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ABSTRACT: Fish spawning aggregations (FSA) are generally spatially and temporally predictable,
making them particularly vulnerable to fishing, which is capable of rapidly removing a significant
proportion of the aggregated adults and reducing egg production. These effects may cause the loss
of the aggregation altogether. In the Northern Territory (NT), Australia, repeated fishing of known
aggregations of the tropical sciaenid species, the blackspotted croaker Protonibea diacanthus, is
probably unsustainable, particularly given this species’ decline elsewhere. Acoustic monitoring was
used to examine the temporal and spatial movement patterns and site fidelity of P. diacanthus in the
NT. Fish were only detected at their respective aggregations, providing no evidence of large-scale
movements between FSA. There was evidence for behavioural polymorphism in the aggregations,
and fish monitored for ≥1 yr showed decreased presence during cooler months and increased presence during warmer months when peak spawning occurs. The tidal cycle significantly influenced the
detection of tagged fish, with detections peaking on running tides, the peak period for catching P.
diacanthus, suggesting that this is when they feed. This study has provided important information on
the connectivity and dynamics of P. diacanthus aggregations in the NT, including crucial information
for implementing appropriate management strategies for this vulnerable species. There appears to
be little interchange of adult P. diacanthus at the spatial scale examined, which suggests that the separate FSA examined support separate adult populations. The presence of seemingly separate spawning populations of P. diacanthus has significant implications for their management, with the potential
for each aggregation to be vulnerable to localised depletion.
KEY WORDS: Spawning aggregation · Site fidelity · Acoustic monitoring · Sciaenidae · Fisheries
management · Movement · Tidal cycle
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INTRODUCTION
Fish spawning aggregations (FSA) may be transient
and individuals travel distances of hundreds of kilometres and aggregate for a period of days or weeks, or
they may be resident in which case individuals have
extended spawning seasons (months), travel short distances (e.g. 10 to 100 m) and aggregate for minutes to
hours (see review by Domeier & Colin 1997). Whether
transient or resident, spawning aggregations are generally spatially and temporally predictable. As such,
FSA are particularly attractive targets to fishers who

are able to locate the aggregations and obtain a predictably high catch per unit effort (Claydon 2004,
Sadovy & Domeier 2005, Phelan 2007). This makes
spawning aggregations particularly vulnerable, with
heavy fishing capable of rapidly removing a significant
proportion of the aggregated adults and reducing egg
production (Sadovy & Domeier 2005). Selective fishing
of FSA may also truncate the size and age structure
through targeting of larger fish (Beets & Friedlander
1992, Sala et al. 2001), leaving the population less
fecund (Eklund et al. 2000, Sala et al. 2001), and may
alter genetic composition (Smith et al. 1991) and skew
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the sex ratio (Coleman et al. 1996). These combined
effects may cause the loss of the FSA altogether (e.g.
Totoaba macdonaldi, Cisneros-Mata et al. 1995; Epinephelus striatus, Sadovy & Eklund 1999, Sala et al.
2001; Bahaba taipingensis, Sadovy & Cheung 2003),
from which they may not recover (Sadovy & Eklund
1999).
The potentially catastrophic effects of overfishing on
FSA may be prevented by seasonal or spatial closures
and market and/or gear restrictions (see reviews by
Sadovy & Cheung 2003, Claydon 2004, Sadovy &
Domeier 2005). Effective FSA management relies on
some knowledge of factors such as the geographic
extent from which reproductive populations are drawn
(catchment area), site fidelity, individual participation
rate, potential sex-specific residency times and where
the resultant larvae settle (Zeller 1997, Sadovy &
Domeier 2005).
The blackspotted croaker Protonibea diacanthus (a
tropical sciaenid), grows to a large size (≤1.5 m total
length [TL] and ≤45 kg) and aggregates to spawn in
inshore Australian waters from central Queensland to
northern Western Australia (Phelan 2007, Phelan et al.
2008). In the Northern Territory (NT) P. diacanthus are
caught at FSA year-round. Spawning takes place
between August and January and peaks in December
and January (Phelan & Errity 2008).
Sciaenid fishes are widely distributed in tropical and
subtropical waters (Trewavas 1977, Sasaki 2001) and
aggregate to spawn (e.g. Saucier & Baltz 1993, Griffiths & Hecht 1996, Sadovy & Cheung 2003, Norbis &
Verocai 2005). These aggregations often form the basis
of commercial, recreational or indigenous fisheries
(e.g. Mohan 1991, Apparao et al. 1992, De Bruin et al.
1994, Williams 1997). Despite being fast growing and
highly fecund, sciaenids are particularly vulnerable to
FSA overfishing worldwide because aggregations are
largely confined to heavily exploited coastal waters
(Sadovy & Cheung 2003).
As a result, at least 11 sciaenid species are currently
vulnerable throughout all or parts of their geographic
distribution due to overfishing, including the 2 species,
Totoaba macdonaldi and Bahaba taipingensis, which
are close to extinction (see Sadovy & Cheung 2003 for
a review). Included within those 11 species is Protonibea diacanthus. This species is now under threat
and there is no longer a significant fishery in either
Hong Kong (Sadovy & Cheung 2003) or India (James
1992) where it once thrived. In Australia anecdotal evidence suggests that intensive fishing has severely
affected several annual P. diacanthus FSA along the
eastern coast of Queensland (Bowtell 1998 cited in
Phelan 2007) and the far northern coast (Phelan 2007).
After 5 decades of increased fishing pressure Phelan
(2007) documented a reduction in the number, size and

