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ABSTRACT: The western rock lobster Panulirus cygnus is an abundant consumer along the lower
west coast of Australia, sheltering in reef during the day and foraging in surrounding habitat at night.
We used acoustic telemetry to determine the distances from high-relief reef where nocturnally active
P. cygnus forage at 3 sites representing 3 common shallow-water habitats: meadows of the seagrasses
Amphibolis spp. and Posidonia sinuosa and macroalga-dominated pavement. We focussed on
among-site variation in core and total nocturnal activity area, distance of foraging from high-relief
reef and total distance between position estimates. We found that P. cygnus moved over an extensive
area at all sites and that 90 % of lobster activity occurred within 60 m of the nearest high-relief reef at
all 3 sites regardless of habitat type. Foraging activity by P. cygnus is therefore likely to be greatest
within this zone around coastal reefs. Core (50 % utilisation distribution [UD]) and total (95% UD)
nocturnal activity areas did not differ significantly between sites and averaged 2556 + 482 m? and
10437 + 2221 m? respectively. Total distance between position estimates and average distance from

reef did not differ between sites either.

KEY WORDS: Spiny lobster - Movement - Foraging range

INTRODUCTION

The movement of consumers between distinct habi-
tats to forage can constitute an important link in
marine food webs (Polis et al. 1997, Rilov & Schiel
2006, Valentine et al. 2007). Consumers that use struc-
turally complex habitats such as reefs as shelter often
forage in surrounding sand and seagrass habitats (e.g.
Randall 1965, Cobb 1981, McAfee & Morgan 1996,
Meyer et al. 2000). As a consequence of this foraging,
prey densities may decrease in these habitats when
they are adjacent to favoured shelter (e.g. Randall
1965, Edgar 1990b, Langlois et al. 2005). The effect of
this foraging tends to decrease with increasing dis-
tance from the reef, with the potential for halos of
reduced prey density to be produced around reefs (e.g.
Randall 1965, Posey & Ambrose 1994, Langlois et al.
2005). Gaining knowledge of the spatial extent of these
types of movements could provide valuable insight
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into the processes that influence the productivity and
biodiversity in, and the scale of connectivity among,
the mosaic of habitats that can occur at the landscape
scale in the marine environment.

Lobsters are often abundant consumers on temper-
ate and sub-tropical reefs, and can exert a profound
impact on benthic communities (e.g. Robles 1987,
Edgar 1990a, Babcock et al. 1999). Lobsters typically
move between their ‘dens’' (shelters within reefs) and
surrounding benthic habitat at night to forage (Herrn-
kind 1980). The distances they move away from shel-
ter, and the area they cover while foraging, are likely
to be influenced by the density and distribution of
prey, energetics of locomotion, time constraints, and
the density and activity patterns of predators (Smith et
al. 2001). The level of activity and scale of movement
may also be influenced by a range of environmental
factors such as temperature, moon phase and light
intensity (cf. Morgan 1974, 1978, Jernakoff 1987,
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MacDiarmid et al. 1991, Smith et al. 1998, Watson et
al. 1999, Srisurichan et al. 2005).

