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Spawning aggregations: patterns of movement of
the coral trout Plectropomus leopardus (Serranidae)
as determined by ultrasonic telemetry
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ABSTRACT- This study measured biological variables necessary for determining the dynamics of
spawning aggregations and measured the influences of these variables on effects of fishing on these
aggregations. Four major spawning aggregation sites of Plectropomus leopardus (Serranidae) were
identified at Lizard Island, Northern Great Barrer Reef, Australia, using ultrasonic telemetry. Spawn-
ing aggregation activities displayed a lunar pattern, with peak activities during new moon periods in
the austral spring-early summer. Of 35 fish tracked during spawning periods in 1993-95, only 31 % par-
ticipated in spawning aggregations, despite all specimens being sexually mature. All specimens that
aggregated displayed fidelity to their chosen aggregation site. The distance between established home
ranges and spawning aggregation sites ranged from 220 to 5210 m, with total spawning movements
back and forth for individual fish ranging from 600 m to over 17 km. One-way inter-reefal movements
were recorded for 3 fish moving 3, 7.5, and 11 km between rclease and recapture locations. Male fish
spent an average of 8 times longer at aggregations than females. Females (n = 4) undertook single-day
or overnight trips only, while males (n = 8) often did multi-day trips. Males were also more likely to
make several trips to spawning aggregation sites than females. Since males spent more time at
aggregation sites, and made more trips to those sites, they were potentially more vulnerable to fishing
pressure on aggregations. The reliance on several aggregation sites per reef makes P. Jeopardus poten-
tially less vulnerable to overexploitation of spawning aggregations. However, the strong site fidelity
observed makes individual aggregations vulnerable to depletion. The low participation rate of repro-
ductively mature individuals at major aggregation events (31 %} suggested that not all spawning activ-
ity took place at the known aggregation sites.
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INTRODUCTION

A common reproductive strategy of coral reef fishes
is to form spawning aggregations (Thresher 1984),
either on a daily basis with associated movements over
short distances (e.g. Colin & Clavijo 1988, Myrberg et
al. 1988, Mazeroll & Montgomery 1995), or on a sea-
sonal basis as a result of large-scale migrations (e.g
Shapiro 1987, Colin 1992, Shapiro et al. 1993). Fish
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stocks on coral reefs are being exposed to increasing
pressures due to human population growth and eco-
nomic development leading to rising fishing effort. Of
particular concern are the fishing pressures on spawn-
ing aggregations, which are often fished heavily once
the location is known to the fishing community (e.g.
Johannes et al. 1994, 1995, Sadovy 1994, Sadovy &
Domeier 1994). Efficient fishing at aggregation sites
can result in the removal of a large proportion of the
reproductively active fish, which may have significant
effects on the population as well as on future fishery
yields (Shapiro 1987, Colin 1992, Johannes et al. 1994,
Sadovy 1994).
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The effects of fishing pressure on spawning aggre-
gations of a population of coral reef fish is strongly
influenced by several factors. These factors include the
number of distinct spawning aggregation sites, the
catchment distances (i.e. How far do individuals move
to specific aggregation sites?), the participation rates
(What proportion of the population participates in any
one aggregation event?), the residence times of indi-
vidual fish at aggregation sites, and any potential dif-
ferences between the sexes in the participation rates
and residence times. Information regarding the catch-
ment distances of spawning aggregations and dis-
tances moved by individual fish is limited. Most data
on distances moved are based either on chance recap-
ture of tagged specimens (Burnett-Herkes 1975 in
Shapiro 1987, Colin 1992, Sadovy et al. 1994, Johannes
et al. 1995), or qualitative observations (Colin et al.
1987, Colin 1992). There is no quantitative information
about participation rates or residence duration of indi-
viduals at aggregation sites of large predatory reef
fish. Any estimates of abundance and sex ratios at
spawning aggregations will depend strongly on turn-
over rates of fish during the existence of an aggrega-
tion (Johannes et al. 1994). Clearly, the determination
of catchment distances of spawning aggregations, and
the participation rates and residence times at these
aggregations, for a given species is important for fish-
eries management.

Spawning aggregations have been documented for
many species through direct observations (e.g. Robert-
son 1983, Shapiro 1987, Colin 1992, Shapiro et al. 1993,
Sadovy et al. 1994, Mazeroll & Montgomery 1995,
Warner 1995), or inferred from catch and reproductive
information (Ebisawa 1990, Davis & West 1993).
Spawning aggregations of Plectropomus areolatus
have been reported in Palau (Micronesia) (Johannes
1981) and the Solomon Islands (Johannes 1988). On
the Great Barrer Reef (Australia), the first scientific
investigation of spawning aggregations of the proto-
gynous Plectropomus leopardus (coral trout) were
reported by Samoilys & Squire (1994) and Samoilys
(1997), although anecdotal information was reported
earlier (e.g. Johannes & Squire 1988). This serranid
forms the major component of the commercial and
recreational hook and line catch on the Great Barrier
Reef (Kailola et al. 1993, Williams & Russ 1994, Higgs
1996).