age structure of P. diacanthus caught. A decrease in
the number of mature fish, the age of first maturity and
the duration fish were present at the FSA was also documented.
Protonibea diacanthus are a substantial component
of both the commercial and recreational inshore fisheries catch in the NT, with fishers targeting spatially
and temporally predictable FSA. The combined harvest of P. diacanthus in this region rose from 443 t in
1995 to at least 667 t in 2005 (Phelan & Elphick 2006).
During this same period, commercial harvest of P. diacanthus in the coastal line fishery increased by 480%
and accounted for 87% of the total catch in 2005 (Phelan & Elphick 2006). Recreational fishing surveys in
2000 estimated the P. diacanthus catch to be approximately one-third of the total recreational catch,
exceeding that of the total commercial catch by almost
250 t (Coleman 2004).
Repeated harvesting of these FSA is probably unsustainable, particularly given the decline of Protonibea
diacanthus at other localities (James 1992, Bowtell
1998 cited in Phelan 2007, Sadovy & Cheung 2003,
Phelan 2007). Although declines may be the result of
other factors, decreases of almost 10 and 25% in the
recreational (1996 to 2000, Coleman 1998, 2004) and
commercial (2004 to 2006, Phelan et al. 2008b) harvests suggest that P. diacanthus may already be overfished. Importantly, Phelan (2007) noted that a 2 yr
moratorium on fishing an overfished P. diacanthus FSA
in far northern Queensland only resulted in a slight
population recovery. Thus, any management action to
protect these FSA needs to be taken long before
changes in the population structure occur.
This study used acoustic telemetry to examine the
temporal and spatial movement patterns of Protonibea
diacanthus within and between 2 of the 3 known major
FSA in the NT. The FSA fidelity of P. diacanthus was
studied to help determine whether the FSA support
separate populations and, with the level of site fidelity
of individuals, to determine the effectiveness of management measures such as spatial and temporal closures.