The western rock lobster Panulirus cygnus is an
abundant consumer along the lower west coast of Aus-
tralia, and forms the basis of Australia's largest single
species fishery (de Lestang & Melville-Smith 2006). For
at least 3 to 4 yr post-settlement, these lobsters occupy
shallow (<20 m) coastal waters (Chittleborough 1970),
which comprise a mosaic of habitats, including high-re-
lief limestone reefs, seagrass meadows, bare sand flats
and flat pavement reef (Sanderson 2000, Carruthers et
al. 2007). Here, lobsters occupy caves and ledges on, or
at the base of, high-relief limestone reefs during the
day and forage in surrounding habitat at night (Cobb
1981, Jernakoff 1987, Edgar 1990a). P. cygnus has also
been shown to significantly reduce the densities of epi-
faunal gastropods in seagrass meadows adjacent to
reefs (Edgar 1990b); however, it is not known how far
this foraging impact extends from the reef edge. Whilst
nocturnal foraging movements were quantified with a
high degree of accuracy by Jernakofif et al. (1987) at a
shallow site dominated by the seagrasses Amphibolis
spp. and Halophila ovalis/Heterozostera tasmanica, dis-
tance from the reef was not presented; thus, it is diffi-
cult to interpret how far the boundary of foraging effort
extends from the reef habitat. In addition to meadows
of Amphibolis spp. and H. ovalis/H. tasmanica, shallow
(<20 m) reefs are often found associated with another
structurally distinct and major habitat-forming seagrass
genera, Posidonia (Kirkman & Walker 1989, Carruthers
et al. 2007), as well as areas of limestone pavement
dominated by macroalgae and bare sand, which are
common in deeper and more exposed areas.

The present study was designed to determine the
scale of nocturnal foraging movements of Panulirus
cygnus between reef and surrounding habitat. At pre-
sent, there are few studies that have quantified the dis-
tances that reef predators, including lobsters, move
into surrounding habitats to forage. Such information
is necessary to understand the scale of connectivity
between habitats in marine landscapes, an important
topic of research, since trophic connectivity can play
an important role in maintaining biodiversity and food
webs (see Polis et al. 1997). Using acoustic telemetry,
lobsters were tracked at 3 sites with distinct habitats
that typify the shallow coastal waters of the lower west
coast of Australia: meadows of the seagrasses Amphi-
bolis spp. and Posidonia sinuosa and macroalga-domi-
nated pavement (Carruthers et al. 2007). From this, we
quantified the scale of total lobster movement and the
distance of movement from reef and foraging area, and
compared sites with different habitat characteristics.
Finally, we investigated the influence of swell height,
temperature, moon phase and sex on the spatial extent
of lobster nocturnal activity.

MATERIALS AND METHODS

Study area. The study sites were located within the
Jurien Bay Marine Park (30°17.3'S, 115°02.5' E) on the
lower west coast of Australia (Fig. 1). The marine park is
representative of the central west region, which is at the
centre of the range of Panulirus cygnus, and comprises a
mosaic of high-relief limestone reefs, seagrass meadows,
areas of flat pavement reef and bare sand. Lobsters were
tagged at 3 sites (Fig. 1) in which the vegetated habitat
and high-relief reef edge (>1 m) was determined by
SCUBA surveys and towed underwater video. Two of
these sites, namely Booker Valley and Boullanger Island,
were located in lobster no-take zones (i.e. closed to fish-
ing activities), to allow lobsters to be tracked in the ab-
sence of baited pots, which have been shown to influ-
ence P. cygnus movements (Jernakoff & Phillips 1988).
Lobsters at the third site, Jurien Basin, were only tracked
during times when no baited pots were in the area.

Booker Valley was located ~400 m from the mainland
(Fig. 1) in a no-take zone and consisted of high-relief reef
(>1 m) surrounded by a seagrass meadow of predomi-
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nantly Amphibolis spp. at depths of
3 to 5 m. The top of the reef was
covered mainly with algal turf,

Table 1. Panulirus cygnus. Details of tagged lobster tracked using acoustic telemetry
at 3 sites. CL: carapace length; M: male; F: female

macroalgae and Amphibolis spp. IDno. Sex CL  No.of No.of  Dates tracked Comments
The reef's vertical walls were cov- (mm)  nights  positions
ered by algae, sponges, ascidians tracked
and other sessile invertebrates. Boullanger Island

