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Abstract

We describe the fine-scale movement of the sea urchin Strongylocentrotus droebachiensis based on analyses of video recordings
of undisturbed individuals in the two habitats which mainly differed in food availability, urchin barrens and grazing front. Urchin
activity decreased as urchin density increased. Individuals alternated between moving and being stationary and their behaviour did not
appear to be affected by either current velocity (within the range from 0 to 15 cm's~ ') and temperature (2.3 to 6.0 °C). Movement of
individuals at each location was compared to that predicted by a random walk model. Mean move length (linear distance between two
stationary periods), turning angle and net squared displacement were calculated for each individual. The distribution of turning angles
was uniform at each location and there was no evidence of a relationship between urchin density and either move length or urchin
velocity. The random model predicted a higher dispersal rate at locations with low urchin densities, such as barrens habitats. However,
the movement was sometimes greater or less than predicted by the model, suggesting the influence of local environmental factors. The
deviation of individual paths from the model revealed that urchins can be stationary or adopt a local (displacement less than random),
random or directional movement. The net daily distance displaced on the barrens, predicted by a random walk model, was similar to
the observed movement recorded in our previous study of tagged urchins at one site, but less than that observed at a second site. We
postulate that the random dispersal of urchins allows individuals on barrens to reach the kelp zone where food is more abundant
although the time required to reach the kelp zone may be considerable (months to years). Urchins decrease their rate of dispersal once
they reach the kelp zone so that they likely remain close to this abundant food sources for long periods.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction animals move in search of food and shelter and to avoid
predation and environmental stress (Swingland and

Quantifying movement is fundamental to elucidating Greenwood, 1982; Bell, 1991). Studying movement
temporal and spatial changes in populations. Most patterns at a fine-scale may provide information on

foraging strategies and on the ability of individuals to

—_— exploit different habitats. Individual-based models are an
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1996; Turchin, 1998). For example, the random walk
model describes the movement as a series of perfectly
random moves in which the direction of each move is
independent of the previous move (e.g., uniform distri-
bution of turning angles). In contrast, in the correlated
random walk model (Kareiva, 1983), individuals tend to
move in a particular direction (i.e., nonuniform distribu-
tion of turning angles). Such simple models are frequently
used as a first approach in characterizing the foraging
behaviour in a homogeneous space. It is only necessary to
develop more complex models if the random walk model
is rejected (Turchin, 1991; Lima and Zollner, 1996;
Turchin, 1998).

The movement of an individual can be continuous or
periodically interrupted by stops. Studies of movement
usually approximate the movement pattern by breaking
the trajectory down into individual moves (from one stop
to the next) and calculating the duration of moves and
straight-line distances covered between stops (even if the
actual trajectory between the stop points is tortuous).
Some animals naturally move in discrete steps that start
and end at specific positions (e.g., insects visiting flowers,
Kareiva, 1983) whereas many others show stops that
appear to be erratic and this results in unrelated moves
referred to as saltatory searching (O’Brien et al., 1990). If
an animal does make successive random moves, then a
random walk model is appropriate for describing its
pattern of movement.

Studies of fine-scale movement may also help to
elucidate the movement of individuals at a larger scale and
the degree of connectivity among habitats (Wiens et al.,
1993). Extrapolation of movement from a random walk
model to a longer period assumes that individuals do not
change their behaviour during the period and that the
distance moved from the starting position increases
linearly over time. However, these assumptions often
fail to describe foraging behaviour on a larger time scale
as individuals can change their behaviour over time.
Then, more complex models that incorporate behavioural
states and environmental factors are required to describe
the pattern of movement (Lima and Zollner, 1996; Zollner
and Lima, 1999; Morales and Ellner, 2002; Morales et al.,
2004). One way to examine if the information observed at
a fine-scale can be used to understand movement at larger
scales is to compare the extrapolation from fine-scale
observations with observed movements at a larger scale
(Samu et al., 2003; Bowne and White, 2004).