MATERIALS AND METHODS
Channel Point FSA site, acoustic receiver deployment and range testing. The Channel Point FSA site
(13° 09’ S, 130° 04.80’ E) (Fig. 1a) is defined by a 35 to
40 m deep channel running in a NW to SE plane for
approximately 2 km, with shallow (5 to 10 m) flats on
either side of the channel (Meekan et al. 2008)
(Fig. 1b). On the eastern side, the channel has steep
rock walls that rise almost vertically from the bottom,
forming a ledge between the deep part of the channel
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Fig. 1. (a) Northern Territory (NT), Australia, indicating placement and identification numbers of individual receivers (d). Inset 1:
Channel Point FSA; inset 2: Chambers Bay FSA. Insets in upper left: general location of study area (upper) in Australia, and
(lower) in NT. (b) Channel Point FSA bathymetric map indicating placement and identification of individual receivers. Numbered
lines: depth contours. (#) Fish tagging sites. (M, J) Positions of the receiver and tags used in the post-deployment receiver range
test, respectively. Inset: general region and placement and identification of individual receivers, with the scale matching that
shown in (a). (c) Panel i: Chambers Bay FSA indicating placement and identification of individual receivers, with the scale matching that shown in (a); Panels ii to iv: bathymetric maps of the reef surrounding Receivers 9 to 11, respectively. Numbered lines:
depth contours. Scale shown in Panel iii also applies to Panels ii and iv

and the shallow flats. The commercial fishers catch
mature aggregating Protonibea diacanthus on this
ledge in approximately 10 m of water (see Fig. 1b).
Currents at Channel Point flow in a NW direction following the channel, with velocities of 0.3 to 1.0 m s–1 on
the ebb tides (Meekan et al. 2008). Five acoustic
receivers (VR2s; Vemco) were deployed in November
2004 less than 400 m apart (based on pre-deployment
range testing in Darwin Harbour, August 2004) along

the western edge of the channel, between 170 and
350 m from the eastern edge of the channel (Receivers
1 to 5, Fig. 1b). Receiver 1 was removed in April 2005
as it had no data and Receiver 3, which was not
retrieved between 10 April and 27 October 2005, was
replaced. Receivers 6 to 8 (Fig. 1a,b) were deployed
south of the aggregation in November 2004. Receiver 6
had no data when retrieved in 10 April, but was not
retrieved after this date.
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A post-deployment trial of the receiving range of the
Channel Point FSA array was conducted in May 2007
to determine the performance of the receivers over a
monthly tidal regime. A VR2 was moored approximately 130 m northwest of the site where Receiver 5
was previously located (Fig. 1b). Five fish transmitters
were moored across the channel at approximately 1 m
above the substrate at set distances from the receiver
(Fig. 1b) for approximately 1 mo.
Channel Point FSA tagging. Forty mature Protonibea diacanthus (TL from 940 to 1220 mm; mean ±
SE = 1080 ± 12 mm) were captured on hook and line
in water ≤10 m deep to avoid barotrauma (see Phelan
et al. 2008a) between 6 December 2004 and 27 October 2005 (see Fig. 1b for tagging locations). All fish
were surgically implanted (tagged) with V16-5H
transmitters (Vemco), which emitted a unique identifiable coded signal at a random interval of 60 to 180 s
and had an estimated life of 900 d. Surgery was done
without anaesthetic, as fish went into a deep torpor
when turned upside down and surgery trials in
December 2004 showed that there was a high risk of
death of P. diacanthus after anaesthesia. After surgery, all fish were tagged with an external dart tag
(Hallprint) for ease of identification if recaptured, and
then released without holding at the capture site (see
Fig. 1b,c) if they were assessed to be in good condition. On average, the whole process took 6.6 ± 0.2 min
(mean ± SE).
Channel Point FSA analysis. Daily fish presence at
the Channel Point FSA was determined by grouping
all detections for each individual fish for all receivers
over the duration that the tag was monitored into daily
bins. If a fish was detected at least once in any particular day it was considered present for that day. Hourly
fish presence was determined using the same method
as for daily presence, but using hourly bins. Pearson
correlation coefficients were used to determine the
association between average percent of days and
hours fish were present per month and average
monthly sea surface temperature (SST, °C) derived
from NOAA satellite data for each tagging period. Fish
tagged in December 2004 and April 2005 were combined and 2 fish predominately detected on Receiver 3
(≥ 99.8% detections) were removed for these analyses.
The number of fish present per month (excluding tagging month) was also correlated with percent fish presence (days and hours) and SST for the fish tagged in
October 2005.
Residency times at the Channel Point FSA were calculated using a residency index (IR) (Abecasis & Erzini
2008). The time-at-liberty residency index (IRT) was
calculated by dividing the total number of days a fish
was detected by the number of days between release
and removal of the receivers (time at liberty). The