The Boullanger Island site was 1 M 75 2 12 Feb 25, Mar 14
located within a no-take zone, 2 F 77 4 52 Feb 25, 26, Mar 6, 14
~1.8 km away from the mainland, 3 M 78 3 25 Feb 25, Mar 6, 14
and comprised a rocky headland 4 F 72 3 29 Feb 25, 26, Mar 14
(part of Boullanger Island) with 5 M- 845 1 17 Feb 25 Changed reef
fringing limestone reef (Fig. 1). Booker Valley ]
The habitat around the reef com- ; ﬁ ;; (1) g Feb 27 Weak signal
prised Posidonia sinuosa meadow, 3 M 80 3 28 Feb 27, Mar 12, 25
which extended to a depth of 7 m. 4 M 76.5 2 27 Mar 12, 25
The reef was covered with macro- 5 M 76 0 0 Weak signal
algae (mainly Ecklonia radiata), Jurien Basin
sponges, ascidians and other 1 M 0 0 Caught in pot
sessile invertebrates. Numerous 2 E 2 36 Mar 7, 18
smaller reef outcrops were also i I\lf (3) 700 Mar 7, 18, Apr 3 Caucht in vot
present withip 20 to 50 m from the 5 F 3 63 Mar 7, 18, Apr 3 g P
headland adjacent to where the

lobsters were tagged.

Jurien Basin was located ~2.5 km from the main-
land (Fig. 1) and was open to all forms of fishing. The
site consisted of a subtidal reef, rising from 10 to
13 m to ~4 m at the shallowest point and was sur-
rounded by areas of flat reef pavement, which sup-
ported a community of mainly red foliose and articu-
lated coralline algae (e.g. Grateloupia, Pterocladia,
Kallymenia, Haliptilon, Amphiroa, Rhodymenia,
Hypnea, Erythromenia and Peyssonnelia) as well as
patches of Ecklonia radiata and bare sand substrata.
Macroalgae (mainly E. radiata), sponges, ascidians
and other sessile invertebrates were present on the
high-relief reef.

As well as differing in their surrounding habitat,
each reef supported different densities of Panulirus
cygnus. Six SCUBA surveys of Boullanger Island and
Jurien Basin and 5 surveys of Booker Valley (each
comprising four 30 x 5 m belt transects) were con-
ducted between November 2004 and August 2006.
These surveys revealed that Booker Valley had a
significantly higher density of P. cygnus between 30
and 90 mm carapace length (CL) (mean + SE: 17.57 +
4.67 per 100 m?), than Boullanger Island (5.89 + 2.12
per 100 m?) or Jurien Basin (2.75 * 1.26 per 100 m?)
(ANOVA, df = 2,16, F=7.22, p = 0.007).

Tagging. On and February 20 and 21, 2007, 15 rock
lobsters between 69 and 84.5 mm CL (median: 78 mm)
were tagged with acoustic transmitters (V13H, Vemco),
which transmitted continuously at frequencies be-
tween 63 and 78 kHz in periods ranging from 1930 to
2000 ms (Table 1). Lobsters were caught by SCUBA

divers and snares and brought back to a boat for tag-
ging. The transmitters were attached to the lobsters
using cable ties, with 2 cable ties fastened around the
carapace, either side of the 3rd and 4th pairs of walk-
ing legs; further ties were used to fasten these to the
transmitters. Kelly (2001) used the same technique
successfully for the lobster Jasus edwardsii. This tech-
nique has been shown to have no adverse effects on
lobster feeding behaviour over a period of weeks, but
in a laboratory trial reduced feeding was noted within
4 d after tagging (MacArthur et al. 2008). The sex and
CL of each lobster was recorded, and a section of a
pleopod was removed for determination of moult
stage. Analysis of these pleopods later in the labora-
tory revealed that all lobsters were in intermoult stage
(using the criteria of Dall & Barclay 1977), and thus
were likely to be actively feeding, since foraging
activity is greatest for Panulirus cygnus during this
stage (Chittleborough 1975). The tagging process took
<2 min, and lobsters were allowed to adjust to the pro-
cess for 5 to 30 min in a shaded holding tank before
being returned to the water within 50 m from where
they were caught.