The focus of this study can be divided broadly into
2 sections: (1) The location of spawning aggregation
sites of Plectropomus leopardus on the study reef
were determined through tracking of individuals
equipped with ultrasonic telemetry transmitters. Once
aggregation sites had been identified, the catchment
distances of aggregations were estimated by measur-
ing the distances moved between established home

ranges (Zeller 1997a, b) and aggregation sites using
ultrasonic tracking. (2) The use of spawning aggrega-
tions by P. leopardus was examined by comparing the
underwater visual censuses of spawning aggrega-
tions with the behaviour of tracked individuals. Ultra-
sonic tracking permitted the quantification of partici-
pation rates of P. leopardus at aggregation events and
determined the timing of movements to and from
spawning aggregation sites. The residence time and
number of spawning trips undertaken by individual
P. leopardus was determined, and any sex-specific
differences in the patterns of use of aggregation sites
were evaluated.

MATERIALS AND METHODS

This study was conducted at Lizard Island, northern
Great Barrier Reef (GBR), Australia (lat. 14°40'S, long.
145°28'E) between January 1993 and December 1995.
Lizard Island is a high, continental island, situated in
the GBR lagoon. It is surrounded by fringing reefs,
which enclose a local reef lagoon and 2 nearby, small
islands (Palfrey and South Islands) (Fig. 1). Waters
around the island are relatively shallow (20 to 30 m).
The majority of this study was conducted on the north,
north-east and west sides of the island, these areas
being more sheltered from the prevailing south-east
winds.

Emphasis was placed on spreading the capture and
release locations of specimens across the whole study
area in order to increase the likelihood of detecting
spawning aggregation sites and to determine the
catchment distances of each aggregation site. Three
extensive ultrasonic tracking periods took place during
the spring-early summer period in the southern hemi-
sphere, between August and December 1993, 1994
and 1995, which is the reported spawning period
for Plectropomus leopardus on the northern GBR
(Samoilys & Squire 1994, Ferreira 1995).

Ultrasonic tracking. Individuals of Plectropomus
leopardus used for ultrasonic tracking were captured
on hook and line. Ultrasonic transmitters (Vemco Ltd
and Sonotronics Ltd) were surgically implanted into
the body cavity of specimens anaesthetised with MS-
222 (tricaine methanesulfonate) (Hart & Summerfelt
1975, Mortensen 1990, Holland et al. 1993, Zeller
1997a). Fish were released at the capture sites after an
aquarium based recovery period of 2 to 3 wk (Zeller
1997a). Tracking of specimens commenced immedi-
ately after release, but data collected during the first
24 h after release were not included in any subsequent
analyses. A total of 35 P. leopardus were tracked dur-
ing the 3 spawning periods monitored, with tracking
periods up to 97 d per fish. Individual fish could be
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Fig. 1. Plectropomus leopardus. Locations of major spawning
aggregations and minor courtship sites of coral trout at Lizard
Island (northern Great Barrier Reef, Australia), as identified
through ultrasonic telemetry and underwater visual surveys
on Scuba between 1993 and 1995. Prevalent tidal currents are
indicated (arrows). Prevailing winds from south-east. Stippled
line indicates approximate reef-sand interface or 20 m depth
contour (@) Major aggregation sites: NP- North Point, GH:
Granite Head, BR1: Backreef Site 1, BR2: Backreef Site 2.
(@) Minor courtship sites: A: Osprey Island, B: Corner Beach
Reef, C: Palfrey Island

identified by the ultrasonic transmitter frequency and
the different pulse rates on each frequency (pulses
min~'). The tracking technique followed the small
vessel techniques described by Holland et al. (1985),
Matthews et al. (1990) and Zeller (1997a). Each fish
was located at least 3 to 4 times per day for the dura-
tion of the tracking period. Exact position fixing of fish
equipped with ultrascnic transmitters was by visual tri-
angulation (White & Garrot 1990) using reef- and land-
features identifiable on aerial photographs. Pilot inves-
tigations indicated that location of the signal could be
determined to within approximately 10 to 20 m using
crossbearings at approximately 90° to each other
(Zeller 1997a). At the end of each tracking period, indi-
viduals were collected by speargun to recover trans-
mitters and determine the sex and reproductive status
of individuals. Histological techniques used for repro-
ductive assessment followed those described by Fer-
reira (1995) for P. leopardus.