detection period residency index (IRD) was calculated
by dividing the total number of days a fish was
detected by the number of days between first and last
detection (detection period). IR varies between 0 (no
residency) and 1 (absolute residency).
The temporal periodicity in fish presence at Channel
Point was assessed using fast Fourier transformation
analysis (FFT) (Cooley & Tukey 1965 cited in Hartill et
al. 2003), a type of spectral analysis that decomposes a
regular time series into a finite sum of sine and cosine
waves of different frequencies. FFT can only be performed on a time series whose length is a power of 2
(Hartill et al. 2003), resulting in the need to truncate
the time series to be examined. FFTs were conducted
on the hourly fish presence data for those fish that had
sufficient data in one or more blocks of time (11 fish).
Chambers Bay FSA site and acoustic receiver
deployment. Chambers Bay FSA site (12° 11.4’ S
131° 49.8’ E; Fig. 1a) is a shallow (<10 m) muddy
embayment interspersed with small rocky outcrops
(Fig. 1c), which can be exposed during spring low tides
(Meekan et al. 2008). It is on these scattered outcrops
that Protonibea diacanthus aggregate and are captured by commercial fishers. Receivers were placed
where fishers catch P. diacanthus (Fig. 1c), with 3
placed in the heavily fished region of the bay
(Receivers 9 to 11, Fig. 1c). Receiver 10 was never
retrieved. Receivers 12 and 13 (Fig. 1c) were placed in
a less fished region of the bay (only fished by one commercial fisher) 15 km from Receivers 9 to 11 to look at
inter-FSA movement.
Chambers Bay FSA tagging and analysis. Forty-four
fish (TL from 980 to 1250 mm; mean = 1119 ± 9 mm)
were tagged at Receivers 10 (33 fish) and 11 (11 fish) in
Chambers Bay (see Fig. 1c) between 29 September
and 10 November 2005 using the same method as that
for the Channel Point fish. Daily fish presence at the
Chambers Bay FSA was determined as described for
the Channel Point FSA. Due to a lack of data available
for this site because of the loss of Receiver 10 where
75% of fish were tagged (see Fig 1c), no other analyses
were performed.

RESULTS
Receiver range tests
The maximum effective detection range of the VR2s
was 200 m, with 73 to 91% detection over all range
tests. The effect of tide state (neap, intermediate or
spring) and phase (high, ebb, low or flood) on detections was inconsistent, with spring and running (ebb
and flood) tides having the greatest effect on detections.
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Acoustic monitoring at Channel Point FSA
Fish were only detected at their respective tagging
sites, with 98% of the total 71 951 individual fish detections coming from fish tagged at Channel Point FSA.
Of the 40 fish tagged at Channel Point, 30 were subsequently detected for ≤ 327 d. Fish were detected on all
of the permanent receivers at the Channel Point FSA,
with Receivers 2, 3, 4 and 5 detecting 8, 4, 19 and 22 of
the 30 fish detected, respectively. One fish captured
and released approximately between Receivers 3 and
4 was detected at Receiver 7, 3.4 km south of the FSA
proper (Fig. 1b).
In general, there appears to have been 3 broad ‘fish
types’ tagged at the Channel Point FSA. (1) Thirteen
individuals were present for the majority (I RD ≥ 0.88) of
a short detection period (1 to 8 d; see Fig. 2). These fish
were last detected ≤9 d after tagging (IRT < 0.05), with
the last detection for 10 of these fish occurring at an
‘edge’ receiver (Receiver 2, 5 or 7; see Fig. 1b). (2) Five
individuals were present for a large portion (0.64 ≤
IRD ≤ 0.87) (Fig. 2) of a 37 to 490 d detection period. All
but one of these fish were tagged in October 2005 and
> 95% of the detections for all 5 fish occurred at a single receiver. (3) Ten individuals were present for a relatively low portion (IRD < 0.34) (Fig. 2) of a 41 to 385 d
detection period. More than 83% of the detections for
this fish type occurred at a single receiver.