For many marine benthic invertebrates, the long-dis-
tance dispersal of planktonic larvae is likely the primary
factor that determines the structure of local populations
(Young, 1995). In this case, movement of individuals
with a low mobility after settlement is assumed to be less

important in determining population dynamics. In tem-
perate coastal regions, sea urchins are often the dominant
herbivore and they can strongly limit the distribution of
macroalgae (Lawrence, 1975). For example, urchins
often form dense aggregations at the lower limit of the
kelp beds that can advance into the kelp zone a rate up to
4 m month™" (Scheibling et al., 1999; Gagnon et al.,
2004). Also, the intensive grazing by urchins often
maintains extensive denuded zones called urchin barrens
(Lawrence, 1975; Chapman, 1981; Johnson and Mann,
1982). We recently reported that the green sea urchin,
Strongylocentrotus droebachiensis, shows an ontoge-
netic change in its foraging behaviour, as individuals
smaller than 15-20 mm are sedentary and cryptic,
whereas larger individuals actively move about to forage
(Dumont et al., 2004, 2006). Adult urchins move up to
5md ! on barrens, where food is rare, but tend to move
less when close to the kelp bed, where food is more
abundant (Dumont et al., 2006). Sea urchins are able to
locate food sources (i.e., drift algae) using chemodetec-
tion and this often leads to the formation of feeding
aggregations (Sloan and Campbell, 1982; Bernstein
et al., 1983). However, their pattern of movement, and
how it is adapted to such activities as locating food,
remains unclear. For example, individuals often change
their displacement direction on successive days (Dumont
et al., 2006).

The objective of the present study is to describe the
fine-scale movement patterns of the sea urchin S.
droebachiensis. We do this by observing the movement
of urchins which were recorded in the field using a video
system, in two habitats that mainly differed in food
availability. We extracted the quantitative parameters of
the movement paths from the recordings and used them to
determine if movement patterns fitted a random walk
model. Finally, to validate the predictions of the model,
we extrapolated our fine-scale movement data to a one
day period and compared these values to the daily
movements we recorded for tagged urchins in a previous
study (Dumont et al., 2006).

2. Methods

Our study was conducted during June 2003 in the
Mingan Islands in the northern Gulf of St. Lawrence,
eastern Canada (50°13.6’'N, 63°41.12""W). We used
video filming to quantify the movement of urchins in two
habitats, on urchin barrens and in grazing fronts, at each
of four locations, Corbeau, Havre South, Goéland West
and Marteau. One 6—10 h filming bout was made at each
habitat. The habitats sampled at each location were on
gently sloped bedrock, mainly covered with encrusting
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coralline algae, except for the barrens habitat at Corbeau
where there was a plateau of pebbles overlaying mud and
sand (see Dumont et al., 2006 for further description).
Scattered patches of fleshy macroalgae (mainly Alaria
esculenta) and drift algae were present at the grazing
front at all locations. We used a vector current meter
(Nortek, Norway) to record the current velocity and
water temperature at 5-min intervals over the periods
when urchin movement was being filmed, except on the
barrens at Goéland West where the current meter
malfunctioned (Table 1).

2.1. Video recording

The filming was done with an underwater video
camera (Sony DCR TRV900) that was positioned 1 m
above the bottom so that field of view was 95 x 71 cm. The
camera was attached to a rack that was supported by feet
(steel rods) that were 1.2 m from the center of the field (so
the structure did not to interfere with the urchins or water
flow). The video camera was set in time-lapse mode to
record for 2 s every 30 s. Images were then transferred
from the video to a computer using the image analysis
software Optimas 6.2 (Media Cybernetics Ltd.). To avoid
over-sampling (Bell, 1991; Turchin, 1998), we re-
sampled the video recordings at 2-min intervals. To
examine the time spent moving and the movement path,
we used the image analysis software UTHSCSA Image
Tool 3.0 freeware (http:/ddsdx.uthscsa.edu/dig/itdesc.