Tracking. Tracking commenced 4 d after tagging
(February 20, 2007) to give the tagged lobsters time
to adjust to tagging and handling. Lobsters were
tracked using an acoustic receiver (VR100, Vemco)
and a directional hydrophone (VH110, Vemco) from a
7 m boat. The hydrophone was attached to an alu-
minium pole that was inserted through a cylindrical
bracket fastened to the side of the boat. This allowed
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the hydrophone to be rotated 360 degrees. A compass
fastened to the top of the pole allowed the user to
determine the bearing at which the hydrophone was
facing. Lobsters were located by setting the receiver to
the desired frequency and rotating the hydrophone
until the strongest signal was received. The boat was
then slowly driven on that bearing until the signal
reached peak strength, indicating that the lobster was
under the boat, at which time the position of the boat
was marked by GPS. A pilot study using a weighted
acoustic transmitter at the Boullanger Island site indi-
cated that accuracy in locating the tag using this
method averaged (+SE) 8.0 = 2.1 m over 20 trials.

Lobsters were tracked over 3 nights at Booker Valley
and Jurien Basin and over 4 nights at Boullanger Island
(Table 1). On each night, tracking commenced at sun-
set and finished just before sunrise, thereby covering
nearly all hours of darkness. Every effort was made to
obtain position estimates for each lobster consecutively
to ensure that each one had the same amount of time
devoted to estimating its position and that these posi-
tion estimates were made over roughly equal intervals
during the night. The number of nights that were suit-
able for tracking was greatly reduced due to strong
prevailing south to south-easterly winds that ham-
pered the ability to precisely manoeuvre the boat and
thus accurately locate the position of greatest signal
strength.

Environmental variables. The average swell height
over each of the tracking nights was calculated using
swell data from the Department for Planning and Infra-
structure, Western Australia (Jurien Bay Buoy No. 40,
42 m, 30°17.50'S, 114°54.87'E). Swell height ranged
between 0.57 and 1.70 m during the study, with a mean
of 1.06 m. This compared to a range of 0.36 to 5.70 m
and a mean of 1.89 m for the entire year of 2006. Water
temperature was logged automatically when a posi-
tion estimate was saved on the GPS unit (Garmin GPS
178C). Water temperatures over the course of the study
ranged from 20.3 to 24.7°C, with a mean of 22.7°C.
Mean monthly water temperature between 1990 and
1994 at a site adjacent to Boullanger Island, at a depth
of 5 m, ranged between 18.3 and 22.2°C (Pearce et al.
1999). The moon phase on each of the tracking nights
was recorded as being ‘full’ or 'not full'. A night was
judged to belong to the full moon phase if the date was
closer to that of the full moon than to that of the first or
last quarter.

Data analysis. Position estimates were used to calcu-
late the linear distance travelled by each lobster over
each night during the tracking period. Position esti-
mates for each lobster were also plotted onto habitat
maps of each site, and the distances between each
point and the nearest high-relief reef edge (i.e. lobster
shelter habitat) were determined.

Fixed kernel estimates of nocturnal activity range
(Worton 1989) using least-squares validation as a
smoothing parameter (Seaman & Powell 1996) were
calculated for each lobster on each night when
>5 position estimates were made using The Home
Ranger program (Ursus Software). To view the shape
of these areas and the position in relation to high-relief
reef habitat, the 95 and 50% utilisation distribution
(UD) contours, representing total and core activity
areas, respectively, were then plotted onto maps of
each site using the program OziExplorer (D & L Soft-
ware). The area within these contours was also cal-
culated.

The following nocturnal activity parameters, aver-
aged over nights for each lobster, were compared
between sites using analysis of variance (ANOVA)
in SPSS V.13: total distance between position esti-
mates, distance of position estimates from nearest
high-relief reef and 95 and 50% UD areas. As
obtaining position estimates was easier at Jurien
Basin, due to its habitat characteristics, and the total
distance travelled for individual lobsters was posi-
tively correlated with the number of position esti-
mates obtained (R? = 0.632, p < 0.001), the number of
position estimates was used as a covariate when
performing ANOVA on total distance data. Where
differences between sites were found to exist at p <
0.05, Tukey's honestly significant difference pairwise
test was used to determine the nature of the differ-
ences among sites.