1.0

December 2004
April 2005
October 2005

0.9
0.8
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A strong positive correlation existed between average percent days and hours per month that fish were
present at Channel Point FSA for both fish tagged in
December 2004 and April 2005 (r = 0.94, n = 17, p =
0.000) and those tagged in October 2005 (r = 0.94, n =
7, p = 0.002) (see Fig. 3a,b). Although the general trend
between these measures of fish presence was the
same, number of days present was up to ~5-fold higher
than hours present (Fig. 3a,b) for both tagging periods,
suggesting that fish were only detected for part of each
day.
For the December 2004/April 2005 tagged fish there
was a general pattern of high average percent presence in the austral summer of 2004/2005, which declined over the autumn to a low in the winter/spring
months, after which it again peaked over the summer
(2005/2006) and remained high during autumn 2006
(Fig. 3a,b). As a result of this trend, these fish showed
a strong positive correlation between presence and
SST (days: r = 0.68, n = 17, p = 0.003; hours: r = 0.66, n =
17, p = 0.004) (Fig. 3a,b).
Fish tagged in October 2005 generally had lower
average percent presence than fish tagged in December 2004/April 2005 and average percent presence
declined in early summer 2005, then steadily increased
to peak in autumn 2006 (Fig. 3a,b). As a result of this
trend, these fish showed a negative correlation
between presence and SST (days: r = –0.83, n = 7, p =
0.021; hours: r = –0.72, n = 7, p = 0.071) (Fig. 3a,b). Correlations between the number of October 2005 tagged
fish present were all weak (percent days present: r =
–0.25, n = 6, p = 0.632; percent hours present: r = –0.31,
n = 6, p = 0.551; SST: r = –0.22, n = 6, p = 0.680), with
fish numbers remaining relatively steady throughout
the study period (Fig. 3a).
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Fig. 2. Protonibea diacanthus. Time at liberty residency index
(IRT) versus detection period residency index (IRD) for each
tagging period for Channel Point fish. Fish no. 2 (December
2004) and no. 11 (April 2005) are not represented

The dominant biorhythm detected by the spectral
analyses for Channel Point FSA fish was tidal, with all
11 fish demonstrating either a primary peak at ~12.3 h
(full tidal cycle, 10 fish) or 6.2 h (half tidal cycle). Six
fish demonstrated secondary tidal peaks. There were
no other common secondary biorhythms. For all 11 fish
the number of detections showed either 1 of 2 general
opposite patterns: (1) detections peaked at the ebb tide
and declined to be lowest at the flood and high tides
(3 fish; see Fig. 4 for example) or, more commonly, (2)
detections peaked at the flood and high tides, declining at the ebb and low tides (8 fish; see Fig. 4 for example). For pattern (1), 2 of the 3 fish were predominately
(≥ 99.8%) detected at Receiver 3, while, for pattern (2),
5 of the 8 fish were predominately (≥ 94.6%) detected
at Receiver 4.
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Fig. 3. Protonibea diacanthus. (a) Average percent days (bars) and number of fish (lines) present per month at the Channel Point
FSA for fish tagged in December 2004, April 2005 and October 2005. (b) Average percent hours (bars) present per month at the
Channel Point aggregation for fish tagged in December 2004, April 2005 and October 2005 and average monthly SST (lines). SST
values and number of fish each apply to both (a) and (b)

Acoustic monitoring at Chambers Bay FSA
Of the 44 fish tagged at Chambers Bay FSA, 19 were
detected for ≤ 24 d (see Fig. 5) at 2 of 4 receivers recovered. Receiver 9 had 71.3% of all detections, with all
19 fish detected. Receiver 11 only detected 6 fish. Four
fish (nos. 41, 58, 70 and 84; see Fig. 5) were recaptured
near their release sites in good condition, with the tagging wound well healed, 576, 508, 873 and 43 d after
they were tagged, respectively.