Table 1

html). We determined the spatial position (x and y
coordinates) of 15 randomly-chosen urchins at 2-min
intervals over the duration of the filming bout. When an
individual left the field of view, we substituted it with
another randomly chosen individual. The mean size of
urchins tracked was larger at the grazing front (mean+
SE, 48+0.09 mm) than on the barrens (34.6+0.08 mm),
however there was no correlation between velocity and
urchin size in either the barrens or grazing front habitats
(linear regression, p>0.34 at all four locations). Further,
our previous study (Dumont et al., 2006) showed that
there was no effect of size on the movement rate for
individuals measuring 25—-69 mm. To provide a com-
parative measure of urchin abundance in the habitats and
locations sampled, the urchin density was estimated by
counting individuals in the field of view for each video
sequence (<20 mm urchins were not included in this
count as they were often covered or hidden) and we also
calculated the nearest neighbour distance, the net distance
to the closest >20-mm conspecific.

2.2. Movement path characteristics

As urchins only moved from time to time, we first
examined the proportion of individuals that were moving
over time and related this to urchin density, temperature
and current velocity (except on the barrens at Goéland
West where the current meter malfunctioned) using linear
regressions (homoscedasticity and linearity of residuals

Characteristics (abiotic, biotic and movement pattern) for the urchin barrens and grazing front habitats at the four locations where we made video

observations of the sea urchin S. droebachiensis

Characteristics Corbeau Goéland West Havre South Marteau
Habitat Urchin Grazing Urchin Grazing Urchin Grazing Urchin Grazing
barrens front barrens front barrens front barrens front
Sampling date in June 2003 9 13 6 7 11 14 16 15
Depth (m) 10 3 7 2 7 2 8 2
Current velocity (cm s 1) 6 8 11 11 9 8 6 15
Temperature (°C) 53 33 42 43 5.2 6.0 2.3 2.6
Urchin density (number m 2) 25 74 44 180 32 65 40 114
Proportion moving (%) 34.0 335 37.0 3.7 43.0 23.9 21.7 8.6
Number of observed paths >3 moves 17 10 13 3 11 18 16 4
Velocity (cm min~ ") 0.47 (0.03)  0.48 (0.06) 0.31(0.02) 0.25(0.02) 0.71 (0.06) 0.44 (0.05) 0.42 (0.04) 0.35(0.06)
Length of move (cm) 5.6 (0.6) 4.8 (0.8)  3.8(0.5) 2.4 (0.4) 11.4 (1.7) 38(04) 52(0.7) 5.4 (1.7)
Cosine of the turning angle (°) —0.04 0.01 0.04 0.02 —0.03 0.01 0.04 0.02
Duration of move (min) 7.3 (1.14) 58(1.0) 6.15(0.68) 3.8(0.9) 174 (3.1) 42(04) 63(1.00 95(2.7)
Residence time (min) 14.0 (0.9) 152 (3.0) 15.6 (0.6) 19.3(9.9) 7.3(0.6) 224 (24) 12.6(0.9) 36.0(11.9)
Extrapolated NDD (cm) 83.8 (12.4)™ 64.1 (10.8) 46.1 (9.7)* 190.3 (59.8) 44.6 (10.1) 76.7 (19.2)
Daily NDD (cm) as observed by 119.2 (23.1) 101.3 (13.2)

Dumont et al. (2006)

Extrapolated daily net distance displaced (NDD) based on the video observations in the barrens were compared with daily distance displaced as
previously observed by Dumont et al. (2006) on the barrens at two of the locations. * indicates a significant difference (Kolmogorov—Smirnov test,
p<0.05) and ns no difference between expected and observed NDD. Numbers in parenthesis are standard errors.
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were evaluated visually). We considered that an individ-
ual was stationary if it was observed in the same position
for 2 or more consecutive observations (the observations
were made at 2-min intervals). We then determined the
proportion of time during which individuals were moving
over the duration of the filming bout. In this analysis,
urchins tracked for <30 min were eliminated to avoid
potential bias because of a short observation period. For
each urchin, we calculated its velocity (cm min~ ') at fixed
steps of 2 min, move lengths (net distance moved between
2 stop periods) and turning angles (angular difference
between 2 consecutive moves). A path incorporated a
series of moves that varied in length and duration (Fig. 1).
To avoid image noise when analysing the tracks, the
minimal displacement (step) was set at 3 mm.