Underwater visual census. Underwater visual cen-
suses were conducted to confirm the existence of
spawning aggregation sites determined by movements
of tracked individuals. Censuses were spread across
the complete lunar periods to estimate abundances of
Plectropomus leopardus at spawning sites. After ini-
tial, widespread searches of each spawning site, a core
area of 50 by 20 m was censused. During each 20 min
census, these core areas were searched intensively
and all sighted coral trout counted, their sizes esti-
mated, male courtship colour and behaviour noted
(sensu Samoilys & Squire 1994), and tracked individu-
als identified where possible. Identification of tracked
specimens was achieved by specimen-specific tagging
patterns using standard T-bar anchor tags (1993), or by
use of a diver held ultrasonic receiver (1994-95).

Data analysis. Data were examined graphically and
analysed for diel and lunar patterns of spawning move-
ments, residence times at spawning sites and distances
moved to spawning sites. The spatial location data
obtained from the ultrasonic tracking were digitised
from aerial photos. Distances moved and speed of
movements from home ranges to spawning aggrega-
tion sites were analysed using the home range analysis
program Wildtrack® (Todd 1993). To avoid overestima-
tion of residence time and to ensure that the correct
departure time from spawning sites was recorded, only
those spawning site movements which included ultra-
sonic telemetry records of both evening and morning
nautical twilight were considered in the analysis.

Statistical analyses included t-test, ANOVA,
ANCOVA, linear regression, and y’-test. Statistical
assumptions, e.g. heteroscedasticity and non-normality
and independence of errors, were examined prior to
analysis (Underwood 1981). Data were transformed
using the standard log;, transformation when required
{(Underwood 1981). Proportions were transformed to arc-
sine square-root for biostatistical evaluation; raw data
was used for interpretation of observed patterns (Sokal &
Rohlf 1981, Underwood 1981).

RESULTS

Of the 35 individual Plectropomus leopardus
(Forklength, FL, range = 37.6 to 67.5 cm) tracked dur-
ing the 3 spawning periods monitored, 13 (31.1%)
were recorded as moving to spawning aggregation
sites (FL range = 43.9 to 58.5 cm). Eight individuals
were male, 4 were female and 1 specimen could not be
recovered for sex determination. The remaining speci-
mens remained at their home range sites (Zeller
1997b). A total of 1698 tracking days and 6647 time-
location data points were obtained during the spawn-
ing periods.
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Fig. 2. Plectropomus leopardus. Locations of home ranges of
the 13 coral trout tracked using ultrasonic telemetry between
1993 and 1995 which participated at aggregation events, and
schematic movement paths to their respective spawning
aggregation sites (arrows). Numbers indicate the number of
tracked fish participating in aggregation events. PL 20 and
PL 21 identify home range locations of 2 specific individuals.
(O) Locations of home ranges; (®) spawning aggregation
sites. Stippled line indicates approximate reef-sand interface
or 20 m depth contour

Spawning aggregation sites

Around Lizard Island, 4 major aggregation sites
(sensu Samoilys & Roelofs 1996) of Plectropomus leo-
pardus were detected through movements of fish
equipped with ultrasonic transmitters. Two of the sites
were identified in 1993 and confirmed in 1994 and
1995 (Granite Head and North Point, Fig. 1), while the
2 backreef sites (BR1 and BR2, Fig. 1) were located
during 1995.

All aggregation sites were situated on the lower reef
slope at a depth of 15 to 20 m, which represented the
deepest part of the reef slope at Granite Head and
North Point. Both backreef aggregations (BR1 and
BR2) continued to a depth of 25 m, but visual observa-
tions and censuses were restricted to 20 m. All 4 sites
were located at the down-current position of the local
reef structures, with medium to strong tidal currents
being experienced regularly, running either off the
reef or parallel to the reef edge (Fig. 1).

Courtship activities were observed during visual sur-
veys at 3 additional locations during 1995 (A, B and C,
Fig. 1). At these locations 1 or 2 male Plectropomus
leopardus were observed displaying courtship behav-
iour (Samoilys & Squire 1994} towards groups of
between 2 and 6 other coral trout (presumably fe-
males).