We performed a distance-based redundancy ana-
lysis (dbRDA; Legendre & Anderson 1999, McArdle
& Anderson 2001), using the DistLM option in the
PRIMER 6 & PERMANOVA +34 software package
(PRIMER-E), to determine if the following predictor
variables—CL:sex, moon phase (full vs. not full), mean
nightly swell height and mean nightly water tempera-
ture—explained a significant level of variation in
the 50 and 95% UD areas of lobsters. This technique
allows multiple regression to be performed on any
distance or dissimilarity response matrix of choice
(McArdle & Anderson 2001). We used Euclidean dis-
tance as the distance measure to compare the variables
(50 and 95% UD areas) among samples (individual
lobster foraging nights) and to construct a resemblance
matrix on which the predictor variables were tested.
Variables were first tested individually for a significant
effect (marginal tests), then added sequentially to
the model using Akaike's information criterion (AIC;
Akaike 1974) as the selection criterion (conditional
tests). The proportion of total variation in the matrix
explained by predictor variables was tested for signifi-
cance by obtaining p-values from 9999 unrestricted
permutations of the matrix column and row labels
(sample labels).
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RESULTS
Detection of lobsters

A total of 11 lobsters were tracked for up to 4 nights
each (Table 1), and 364 position estimates were made.
Two lobsters tagged at the Jurien Basin site were
caught in commercial lobster pots, and their tags were
returned before they were able to be tracked. Two
lobsters tagged at Booker Valley could not be located
due to very weak or non-existent signals, which, in
conjunction with high background noise at that site,
prevented position estimates from being made. Lob-
ster 5 from Boullanger Island left the study site on the
first night of tracking, but was tracked moving to
a more offshore reef ~700 m from the first position

Lobster 1{(2,12) Lobster 2 (4,52)

Lobster 2 (2,36)

Lobster 3 (3, 70)

estimate. No further position estimates were made for
Lobster 5 after this time, due to the dangers associ-
ated with tracking this lobster around this shallow
reef at night.

Nocturnal activity areas

There was considerable variation in the size, shape,
position and number of core (50 % UD) and total (95 %
UD) activity areas displayed by lobsters at all sites
(Fig. 2). Some lobsters had multiple core activity
areas, e.g. Lobsters 1 and 2 at Boullanger Island,
whilst others had single core activity areas, e.g. Lob-
sters 3 and 4 at the same site. Total activity areas
were always adjacent to, or overlapping, subtidal reef

Lobster 3 (3,25) Lobster 4 (3,29)

[l 50% uD
[[]95% UD

Il Land

[ subtidal reef

: Reef outcrops

Lobster5(3,63)

Fig. 2. Panulirus cygnus. The 50% (core) and 95% (total) fixed kernel utilisation distributions (UD) for lobsters tracked at
(a) Boullanger Island, (b) Booker Valley and (c) Jurien Basin between February and April 2007, using data combined over all
nights. In parentheses: number of nights tracked, then number of position estimates
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with the exception of Lobster 4 at Booker Valley,
where 3 total activity areas were away from the reef
edge. There was as much variability in the position of
activity areas for each lobster as there was between
lobsters at each site (Fig. 2). Core foraging areas for
individual lobsters were separated by distances of up
to ~250 m.