We used linear regressions to examine the relation-
ship between the proportion of time spent moving
(urchin activity) and urchin movement characteristics,
velocity and move length. We also examined the line-
arity of displacement during a move (the path between
two stops) using an index of straightness (/) calculated by
dividing the net displacement during the move by the
sum of the distances travelled for the 2-min intervals
during the move. A value of 1 would indicate straight line
movement and a value of 0 tortuous movement
(Batschelet, 1981). In comparing the linearity of
displacement for the barrens habitat at different loca-
tions, we excluded moves of <6 steps, as at least 6 steps
are required for statistical comparisons. We could not
compare the linearity of movement at the different lo-
cations at the grazing front because the number of steps
moved was too low for most individuals.

Stopping point

Start (x;, y,)

Fig. 1. An example of the relative position of a sea urchin S.
droebachiensis as recorded at 2 min intervals (steps) using video
filming. The circles indicate positions where an urchin stopped, here
defined as not moving for 2 or more consecutive 2-min intervals. The
length of a move, defined as the straight-line distance between two
consecutive stopping points, was used in our calculations for the
random walk model.

2.3. Random walk model

To interpret urchin movement, we compared the
observed paths with the net squared displacement pre-
dicted by a random walk model (Turchin, 1998). The
mean net squared displacement (R7) was calculated for up
to 6 moves to characterize the movement pattern of
individuals at each location in the two habitats (urchin
barrens and grazing front). We calculated the predicted net
squared displacement (R2) using the correlated random
walk equation (Kareiva and Shigesada, 1983):

Ri :nmz+2m%%(n—ll%f;> (1)

where 7 is the number of moves, m, is the mean of the
squared move length, m; is the mean of move length and
i is the mean cosine turning angle. Moves of <1 cm were
considered as repositioning and were excluded from the
analyses. We only retained paths which included 3 moves
or more. When the distribution of turning angles is uni-
form (mean cosine of turning angles equal 0), the Eq. (1) is
reduced to a random walk:

Ri = nmy (2)

Because the random walk assumes there is no autocor-
relation between the length or direction of movement
from one move to the next, we tested the first-order
autocorrelation using Spearman rank tests for the length
of successive moves (Zar, 1999) and circular—circular
correlation coefficients for the turning angles (Batschelet,
1981). To determine if the distribution of turning angles
was uniform at each location, we used the Rayleigh test
(Batschelet, 1981).

For the barrens and grazing front at each location, we
tested if the observed net squared displacements differed
significantly from the model, by simulating paths of 1000
individuals moving according to the empirical distribu-
tion of move lengths of the individuals observed and a
uniform distribution of turning angles (Bootstrap method,
Turchin, 1998). For every iteration of the simulation, a
move length and a turning angle were randomly drawn
(with replacement). The simulation continued until the
number of moves (6 in most cases) was the same for the
observed and simulated paths. The net squared displace-
ment from the starting point was calculated after the nth
move as:

R =72+ (3)

We then randomly drew as many R2 values as there
were observed paths with at least » moves, and
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calculated the R2, for this set. This procedure was
repeated 1000 times and then the 95% confidence
interval was determined. For each move n, we tested for
departure of the observed net squared displacement from
the expected values (a departure was declared significant
if the value was not located within the confidence
interval). A path was considered significantly different
from the model when at least half of moves fell outside
the confidence intervals. We examined the overall
movement of pooled paths at each location using the
technique recommended by Turchin (1998). The paths of
individual urchins were also examined to determine the
paths that fit the corresponding model of each location
(Fortin, 2003; Austin et al., 2004). Individual paths
within the confidence interval of the model were
considered as random movement. Paths that were
overestimated by the model were identified as local
movement and those underestimated by the model as
directed movement.