Catchment distances: distances moved to
spawning sites

The 1-way distances between established home
ranges and spawning aggregation sites for Plectro-
pomus leopardus equipped with transmitters varied
widely, ranging from 220 m to a maximum of 5210 m
[mean: 912 m + 233 (SE), n = 13, Fig. 2]. Treating the
individual 1-way distances between home ranges and
spawning sites as covariate for each specimen in the
statistical analysis, the total distance moved to spawn-
ing aggregation sites (return trips and multiple trips)
did not differ between male and female P. leopardus
(ANCOVA F; 4 = 0.7869, p = 0.3981). Taking into
account return trips and multiple movements (2 or
more return trips) to aggregation sites, the distance
moved (x SE) by coral trout in relation to spawning
during the tracking periods averaged 5220 m (+ 1315)
and ranged from 600 to 17270 m. The maximum
recorded distance of over 17 km was based on a male
individual (PL 21) which undertook 10 separate trips
between its home range and the spawning aggrega-
tion site at Granite Head, a distance of 860 m each trip,
over a 19 d period during 1994 (PL 21, Fig. 2). Two of
these trips were of multi-day duration (2 and 3 d,
respectively), and on 2 occasions this fish made 2 trips
back and forth on the same day. The average speed
(xSE) of movement to and from the aggregation site for
PL 21 was 11+ 1.5m min~' (n = 10). For all fish and all
occasions with home range and spawning site fixes on
the same day, the speed of movement (+SE) in relation
to aggregation sites averaged 10 + 1.2 m min™" (n = 20),
with a range of 3 to 20 m min"!

Evidence of inter-reefal movements

Three recaptures of coral trout carrying ultrasonic
transmitters can be classified as inter-reefal move-
ments. Furthermore, these movements represent long
distance movements away from a known spawning
aggregation site. One specimen (FL = 48.0 cm) was
captured initially in August 1993 (4 d post-new moon)
at the Granite Head spawning aggregation site. Ultra-
sonic tracking contact in the Granite Head area was
lost 7 d after release. The fish was recaptured by com-
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Fig. 3. Plectropomus leopardus. Initial capture and release
location at Granite Head (GH) spawning aggregation site
during new moon periods in 1993/1994 of 3 coral trout
equipped with ultrasonic transmitters. Contact with speci-
mens was lost shortly after release. Locations of recapture of
the fish by commercial and recreational fishers on neighbour-
ing reefs 1 and 3 yr after initial capture indicates inter-reetal
movements by coral trout. Direct linear distance paths are
indicated (3, 7.5, 11 km). (@) Location of initial capture and
release at Granite Head. (O, ?) Best estimates of recapture
locations that were obtainable from fishers

mercial fishers 3 yr later (June 1996}, in a reef area
approximately 11 km north-northwest of Lizard Island
(Fig. 3).

Specimen 2 (FL = 55.4 cm) was caught for transmitter
implantation in October 1994 (full moon) at the Gran-
ite Head spawning aggregation site. Within 3 d of
release, ultrasonic tracking contact was lost with this
fish. It was recaptured by recreational fishers in Octo-
ber 1995 in an extensive reef shoal area to the north of
Lizard Island (Petricola shoals, Fig. 3). The direct,
linear distance between initial capture site and the
southernmost part of the shoal area is approximately
3 km (Fig. 3).

The third coral trout (FL = 44.1 cm) was initially
caught at the Granite Head spawning aggregation site
in October 1994 (1 d before new moon). Tracking con-
tact was lost 8 d after release. This fish was recaptured
in October 1995 at Eyrie Reef by a research team. The
direct linear distance between site of initial capture and
location of recapture is approximately 7.5 km (Fig. 3).

Use patterns of aggregation sites
Spawning aggregation activities of the tracked indi-

viduals showed distinct patterns of lunar activity. The
number of tracked specimens present at the 4 spawn-

ing sites was highest during new moon periods
(Fig. 4A), with the highest participation observed in
November 1994 (Fig. 4B) and in October 1995
(Fig. 4C). Underwater visual censuses at the Granite
Head and North Point aggregation sites during Octo-
ber-November 1994 showed highest total trout counts
during new moon periods in October and November.
The highest count of 60 fish per 1000 m* was observed
2 and 3 d before the October new moon at the Granite
Head site (Fig 5A). Similar censuses conducted at all 4
spawning aggregation sites between September and
December 1995 found highest densities (35 fish per
1000 m?) at Granite Head before the October new
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Fig. 4. Plectropomus leopardus. Number of coral trout
equipped with ultrasonic transmitters present at spawning
aggregation sites per day, pooled for all 4 major spawning
aggregation sites. (A) Data for all tracking periods (1993 to
1995) pooled and standardised to 1 lunar cycle (full moon to
full moon}. (B) Data for 1994 tracking period, covering 2 con-
secutive lunar cycles. (C) Data for the 1995 tracking period,
covering 2 consecutive lunar cycles. Black bars: female; white
bars: male. (@) Full moon; (O) new moon
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moon (Fig. 5C). All 4 locations had highest densities of
aggregating coral trout during this October new moon
period, with a secondary peak prior to the November
new moon (Fig. 5B).