Distance from reef edge

The median distance between high-relief reef and
position estimates for each lobster was <20 m, with
the single exception of Lobster 5 from Jurien Basin,
which had a median distance from high-relief reef of
35 m (Fig. 3). Furthermore, 75% of the position esti-
mates for each lobster were always <45 m from reef.
In comparison, the 90th percentile was highly variable
ranging between 18 and 88 m, indicating that there
was considerable variation in the furthest extent of
lobster movement from the nearest high-relief edge,
but that large movements were rare. Pooling data for
each lobster at each site revealed that 90% of posi-
tions were within 52 m at Boullanger Island, 29 m at
Booker Valley and 42 m at Jurien Basin (Fig. 3). Fur-
thermore, the median distance of position estimates
away from high-relief reef were 16, 6 and 14 m for
Boullanger Island, Booker Valley and Jurien Basin,
respectively (Fig. 3).

Comparison of activity parameters between sites

The mean (+SE) total linear distance between
nightly position estimates for lobsters was 241.9 + 24.9
m at Boullanger Island, 231.6 + 30.2 m at Booker Valley
and 443.3 + 20.8 m at Jurien Basin (Fig. 4a). When
number of position estimates was used as a covariate
there was no statistical difference between these val-
ues (F = 0.145, df = 2,10, p = 0.868). The average dis-
tance of position estimates from reef for each lobster
was not found to differ significantly between sites (F =
0.921, df =2,9, p = 0.441) and ranged from 9.4 + 6.4 m
(Booker Valley) to 19.5 + 2.1 m (Boullanger Island)
(Fig. 4b). Average total nocturnal activity areas (95 %
UD) ranged from 6588 + 2070 m? (Jurien Basin) to
15396 + 4116 m? (Boullanger Island), and average core
nocturnal activity areas (50 % UD) ranged from 1823 +
632 m? (Booker Valley) to 3661 + 868 m? (Boullanger
Island) (Fig. 4c,d). None of these values differed sig-
nificantly (95% UD: F = 2.083, df = 2,9, p = 0.195;
50% UD: F = 2.163, df = 2,9, p = 0.186). Total nightly
activity area averaged across all lobsters was 10437 +
2221 m?, and core nightly activity area averaged across
all lobsters was 2566 + 482 m?.
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Fig. 3. Panulirus cygnus. Box-and-whisker plots for each
lobster tracked at (a) Boullanger Island, (b) Booker Valley and
(c) Jurien Basin, showing median distance from reef edge
together with 10, 25, 75 and 90th percentiles and outliers

Effect of predictor variables on lobster nocturnal
activity areas

The variables of CL, sex, mean nightly water tem-
perature, mean nightly swell height (Swell) and
moon phase (Moon) neither individually nor cumula-
tively explained a significant amount of variation
in the 50 or 95% UD areas of lobsters (p > 0.130;
Table 2).
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Fig. 4. Panulirus cygnus. Nocturnal activity parameters of
individual lobsters averaged over 3 sites: (a) total distance
between position estimates, (b) average distance between po-
sition estimates and high-relief reef, (c) 95 % utilisation distri-
bution (UD) area and (d) 50% UD area. Data means + 1 SE

DISCUSSION

The present study indicates that the spatial distribu-
tion of nocturnal foraging by Panulirus cygnus is
strongly influenced by the location of high-relief
reef habitat where they shelter during the day. At each
site, 90 % of all position estimates were located within

Table 2. Panulirus cygnus. Results from a distance-based re-

dundancy analysis showing the proportion of total variation

(%) in 50 and 95 % utilisation distribution (UD) areas, and as-

sociated p-values, explained by 5 variables fitted: individually

to the model (marginal tests) and sequentially to the model

using Akaike's information criterion as the selection criterion
for inclusion (conditional tests). SS: sum of squares

Variable SS (trace) Pseudo-F P %
Marginal tests

CL 1.387 x 107 0.105 0.749 4.36
Sex 7.582 x 107 0.586 0.485 2.38
Temp. 3.011 x 108 2.5109 0.130 9.47
Swell 1.992 x 108 1.604 0.240 6.26
Moon 6.204 x 107 0.478 0.572 1.95
Conditional tests