2.4. Scaling up fine-scale observations to daily
movements

We extrapolated fine-scale observations to a daily
scale by applying the random walk as the scaling
function. The net distance displaced (NDD) of each
urchin observed at a fine-scale was calculated from
their individual descriptive parameters (mean move
length, mean move time and mean turning angle) using
the Eq. (1). To estimate the number of moves within a
day, we calculated the mean duration of a move and
the mean stationary time between 2 successive moves
for each individual. The distributions of extrapolated
and observed net daily distance displaced were com-
pared using the nonparametric Kolmogorov—Smirnov
test. The observed daily movement data was obtained
for 2 locations, Goéland West and Corbeau, on barrens
from a previous tagging experiment (Dumont et al.,
2006).

3. Results

Urchin density was higher in the grazing front habitat
than in the barrens habitat (z-test, t,=2.45, p=0.017,
Table 1). Also, the distance to the nearest neighbor was
greater in the barrens habitat (mean+SE, 3.2+0.2 cm)
than in the grazing front habitat (0.75+0.19 cm) (2-way
ANOVA, Habitat: F'y 130=65.7, p=0.004, Location and
Location x Habitat: p>0.15).

In the two habitats at the four locations, urchins were
stationary most of the time, as the proportion of time
spent moving (over the observation period of 6 to 10 h)

was 4 to 43% (Fig. 2). Although time spent moving
decreased with increasing urchin density (Fig. 2), neither
urchin velocity (y=—0.002x+0.55, #*=0.29, p=0.09)
or move length (y=—0.031x+ 13.47, 2=0.01, p=0.38)
varied with urchin density. Further, time spent moving
did not appear to vary with changes in current velocity
between 0 and <15 cm s ' (y=—295.94x+50.19,
r*=0.21, p=0.17) or with changes in temperature
between 2.3 and 6.0 °C (y=7.88x+3.91, *=0.01,
p=0.38). However, the time spent moving seemed to
be unusually high (>60% of individuals were moving)
during the period of low current velocity on barrens at
Havre South.

Most moves (82% to 100%) were over short distances
(<10 cm) at all locations except on the barrens at Havre
South where 40% of the moves were by >10 cm. The
index of straightness (/) for urchins on the barrens which
were observed for 6 or more steps revealed linear dis-
placement at three locations, Corbeau (/+SE, 0.77+
0.03), Havre South (0.74+0.04) and Marteau (0.68+
0.05), but not at Goéland West (0.44+0.08) where the
index was lower than at the other locations (1-way
ANOVA applied to arcsine transformed data, F5 o=
5.50, p=0.002).

We detected an autocorrelation in the length of suc-
cessive moves for urchins on the barrens at Havre South
(Spearman rank correlation, r,=0.28, p=0.03), but not
in the other habitats and locations (p>0.15). Also, there
was no autocorrelation in subsequent turning angles for
urchins in the two habitats at the four locations (circular—
circular correlation, »-=0.07 to ,=0.08). The mean
cosine of turning angles was close to zero at all locations
(Table 1), which indicates a lack of directional persis-
tence. Also, in the two habitats at the four locations the
angles chosen by the urchins did not differ from a
uniform distribution (Rayleigh tests, #<0.04, p>0.1).

W
<

y =-0.23x +42.02

=
.