Nine fish with ultrasonic transmitters were identified
and observed on numerous occasions during visual
censuses of the spawning aggregations. The remain-
ing 4 were not present at aggregation sites during
visual census periods. Of the 9 specimens, 6 were iden-
tified visually as male by the readily recognisable male
courtship colours and behaviour. The behavioural sex
determination was confirmed through gonad histology
upon recovery of the tracking specimens at the end of
the tracking periods. It was not possible on all occa-
sions to identify males by their behaviour patterns dur-
ing the visual census. For example, on one census day
an individual was recorded as present but ‘inactive’
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Fig. 5. Plectropomus leopardus. Underwater visual census
counts of coral trout observed during the late afternoons at
the spawning aggregation sites. (A) Total 1994 census counts
at the 2 spawning aggregation sites known at that time. Black
bars: Granite Head; white bars: North Point. (B) Total 1995
census counts at all 4 aggregation sites combined. (C) Total
counts of 1995 censuses from the largest aggregation site only
(Granite Head)}. (*) Dates of censuses with zero counts.
(@) Full moon; (O) new moon
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Fig. 6. Plectropomus leopardus. Percentage distribution of

arrival (black bars, n = 55 observations) and departure (white

bars, n = 45 observations) from spawning aggregation sites

for ultrasonically tracked coral trout during 1993 to 1995,

grouped into 3-h intervals. Graph contains spawning move-

ment occasions only if fixes included late afternoon and early
morning twilight sampling

(no courtship behaviour or colours) and was not identi-
fied visually as male until a subsequent census. Thus,
male tracked specimens were present 11 times during
the visual censuses, but were identified correctly as
males by their behaviour patterns on only 7 occasions.
Hence, 36.4% of the time a known male fish was
observed during the visual census, it was not identified
correctly as a male.

Movements of tracked specimens to and from
spawning aggregation sites occurred throughout the
daytime (Fig. 6). A preference for late afternoon move-
ments to the aggregation sites was observed, with
41.2% of all movements to the aggregation sites occur-
ring between 16:30 and 19:30 h (Fig. 6). Time of depar-
ture from the aggregation sites was more widely
spread throughout the day, with a gradual drop in
departure rate discernible during the day (Fig. 6).
However, 31.1% of all departures occurred between
07:30 and 10:30 h, with 60% of departures occurring
during the mornings (Fig. 6). A 2-way analysis of vari-
ance indicated that the mean time of arrival differed
from the mean time of departure (Fj; 124)= 13.543, p <
0.001), and this pattern was the same for both sexes
(F1,124)= 1.4856, p = 0.225).

Each fish utilised only 1 of the 4 sites monitored
throughout the tracking periods (Fig. 2), thus display-
ing aggregation site fidelity. While most fish utilised
that site closest to their observed home ranges, 1 male
(PL 34) utilised a spawning aggregation site on a
neighbouring patch reef (740 m from its home range,
Fig. 7A), despite the existence of a well-established
aggregation site nearer to its home range (320 m dis-
tance) which was used by 2 other fish from the same
patch reef (PL 35 and PL 36, Fig. 7B, C). Movements to
the preferred site were recorded repeatedly for this
individual throughout the tracking period.



Zeller: Spawning aggregations of coral trout 259

T w’; I\
A) - AL
\ i
® ;L /' Home range
B)
O

Fig. 7 Plectropomus leopardus. Maps demonstrating the
unusual choice of a spawning aggregation site on a neigh-
bouring patch reef by 1 of 3 male coral trout inhabiting the
same patch reef on the backreef area on the western side of
Lizard Island. (@) Spawning aggregation sites; (+) home
range positions. {A) Fish PL 34 utilised a spawning aggrega-
tion site located 740 m away on a neighbouring patch reef,
despite the existence of a well-established spawning site on
the home patch reef. (B) Fish PL 35 and (C) fish PL 36 used the
local spawning aggregation site (distance 280 to 320 m)

Aggregation residence time was calculated for each
separate trip made by an individual to an aggregation
site. Total residence times at the spawning aggrega-
tion sites differed between males and females (¢t =
2.9508, df = 10, p = 0.0145), with males spending, on
average, 8.76 times more time at the spawning aggre-
gation sites than females (males: mean = 316 h 33 min
+ 65 h 5 min, n = §; females: mean =36 h4 min £ 17 h
42 min, n = 4). No significant relationship between
total residence time and size of fish (fork length) was
observed for males (r> = 0.2596, n = 8, p = 0.197) or
females (r* < 0.0001, n = 4, p = 0.998).