Temp. 3.011 x 108 2.5109 0.130 9.47

60 m of high-relief reef, and only 2 out of 10 lobsters
were located further away than this for >10% of the
night. No lobsters that remained at the study sites
moved further than 100 m from the reef edge. In com-
parison, the mean nightly total distance travelled by
lobsters at each of the sites (231.6 to 443.3 m) was over
an order of magnitude larger than the mean distance
travelled away from the reef edge (9.4 to 19.5 m), indi-
cating that movement occurs within a relatively nar-
row band around reef-shelter habitat. Further support
for this comes from the location of core nightly activity
areas, which were nearly always adjacent to, and often
overlapped, the edge of high-relief reef. The consis-
tency of these results between sites with different
surrounding benthic habitat and densities of lobsters
indicates that they are likely to be broadly applicable
to reefs within shallow coastal regions along the lower
west coast of Australia. The finding that lobsters are
nocturnally active in Posidonia sinuosa and macro-
alga-dominated pavement habitat suggests that these
habitats, which are commonly adjacent to reef in
coastal waters, are used as foraging habitats by lobsters
in addition to Amphibolis spp. and Heterozostera/
Halophila habitat (Jernakoff 1987, Edgar 1990a).

The estimates of total distance travelled by Panu-
lirus cygnus each night in the present study encom-
passed a similar range to those calculated for this
species at a shallow water (2 to 3 m) site dominated
by Amphibolis spp. and Heterozostera/Halophila sea-
grasses (Jernakoff et al. 1987). That study found 95 %
of lobsters moved between 72.5 and 585 m (median:
310 m) each night, compared to averages (+SE) of
231.6 + 30.2, 241.9 + 249 and 443.3 + 20.8 m for
Booker Valley, Boullanger Island and Jurien Basin,
respectively. Total distance values presented here are
not likely to be as accurate as those by Jernakoff et al.
(1987), where an array of electromagnetic receivers
were used, due to less frequent position estimates and
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the larger errors associated with estimating position.
However, both studies suggest that P. cygnus typically
move over distances of up to 100s of metres compared
to 10s of metres as reported by Chittleborough (1974).
Such discrepancies may be partly due to different
site characteristics, but are almost certainly related to
the methods used, since baited traps were used by
Chittleborough (1974) to determine foraging range,
and have since been shown to influence the natural
movement patterns of P. cygnus (Jernakoff & Phillips
1988). The present study provides further evidence
that P. cygnus undertakes foraging movements of a
similar magnitude to the congeneric Caribbean spiny
lobster P. argus (100s of metres; Herrnkind 1980), but
of an order of magnitude larger than New Zealand
spiny lobsters, Jasus edwardsii (10s of metres; Mac-
Diarmid et al. 1991).

The concentration of nocturnal activity within 100 m
of reef edge, with most (90%) activity occurring
<60 m from the reef edge, suggests that there is a
potential for the densities of a range of small inverte-
brate prey items, such as gastropods, bivalves, small
crustaceans and polychaetes, to be reduced within
this zone (Joll & Phillips 1984, Edgar 1990a). Indeed,
densities of the gastropod Cantharidus lepidus have
been experimentally shown to be significantly reduced
by Panulirus cygnus foraging (Edgar 1990b), and sur-
veys within the present study area have shown this
gastropod species to be significantly more abundant
>100 m away from the edge of patch reefs (F. Tuya
unpubl. data). Evidence for lobster-mediated halos
of reduced prey density has also been provided by
Langlois et al. (2005, 2006), who found densities of the
bivalve prey Drosinea subrosea to be lower <10 m
away from New Zealand rocky reefs. Future research
into this field will benefit from the type of data col-
lected in the present study, allowing surveys or ex-
perimental manipulations of prey communities to be
directed across a known gradient of lobster foraging
activity. It is important to note, however, that lobster
predation may not necessarily be the most important
factor controlling the abundance of prey communities
adjacent to lobster shelter habitat (e.g. Nizinski 2007),
since a suite of other factors likely influence their
distribution and abundance (see Langlois et al. 2005,
Nizinski 2007).