= 0.69. p=0.007

] (%]
< 2

Proportion of urchin moving (%)
=

(=]

0 40 80 120 160 200
Urchin density (number . m'z)

Fig. 2. Relation of mean proportion of urchins S. droebachiensis
moving over the filming period (=15 for each point) to urchin
density.
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Fig. 3. Relationship between the predicted and the observed average net squared displacement for consecutive moves of the sea urchin S.
droebachiensis in two habitats, urchin barrens and at the grazing front, at each of the four study locations. The dashed lines indicate the 95%
confidence intervals for the net squared displacement as calculated with the empirical distribution of move lengths and a uniform distribution of
turning angles. Numbers in parenthesis indicate the number of individuals observed.
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The average net squared observed displacement
varied in both habitats at the different locations
(Fig. 3). With increasing moves, net squared displace-
ment diverged between the barrens and grazing front
habitats and urchins generally moved further on the
barrens than in the grazing front. The uniform distribu-
tion of turning angles reduced the correlated random
walk model to a random walk model. We could not apply
a random walk model to the data for urchins in the
grazing fronts at Goéland West and Marteau due low
proportion of urchins that were moving (most were
stationary during the filming bouts). In these situations
where we could apply the model, the observed net
squared displacement was similar to the predicted
displacement for most moves. However, the random
walk model tended to underestimate the net squared
displacement in the second move for urchins on the
barrens at Marteau: the observed displacements in the
second move exceeded the upper confidence interval of
the model (Fig. 3). Further, the model overestimated the
observed net squared displacement in the first move for
urchins on the barrens at Havre South. At each habitat
and location, the examination of individual paths
indicated that urchins frequently moved short distances

Table 2

Relative frequency of four types of movement by the sea urchin S.
droebachiensis in two habitats, urchin barrens and the grazing front, at
each of four locations

Location Habitat »  Movement type (%)

Stationary Local Random Directed

Corbeau  Urchin 18 5.6 61.1 16.7 16.7
barrens
Grazing 11 9.1 45.5 27.3 18.2
front
Goéland Urchin 13 0.0 53.8 308 15.4
West  barrens
Grazing 11 72.7 27.3 0.0 0.0
front
Havre Urchin 11 0.0 364  63.6 0.0
South  barrens
Grazing 14 143 357 50.0 0.0
front
Marteau  Urchin 18 11.1 444 333 11.1
barrens
Grazing 10 60.0 40.0 0.0 0.0
front

The movement type of each urchin was identified with the
corresponding random walk model. The observed paths within the
confidence intervals of the random walk model were identified as
random movement. Observed paths that were overestimated by the
model were classified as local movement and those underestimated by
the model as directed movement. Individual that did not move at all
during the filming bouts were identified as stationary. Number of
urchins observed is indicated.

within a restricted area (displacement less than random)
or randomly but occasionally showed directed move-
ment (Table 2). A large proportion of urchins were
stationary in the grazing fronts at Goéland West and
Marteau, where urchin density was the highest (Table 2).

We used the parameters of the random walk model
to extrapolate the displacement of each individual
observed on a fine scale on the barrens and compared
this with urchins tracked on a daily scale in our pre-
vious study (Dumont et al., 2006). The extrapolation
of the fine-scale observations resulted in a mean net
daily distance diplaced that varied from 44.6 (SE+
10.1) to 190 (£59.8) cm and the maximum extrapo-
lated movement rate was 678 cm at Havre South
(Table 1). Whereas the distribution of observed daily
displacement at Corbeau and that extrapolated by the
model were similar (Kolmogorov—Smirnov test, D=
025, Nextrapolated — 17: nobservedzzga P>01), observed
daily displacement at Goéland West was greater than
that extrapolated from the model (D=0.50, #exrapolated =
13, Nopserved =32, p<0.02).