Table 1. Plectropomus leopardus. Percentage distribution of

day, overnight and multi-day trips to spawning aggregation

sites undertaken by coral trout tracked by ultrasonic teleme-
try during 1993 to 1995

Day Overnight Multi-day

Males 22.7 43.2 34.1
Females 53.8 46.2 0
Overall 31.0 43.1 25.9
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Fig. 8. Plectropomus leopardus. Relationship between num-
ber of spawning trips and size of fish (fork length) for coral
trout tracked during 1993 to 1995. (A) Relationship between
number of trips and body size for all coral trout, suggesting an
increase in number of trips with increasing size of fish.
{B) Relationship between number of trips and body size for
male coral trout, suggesting an increase in number of trips
with increasing body size. Female fish are superimposed for
illustration purposes, but not included in regression

A breakdown of spawning trips into day-trips,
overnight-trips and trips lasting several days (multi-
day) revealed that, for all fish combined, overnight
trips contributed 43 % of all occurrences, while multi-
day trips accounted for 26 % (Table 1). The proportion
of each trip type did differ between males and females
(x* = 7.73, df = 2, p = 0.0209). Females undertook
proportionally more day trips than male fish, and, in
contrast to males, were never observed to make multi-
day spawning excursions (Table 1).

Male Plectropomus leopardus were more likely to
make several trips to spawning aggregation sites dur-
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ing the time periods monitored than female trout (3 =
491, df =1, p =0.027). Of the 4 females, 3 undertook
only a single excursion (median =1, range =1, 1, 1, 15;
Fig 8B}, while 7 out of 8 males moved to the spawning
aggregation sites on more than one occasion (median =
7,range =1, 2, 4, 5, 8, 10, 12, 18: Fig. 8B). The present
results suggest that larger fish undertake more trips to
spawning aggregation sites than do smaller fish (1% =
0.3887, p = 0.0303; Fig. 8A), a pattern that is more
distinct for male P. leopardus (r* = 0.5978, p = 0.0244,
Fig. 8B).

DISCUSSION

The present study is the first to locate spawning
aggregations of Plectropomus leopardus by using
ultrasonic telemetry on a reef which had no previously
published reports of aggregation sites. There were 4
spawning aggregation sites of P. leopardus detected
based on the monitoring of 12 km of island coastline,
which represents approximately % of the total coast-
line of the island (not including the lagoon area). The
existence and regular use of several aggregation sites
indicates that multiple spawning aggregation sites per
reef exist for P. leopardus on the Great Barrier Reef.
Samoilys (1997), using visual searches on Scuba, also
reported several aggregation sites on 2 mid-shelf reefs
of the GBR.

The spawning movements observed in the present
study represent the first records of 2-way movements
of a large coral reef fish between home locations and
spawning sites. After participation at aggregation
events, fish did return to the original home ranges from
which they had moved (Zeller 199%a, b}. That 3 of the
specimens initially caught and released at the spawn-
ing aggregation site Granite Head in 1993/94 were
recaptured in reefal habitats 3 to 11 km from the Lizard
Island spawning aggregation site suggests that move-
ments of Plectropomus leopardus between reefs do
occur. The possibility that tagging may have influ-
enced the behaviour of these specimens cannot be
excluded. However, other tracked specimens all re-
mained at their capture location to re-establish home
ranges (Zeller 19974, b). The nature of the inter-reefal
habitat around Lizard Island is not well known. How-
ever, several hard-bottom habitats, in addition to sub-
stantial sand and seagrass areas, are known to exist in
these inter-reefal areas (L. Vale pers. comm.}. Charted
water depths around Lizard Island range from 25 to
46 m (Australian Hydrographic Office, Chart AUS
832). Movements up to 10 km between patch reef com-
plexes isolated from the original tagging reef, and
associated with spawning aggregations, have also
been reported for Epinephelus polyphekadion in Palau

(Johannes et al. 1995). Several 1-way movements from
spawning aggregations have been recorded from
tagged individuals in investigations of Caribbean ser-
ranids. The distances recorded ranged from 13 km for
Epinephelus guttatus (Burnett-Herkes 1975 in Shapiro
1987) to 29-72 km for Epinephelus morio (Moe 1969)
to 110 km (Colin 1992) and even 240 km for Epineph-
elus striatus (Carter et al. 1994 in Sadovy 1994). Future
tracking studies should consider the possibility of P.
leopardus moving offshore into inter-reefal habitats.

Use patterns of aggregation sites

Only 31% of all tracked individuals took part in
aggregation events. This low rate of participation at
spawning aggregation sites by tracked specimens
could be due to either localised spawning efforts, stress
or individual variation.