DISCUSSION
This study has provided important information on
the connectivity and dynamics of Protonibea diacan-

thus aggregations in the NT. There appears to be little
interchange of adult P. diacanthus at the spatial scale
examined, with individual fish not moving between
FSA during monitoring for up to 17 mo, including a
spawning season. This suggests that the separate FSA
examined support separate adult populations.
Despite the lack of interchange found in this study,
DNA fingerprinting using the amplified fragment
length polymorphisms (AFLP) technique demonstrated
no significant genetic variation between Protonibea
diacanthus individuals sampled from 2 FSA in North
Queensland, Australia (Phelan 2002). Additionally,
AFLP analysis of P. diacanthus from North Queensland
and the NT, suggested that these individuals were also
from the same homogeneous genetic population (Phelan 2002).
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Fig. 4. Protonibea diacanthus. Example of the biorhythmic pattern of detection at Channel Point FSA for those fish showing ‘tide
phase pattern 1’ (fish no. 11) and ‘tide phase pattern 2’ (fish no. 14), with the number of detections against tide phase in the left
panels and the matching fast Fourier analysis of hourly fish presence in the right panels

However, genetic variation can be inadequate for
examining population structure where even low levels
of adult or larval mixing can occur (Begg & Waldman
1999). For example, estimates of natal homing in the
sciaenid Cynoscion regalis using otolith elemental signatures indicated high spawning site fidelity (61 to
81%, Thorrold et al. 2001); however, there was no
genetic divergence between locations, suggesting low
exchange rates of individuals between spawning sites
was sufficient to prohibit genetic divergence (Cordes &
Graves 2003).
Although the results from the present study suggest
that adult interchange between Protonibea diacanthus
FSA is limited, given high current velocities at FSA
(Meekan et al. 2008) and sciaenid larval durations
(Duffy & Epifanio 1994), it is possible that interchange
could occur through dispersal and mixing of larvae.
Alternatively, P. diacanthus could exhibit high levels
of FSA fidelity, as Thorrold et al. (2001) found for
Cynoscion regalis. Further studies are needed to determine the natal origins of the separate aggregations of
adult P. diacanthus in the NT, such as targeted otolith
elemental chemistry of both young of the year and
adults (e.g. Thorrold et al. 2001).

There was evidence for separate ‘fish types’ at the
temporal scale examined at Channel Point FSA. ‘Type 1’
fish were only detected for short periods after tagging,
but were generally detected each day of that period.
Given that the majority of these fish were all last detected
on a receiver at the extremities of the aggregation, it is
likely that these fish moved away from the aggregation.
The 2 remaining types of fish at the Channel Point FSA
both had detection periods of greater than 1 mo and
exhibited high site fidelity when detected, which has also
been demonstrated for other sciaenid species, e.g.
Argyrosomus japonicus (Taylor et al. 2006) and Sciaenops ocellatus (Dresser & Kneib 2007). ‘Type 2’ fish
were detected for the majority of the detection period,
with all but one of these fish tagged in October 2005,
perhaps as a result of being tagged during the spawning
season (August to January). ‘Type 3’ fish all had multiple
periods of absence (days to months) between short
periods of presence (days to months). Despite their high
site fidelity when present at the FSA, both ‘Type 2’ and
‘Type 3’ fish may have left the aggregation site during
long periods (months) of non-detection.
Multiple ‘fish types’ appear common in reef fish that
are monitored over relatively long periods of time (e.g.
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Fig. 5. Protonibea diacanthus. Presence or absence of individual fish detected at Chambers Bay FSA. The initial line
for each fish represents the day the fish was tagged and
each subsequent line represents a day that the same fish
was detected

Attwood & Bennett 1994, Jadot et al. 2002, Starr et al.
2002, Egli & Babcock 2004). Fraser et al. (2001) suggested that such behavioural polymorphism is the
result of the temporal and spatial variability of factors
such as mortality risk and foraging success. This is
likely to also be the case for Protonibea diacanthus, but
may also be related to maximising the chances of
spawning success.
For fish tagged in December 2004 and April 2005 at
Channel Point there was a general trend of increased
presence during the warmer summer and early
autumn months, and decreased presence during the
cooler winter and spring months. This suggests that
some Protonibea diacanthus may be moving away
from the FSA, or at least out of the detection range of
the receivers for periods of time (days to months) in the
cooler months, after which some of them start to move
back to the FSA for longer periods, with the majority of
fish that had long periods of absence all present by