4. Discussion

We show that the movement pattern of the sea urchin
S. droebachiensis can be adequately described by the
random walk model. The agreement between our
observations of urchins moving in the field and the
movement pattern predicted by a random walk model
indicates that urchins move about at random. One
prediction of the model is that urchins disperse at a higher
rate (e.g., net squared displacement) on barrens than in the
grazing front. The increased movement on the barrens is
likely because of the scarcity of food. The random
dispersal of urchins in the barrens habitat likely means that
individuals remain for extended periods of time in this
habitat, which had low food availability. Urchins show
numerous adaptations for tolerating long periods of
starvation, including the ability to decrease their meta-
bolic rate and to use reserves stored in the gonads
(Lawrence and Lane, 1982; Andrew, 1989). Further, they
can switch from being herbivores to feeding on alternative
foods such as detritus, conspecifics or other invertebrates
(Himmelman and Steele, 1971; Briscoe and Sebens,
1988; Drolet et al., 2004). A recent study described the
movement pattern of S. droebachiensis in a similar
manner but did not observe a change in distance moved
between grazing front and barrens and better describe the
movement patterns of S. droebachiensis with a correlated
random walk model (Luazon-Guay et al., 2006).

Although the overall movement pattern at our study
sites was at random, the movement of some individuals
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fell outside the confidence limits of the model. We
observed several different movement types (Table 2),
with some individuals showing more sinuous paths than
predicted by the model (they tended to remain in the
same area), and others showing more directional move-
ment that predicted by the model. Hence, urchins can be
stationary or adopt a local, random or directed move-
ment. Movement within a restricted area is likely the
main search strategy of urchins. Most urchins in grazing
fronts, where densities were high, were more or less
stationary, whereas at sites with lower densities, some
individuals moved about randomly and others showed
directional movement.

Such deviations from the random walk model likely
indicate that local environmental factors influence the
movement of urchins, and these factors may include both
the distribution of patches of food and physical environ-
mental conditions. The most striking deviation was the
period of increase activity for urchins on the barrens at
Havre South (move 3, Fig. 3), in which individuals moved
faster and in a more directional manner than for
individuals at the same site during a different time.
Although sequential moves during this period of high
activity were autocorrelated, and this violates one as-
sumption of the random walk model (Root and Shigesada,
1983; Turchin, 1998), the overall movement remained
within the confidence intervals of the model. Possibly, the
increased activity was due to some local stimulus, such as
the presence of food within a detectable range. In this
instance, movement towards some stimulus was also
indicated by the increased orientation (straightness index
>0.7). In separate trials, in which we studied urchin
movement in the vicinity of a piece of preferred algae
(anchored to the bottom), we similarly observed increased
activity and directional movement towards the algae
(Dumont et al., unpublished data). Hence, urchins appear
to move in random directions most of the time but at
certain times (as when food is detected), they may shift to
more directional movement.

The uniform distribution of turning angles showed
that urchins generally move in random directions. Pre-
vious studies also failed to detect directionality in urchin
movement (Dumont et al., 2004, 2006; Luazon-Guay
et al., 2006). Nevertheless, we still have a limited under-
standing of the advantages of this type of movement,
particularly in respect to obtaining food resources. Al-
though it is possible that stationary urchins were feeding,
the low mobility of urchins in the grazing front may also
have been because their movements were limited by the
large numbers of conspecifics in this habitat. This hy-
pothesis is suggested by the inverse relationship we
documented between urchin activity and urchin density

and also the lower displacement of urchins at high urchin
density observed by Luazon-Guay et al. (2006).
Hayakawa and Kittaka (1984) studied the feeding
behaviour of the sea urchin Strongylocentrotus nudus
in a laboratory experiment and compared the observa-
tions with several movement models. Their simulations
of feeding behaviour suggested that starved urchins
move randomly to uniformly distributed patches of food.
Studies adapting their approach would likely be useful in
elucidating (1) how green sea urchins search for food
relative to the distribution of food patches and (2) the role
of chemodetection in locating food sources.