It is possible that not all reproductive activity occurs
at major aggregation sites. Localised spawning may
account for the lack of movement by some of the
tracked specimens to the major aggregation sites de-
tected. This suggestion is supported by the discovery
of 3 smaller courtship locations around Lizard Island
during visual census surveys in 1995 (A, B and C,
Fig. 1). Similar minor aggregation and courtship sites
of Plectropomus leopardus have been reported by
Samoilys (1997). Whether most reproductive effort
occurs exclusively at large aggregation sites is of criti-
cal importance in devising suitable management
strategies (Sadovy 1994).

Stress associated with capture, handling or transmit-
ter attachment may lead a fish to delay its reproductive
effort for some time, or even inhibit reproduction for
the season (Pankhurst & Van Der Kraak 1997). How-
ever, histological examination of the gonads of tracked
specimens which had not moved to an aggregation site
indicated that all were reproductively active. This
observation suggests they had spawned during the
current reproductive season (S. Adams pers. comm.).

However, there may also be individual variation in
the seasonal timing of reproductive effort. Some of the
tracked specimens captured for transmitter implanta-
tion might have either participated in spawning aggre-
gation events very early in the season (l1.e. prior to ini-
tial capture), or were preparing to spawn late in the
year, i.e. after the tracking period terminated.

The movements to spawning sites during the spring-
early summer periods recorded through ultrasonic
tracking in this study corresponded with the build up
of aggregations recorded in the visual censuses. No
movements to aggregation sites or movements signifi-
cantly outside of established home ranges were ever
recorded during tracking periods outside the reported
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spawning season (Zeller 1997a, b). Furthermore, dur-
Ing visual assessments of the spawning aggregation
sites at North Point and Granite Head during Febru-
ary-March 1994 and 1995, and May 1995 no evidence
of courtship or aggregating behaviour was seen.

The data support the reported build up of aggrega-
tions of Plectropomus leopardus and other Indo-Pacific
serranids in relation to the lunar cycle, with peak abun-
dances over the new moon periods (Johannes 1988,
Johannes et al. 1994, 1995, Samoilys & Squire 1994). This
contrasts with studies on some Caribbean serranids (e.g.
Epinephelus striatus, E. guftatus) which report peak ag-
gregations over the full moon periods (Colin 1992,
Shapiro et al. 1993).

Interestingly, while attendance at spawning aggre-
gation sites was highest over new moon periods, many
tracked fish remained at, or returned to, the aggrega-
tion sites over the full moon period. This pattern was
especially evident for male Plectropomus leopardus.
In Palau, several individual P. areolatus tagged by
Johannes et al. (1995) at the spawning aggregation
sites were resighted during subsequent months. Simi-
larly, all individuals resighted in their study were male
(based on size and colouration). Repeated presence at
aggregation sites of P. leopardus was also suggested
by Samoilys & Roelofs (1996). However, visual census
monitoring was not undertaken daily in their study,
therefore short-term visits by tagged fish might have
been missed. Such short-term visits (i.e. day or over-
night trips) accounted for 74 % of all recorded move-
ments to the monitored aggregation sites in the pre-
sent study.

The observed timing of movements to the spawning
aggregation sites in this study, with 41 % of movements
in the late afternoon, supports the observation by
Samoilys (1997) of numbers increasing at aggregation
sites during the day. Johannes et al. {1994) also
reported numbers of Epinephelus fuscoguftatus and
E. polyphekadion nearly doubling in the late afternoon
of the day before the new moon.

The pattern of predominantly late arrival at and
early departure from aggregation sites indicates that
Plectropomus leopardus moves from home ranges to
spawning sites during daytime. This observation is
supported by the fact that none of the tracked speci-
mens took more than one daytime period to move
between the home range and the spawning aggrega-
tion site. Johannes (1988) recorded P. areolatus in the
Solomon Islands leaving aggregation sites around
07:00 h on the day after the new moon, with the com-
plete aggregation (300+ fish) having departed by
07:20 h.

The pattern of arrival and departure recorded in the
present study illustrates that the narrow time window
of actual spawning rushes observed during the dusk

period is of primary importance and appears to repre-
sent the major spawning time {Colin 1992, Samoilys
1997). Based on the present observations, the possibil-
ity of nocturnal or dawn spawning cannot be excluded.
However, no evidence of nocturnal or dawn spawning
has been recorded for serranids (Sadovy 1996,
Samoilys 1997).