The use of a relatively narrow band at the edge of
reef and surrounding habitat may be related to the
presence of predators or distribution of preferred prey.
Panulirus cygnus of the size studied here use undercut
ledges and caves at the edge of high-relief limestone
reef as shelter during the day (Cobb 1981). This is
likely to decrease the chance of attack from preda-
tors, since shelter increases survival of spiny lobsters
(Eggleston et al. 1990). Natural mortality of P. cygnus

between age classes is approximately 50 % for the size
range studied here (Phillips et al. 2003), and predation
is thought to be one of the main factors driving mortal-
ity (Howard 1988). Remaining close to reef at night
may therefore be advantageous for P. cygnus, decreas-
ing the time taken to reach shelter if attacked. Little
is known of the key natural predators of P. cygnus,
although some predators, such as the sand bass
Psammaperca waigiensis, octopus Octopus tetricus and
wobbegong Orectolobus spp., are nocturnally active
(Howard 1988, Last & Stevens 1994, Anderson 1997,
Carraro & Gladstone 2006). Escaping these and other
predators may be an important factor determining the
spatial distribution of foraging effort. In addition, the
edge of high-relief reef may yield additional food to
surrounding habitat, and staying within close proxim-
ity of this boundary would decrease the time necessary
to access food in both habitats. Indeed dietary studies
of P. cygnus from the area reveal a range of food types,
including invertebrates and algae, from both seagrass
and reef (L. MacArthur unpubl. data). The present
study adds to a wide range of studies that have shown
habitat edges to be important predictors of organism
distribution patterns within landscapes (see Ries et
al. 2004).

Our study has shown that neither CL, sex, moon
phase, water temperature, nor swell height affected
the nocturnal activity area of lobsters. Temperature
and sex have been shown to affect Panulirus cygnus
movement (Morgan 1978, Jernakoff 1987), whilst swell
height and moon phase have been shown to affect
catchability (Morgan 1974, Srisurichan et al. 20095).
The effect of these variables on the foraging area of
P. cygnus, however, has not previously been studied.
Since this study was conducted over a relatively short
time period and relatively small changes in swell
height and water temperatures were encountered, we
cannot rule out these factors influencing natural forag-
ing movement across a greater range. However, it does
suggest that P. cygnus foraging area is not sensitive to
small fluctuations in these variables.

The present study suggests that if protection of
legal-sized P. cygnus is a goal of no-take zones, then
ecotones between reef and surrounding habitat should
be included, as they serve as important areas for both
shelter and foraging. The use of reef edge as bound-
aries for no-take zones cannot be recommended based
on our results, rather boundaries should be set away
from the reef edge allowing a buffer for foraging. Our
results indicate that 100 m would be necessary to
enclose all foraging movements, however, since baited
pots can attract down-current lobsters up to 120 m
away (Jernakoff & Phillips 1988), at least this distance
again would likely be necessary to ensure complete
protection.
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CONCLUSIONS

The spatial distribution of nocturnally active Panu-
lirus cygnus within shallow coastal waters is strongly
influenced by the presence of high-relief shelter reef,
with most lobsters utilising a relatively narrow band
around reef (~60 m) most of the time. This pattern was
consistent over 3 sites displaying benthic habitats that
are dominant along the lower west coast of Australia,
i.e. Amphibolis spp., Posidonia spp. and macroalga-
dominated pavement. The observed spatial distribu-
tion of nocturnally active lobsters may be related to
food availability and the distribution of predators, but
these factors remain untested. Future studies investi-
gating the potential impact of P. cygnus foraging on
benthic communities may benefit from our findings
by allocating sampling effort within and outside areas
of high nocturnal lobster density, thereby incorporat-
ing a likely gradient of foraging intensity. We suggest
that the inclusion of boundaries between reef and
surrounding habitat within no-take zones is desirable
if protection of P. cygnus and their foraging habitats
is an aim of these zones.
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