Our extrapolation of daily movement, based on our
fine-scale observations of movement, indicated a daily
displacement that would be similar to that which we
previously recorded for tagged urchins at one site, but less
than that recorded for tagged urchins at a second site. The
difference in the two estimations at the second site could
have been due temporal changes at this site, for example
appearance of drift algae or changes in temperature or
current. The environmental data obtained while we were
filming urchin movement provided no evidence of an
effect of either temperature (2.3 to 6 °C) or current
velocity (0 to 15 cm s~ ') on urchin activity. Kawamata
(1998) previously showed that the movement of the sea
urchin S. nudus is not affected by low current velocities,
but movement does decrease once velocities exceed
20 cm s '. Finally, our observations were made during
calm conditions and wave surge does reduce urchin
movement, at least when a certain level is reached
(Gagnon, 2003). A major limitation of our study was that
all observations were made during daylight hours, so that
we could not explore whether movement patterns change
between day and night. Such changes have been reported
for several echinoids (Carpenter, 1984; Dance, 1987;
Tertschnig, 1989; Jones and Andrew, 1990). Our extra-
polations of the individual paths to a daily movement are
limited to individuals that moved during the filming
bouts. However, on barrens, almost all urchins did move
(see Table 2). Consequently, the exclusion of non-moving
urchins had a negligible effect on mean daily movement.
On the other hand, the daily movement estimated for the
two locations in the grazing front overestimated the
distance moved.

The simulations of Zollner and Lima (1999) predict
that a strongly correlated random walk type of movement
(e.g. a nearly straight movement path) is appropriate for
animals that can perceive things over a long distance and
that can move long distances, as it should increase the
likelihood of successful dispersal. However, a tortuous
displacement is more appropriate for organisms with
limited perception of the landscape, as this behaviour
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should increase the chance of finding a food patch. A
random search strategy is probably most appropriate for
sea urchins, since they move slowly and can likely only
detect food sources over a limited distance.

An important question is whether the dispersal rate of
urchins allows them to migrate from deeper water to the
kelp zone in shallow water. We postulate that urchins
move randomly from the barrens to the kelp zone and the
probability of reaching the kelp zone will decrease with
the distance from the kelp. Once urchins reach the kelp
zone, their dispersal rate should decrease so that
individuals may remain in the same area for long periods.
They likely move short distances within a restricted area
(local movement). Several previous workers postulate
that large urchins migrate shoreward to form the
aggregations at the lower limit of kelp bed (Propp,
1977; Meidel and Scheibling, 1998; Scheibling et al.,
1999; Vadas et al., 2002), but in these studies movement
data were lacking so the hypothesis could not be
evaluated. In the present study, we quantified and
modelled urchin dispersal with observations made during
the summer. Our data likely cannot be used to estimate
dispersal over the year as movement behaviour likely
changes with season. Konar (2000) observed that urchins
moved little throughout the year in the kelp zone whereas
on barrens movement was decreased during the winter
compared to in the summer. Gagnon et al. (2004) recorded
large seasonal fluctuations of urchin densities in the kelp
zone in the Mingan Islands, and there were much higher
densities in summer than in spring and fall. Abiotic factors
such as wave surge and ice formation may be important
factors affecting the movement rate of urchins, and both
factors may dislodge urchins in shallow water (Gagnon et
al., 2004). These factors may thus lead to periodic
exchanges between the kelp and barrens habitats. Our
model provides an estimate of the dispersal rate of urchins
at a scale over which urchins from barrens are likely to
interact with individuals in the kelp zone.

In a context of fishery management, our results provide
insights into the rate of recolonization in harvested areas.
Urchins collected adjacent to the kelp zone (e.g. where
individuals have larger gonads than on the barrens) will
likely be replaced by adult urchins from the barrens that
come into contact with the kelp zone through their random
movements. However, an intensive harvesting in the kelp
zone may lead to a rapid depletion of surrounding adult
urchins and an expansion of the kelp zone. The growth of
juveniles on barrens may then be necessary to provide a
new generation of adults. The time required for juveniles
on barrens to attain the size (15-20 mm) at which they
actively move about in open areas will likely depend on
food availability and any expansion of the kelp zone

should increase kelp litter and thus the growth of juveniles
on the barrens.
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