Some clear differences in the residence patterns at
aggregations were observed between male and female
Plectropomus leopardus. Males spent considerably
longer at spawning sites than females, and also under-
took more trips to spawning aggregation sites. The evi-
dence of longer stays for males is consistent with histo-
logical information suggesting continuous spawning
activity by males over several days (Ferreira 1995).
Sex-dependent patterns of presence on spawning
grounds have also been reported for other fishes, such
as the temperate water North-Atlantic cod Gadus
morhua (Morgan & Trippel 1996).

The absence of any observed multi-day stays at
aggregation sites by female coral trout might indicate
that females do not undergo repetitive daily spawning
events, although repeated spawning rushes by the
same female on any single day do occur (Samoilys &
Squire 1994). This potential absence of repeated daily
spawning is supported by the observations that hor-
mone induced ovulation of female serranids produced
viable eggs only in the first of up to 3 consecutive
nights (Tucker 1994, Tucker & Fitzgerald 1994). How-
ever, histological evidence indicates that female Plec-
tropomus leopardus are multiple or batch spawners
(Ferreira 1995). Unfortunately, the limited number of
female P. leopardus tracked to spawning aggregation
events in the present study makes any generalised
conclusions regarding the timing of repeated, multiple
spawning by females difficult. Future studies clearly
need to address this shortfall by targeting individuals
selectively, either through developing non-destructive
sexing techniques for specimen selection, or by prefer-
entially targeting smaller individuals for tracking.

Use of aggregations for stock assessment

Spawning aggregations of serranids represent a
unique opportunity for stock assessments and monitor-
ing of relative changes in abundance of otherwise
widely distributed and sparsely scattered populations
(Shapiro et al. 1993). However, as identified in the pre-
sent study, in order to utilise aggregations of Plec-
tropomus leopardus for stock assessment purposes, the
following points need to be considered:

(1) Only 31% of the monitored population of coral
trout equipped with transmitters were found to partic-
ipate in spawning aggregation events. Such a low rate
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of participation suggests either that not all reproduc-
tive activity of Plectropomus leopardus occurs at major
aggregation sites, or that considerable individual vari-
ation in timing of reproduction exists during the
spawning season. This uncertainty may greatly influ-
ence any stock assessment undertaken at aggregation
sites only. The results suggest that assessments need to
consider the participation rate at aggregation events
and assess the potential for substantial year to year
variation in this participation rate. The alternative pos-
sibility that not all individuals spawn every year is not
supported by the existing histological evidence (Fer-
reira 1995).

(2) The present study suggested sex-specific turn-
over rates at aggregations. Most females only under-
took 1 trip over the approximate 2 mo tracking periods
during which they stayed for an average of only 36 h.
Thus there would be higher turnover rates for female
than for male fish over the lunar lifespan of an aggre-
gation. Therefore, a single visual census would greatly
underestimate the female stock component. Alterna-
tively, 2 repeated censuses on 2 separate days will
have a high likelihood of counting different female but
the same male individuals.

(3) This study demonstrated the problem of sex iden-
tification during censuses at aggregations. Given the
observed differences in usage patterns by the sexes, it
is important to be able to estimate the sex ratio of fishes
recorded at aggregation sites. Based on the visual
recording of tracked specimens, it became apparent
that 36% of the times a known male Plectropomus
leopardus was seen at an aggregation site, it was not
identified as a male based on observable courtship
colours and behaviour. The fact that a proportion of the
male population cannot be sexed during visual cen-
suses will have to be taken into account in relation to
turnover rates and stock estimates using aggregation
site censuses.

Conclusions and implications

The documentation by ultrasonic telemetry of
aspects of the dynamics of spawning aggregations of
Plectropomus leopardus has distinct implications for
the management of this fishery. The reliance of P. leop-
ardus on several aggregation sites per reef, and the
low rate of participation at these major aggregation
sites coupled with the potential for secondary,
localised spawning events, supports the notion of
greater resilience of P. Jeopardus stocks to fishing pres-
sures on aggregations compared to some other ser-
ranid species. However, the strong site fidelity ob-
served for all individuals may make individual
aggregations vulnerable to depletion. The available

evidence suggests that P. leopardus are dependent pri-
marily on aggregation sites on their home reef for
reproductive activities. Thus, sustainable management
of at least some of the aggregation sites on each reef
through spatial or temporal closures might be appro-
priate for the long-term maintenance of local popula-
tions.

Assuming similar vulnerability to the fishing gear for
each sex, the longer residence times of males at aggre-
gation sites makes them more vulnerable to aggrega-
tion fishing. Furthermore, sex dependent turnover
rates, coupled with the problem of visual identification
of sex, complicates the use of aggregation events for
stock assessment purposes. However, further quantifi-
cation of these factors may permit a more informative
approach to stock assessment.
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