in trial 2. A compelling explanation—and one
that is consistent with our hypothesis and with evidence from
adult crustaceans (e.g., Cannicci et al., 2000; Boles and Loh-
mann, 2003; Layne et al., 2003a, b; Kamran and Moore,
2015)—is that juveniles learned the location of the shelter
during trial 1 and were thus able to navigate back to it more
quickly in trial 2.

In the open arena, in contrast, we observed no difference in
sheltering time between trials 1 and 2. We also observed no
difference in sheltering time in the maze after the lobsters
had crossed the line of sight. If the juveniles did not learn
the location of shelters, then an alternative explanation is re-
quired for why they reached the line of sight faster in trial 2 in
the maze. Conversely, if the juveniles did learn the location of
shelters, then an alternative explanation is required for why
they failed to return to the shelters faster in trial 2 in the open
arena (and after the line of sight in the maze).

It is possible that juveniles during trial 2 in the maze ran-
domly encountered the shelter faster because they increased
their overall activity levels (Gilliam and Fraser, 2001; but
see also Lima and Dill, 1990).We did not quantify total activ-
ity level and thus cannot reject this explanation, but it is un-
clear why the increased activity would apply only to the
maze, and only before the juveniles crossed the line of sight.

An intriguing alternate explanation is that we underesti-
mated the importance of exploratory behaviors in early juve-
niles. Juvenile lobsters are known to avoid open spaces in
Figure 5. Box and whisker plots displaying maximum, minimum, up-
per and lower quartiles, and median times from release to the line of sight
(LOS) and from LOS to shelter as a function of immediate prior experience
(trial 1 vs. trial 2).
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SHELTER-SEEKING JUVENILE LOBSTERS 107
both the laboratory (Johns and Mann, 1987) and the field
(Wahle, 1992; Wahle and Steneck, 1992), and our experi-
ments were based on the premise that newly molted (stage V)
juvenile lobsters are extremely cryptic (Lawton and Lavalli,
1995) and should be strongly motivated to find shelter as
quickly as possible. Periodic benthic explorations by juvenile
lobsters to find shelter are highly risky (Wahle and Steneck,
1991), but may be critical for survival because shelter limita-
tion is thought to contribute to a population bottleneck amongst
newly settled juvenile lobsters (Wahle and Steneck, 1992;Wahle
and Incze, 1997).

Consistent with this idea, Pottle and Elner (1982) demon-
strated that some juvenile American lobsters move between
multiple shelters, and Castro and Cobb (2005) found that
wild-caught, stage V juvenile lobsters kept in dark conditions
spend significant periods of time foraging instead of shelter-
ing. Our results suggest that even during daylight hours, juve-
nile lobsters sometimes prioritize exploration over shelter fi-
delity. Experience with shelter in the postlarval (stage IV) and
early juvenile (stage V) stages may facilitate this exploration.
Importance of vision

Our findings suggest an interesting potential role for vision
in sheltering behavior. Immediate prior experience did not de-
crease sheltering time in the open arena, where lobsters had a
clear line of sight to the shelter at all times, or in the maze after
the lobster had crossed the line of sight. In the maze, the pro-
portion sheltering also decreased after trial 2. Our experi-
ments were not designed to specifically examine the role of
vision in sheltering behavior, but, based on our results, we hy-
pothesize that visual contact with shelter (having a clear line
of sight) may facilitate small-scale exploration by early juve-
nile (stage V) lobsters.

Vison plays a critical role in sheltering, navigation, and
other behaviors in a range of benthic decapods. The fiddler
crab Uca rapax angles its body so that the burrow is always
within visual range, allowing it a quick and direct escape route
(Layne et al., 2003a, b). Stomatopods famously rely on vision
during foraging to recognize prey (Caldwell andChildress, 1990)
and conspecifics (Vetter andCaldwell, 2015).Male and female
adult rusty crawfish resolve competitive bouts more quickly
under better visual conditions (Bruski andDunham, 1987). Fi-
nally, Bologna and Steneck (1993) found that adult Ameri-
can lobsters in kelp beds remain on the outer edges of the kelp
to keep shelter within visual range while they forage.

If our hypothesis is correct, juvenile lobsters in our maze
experiment learned the location of shelter in trial 1 and then,
during trial 2, navigated quickly back until they regained vi-
sual contact. In the open arena, the shelter was almost always
in sight and so juvenilesmay have prioritized exploration. It is
also possible that juvenile lobsters with at least one shelter in
view are more exploratory because they are more selective
(see Behavioral carryover effect above).
This content downloaded from 128.
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The importance of vision during shelter-seeking behavior
may change with ontogeny. The larval eye forms the basis
of the adult eye in crustaceans, but it undergoes extensive
modification as its hexagonal facets gradually square off into
the square ommatidia of the adult eye (Cronin and Jinks,
2001). It is likely that these ontogenetic changes in the eye
of lobsters are associated with a decrease in spatial resolution
and an increase in dark adaptation (Atema and Voigt, 1995).
Yet, recent experiments have shown a role of vision in recog-
nizing individuals and estimating size in dominance fights be-
tween adult lobsters (M. Bruce, J. Kaplan, T. Doherty, and
J. Atema, unpubl. data). It would be interesting to examine
the relationship between visual acuity, dark adaptation, and
shelter-seeking behaviors in juveniles.
Summary and conclusions

Shelter-seeking behavior of very young juvenile lobsters is
influenced by their prior experiences at several different time-
scales. Postlarval shelter experience resulted in an apparent
behavioral carryover effect: juveniles took longer to enter into
and remain in shelters. Postlarval experience may alter bet-
hedging by juveniles, or it may affect juvenile habitat selec-
tivity. Alternatively, shelter seeking during the initial shelter
experience (settlement) may be behaviorally distinct from
subsequent shelter-seeking behaviors. Immediate prior shel-
ter experience for juvenile stage lobsters decreased the time
to return to the vicinity of the shelter in a maze, suggesting
that juveniles learned the location of shelters. In contrast, in
an open arena and in the maze when juveniles were in visual
contact with the shelter, there was no effect of immediate prior
experience. Juvenile lobsters face trade-offs between shelter-
ing and exploratory behaviors, and vision may play a role in
facilitating exploration by allowing juveniles to maintain a
clear escape route.

To our knowledge, this is the first description of spatial
learning and navigation behavior in very young (<1 y) juve-
nile decapods. American lobsters at this young age are
thought to be shelter-restricted (Wahle and Steneck, 1992)
in relatively sparse and patchy cobble habitats (Wahle and
Steneck, 1991; Palma et al., 1999). Exploratory behavior at
small spatial scales after settlement could allow juveniles to
upgrade their initial shelter choice and escape crowding. Our
study suggests that early experience with shelter influences
sheltering behavior in the American lobster, and may influence
recruitment success during a bottleneck demographic stage for
this important fishery species.
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