January 2006. Other sciaenids, e.g. Argyrosomus
japonicus (Smale 1985), Atractoscion aequidens (Griffiths & Hecht 1995), Micropogonias furnieri (da Costa
& Araújo 2003) and Sciaenops ocellatus (Nicholson &
Jordan 1994 cited in Dresser & Kneib 2007), are most
abundant in inshore areas during warmer months
where they may spawn (e.g. S. ocellatus, Nicholson &
Jordan 1994 cited in Dresser & Kneib 2007), moving
into deeper offshore waters during cooler months. P.
diacanthus spawns at the inshore FSA in the NT
between August and January, with peak spawning
occurring in December and January during the summer monsoon season (Phelan & Errity 2008). However,
it is unknown whether P. diacanthus moves into
deeper waters in the cooler months.
Protonibea diacanthus tagged at Channel Point FSA
in October 2005 showed a different trend to that of the
December 2004 and April 2005 tagged fish, with lower
monthly fish presence evident for the October fish.
This may be because the majority of fish tagged in
December 2004 and April 2005 were tagged towards
the northern end of the channel, while fish tagged in
October 2005 were predominately tagged at the southern end. The bathymetry and morphology of the channel where individual P. diacanthus were present is
likely to have influenced the ability of the receiver to
detect the fish, and also the fish’s behaviour (see discussion of tidal influence).
There was a negative correlation between monthly
Protonibea diacanthus presence and SST for the October 2005 tagged fish, with presence lowest in the summer months. However, there was no matching trend
for fish numbers, which remained steady after the initial decline after tagging. This suggests that detected
fish did not move away in summer, but were ranging
beyond the detection limit of the receivers more often
during this period, perhaps as the result of courtship
and spawning behaviour.
The tidal cycle significantly influenced the detection
of tagged Protonibea diacanthus at Channel Point
FSA, which explains why the number of hours present
per month was generally much lower than that for days
present. This result is not surprising given velocities of
up to 1 m s–1 on the ebb tide. Range testing over a
monthly tidal regime demonstrated that the relationship between tide and detection rate was not a result of
the performance of the receivers declining with tide
phase (high, ebb, low or flood) or state (neap, intermediate or spring). The pattern of P. diacanthus detections peaking on the running tides conforms to the
fishers’ ‘rule of thumb’ for catching these fish: ‘no run,
no fun’. This suggests that P. diacanthus feed on running tides. During tide phases where fish detections
were low, the fish may have been close to the channel
rock wall at their ‘home sites’ and, as such, could not
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be easily detected (e.g. Matthews 1992, Bradbury et al.
1997). Similarly, Sciaenops ocellatus monitored using
acoustic tracking showed high site fidelity at low tide,
with movement occurring on the running tides
(Dresser & Kneib 2007), and the periods of greatest
movement of Argyrosomus japonicus coincided with
those of their prey (Taylor et al. 2006).
The tidal movements detected in this study were
most probably relatively small, as the fish were generally still in the detection range of their home receiver
(~200 m). Similarly, Hartill et al. (2003) demonstrated
small tidal movements for Pagrus auratus, with fish
occupying relatively small discrete home sites. Numerous studies employing acoustic telemetry have noted
distinct tidal movements and/or activity, with the same
general movement exhibited during each tidal cycle
for both teleost fishes (e.g. Tautoga onitis, Arendt et al.
2001; Liza ramada, Almeida 1996) and sharks (e.g.
Carcharhinus plumbeus, Wetherbee et al. 2001; Triakis semifasciata, Ackerman et al. 2000; Carcharhinus
obscurus, Huish & Benedict 1978 cited in Ackerman et
al. 2000). Almeida (1996) suggested that these tidal
movements occur in the direction of the tide to allow
the fish to cover a greater area at a smaller energetic
cost.
This may be the case for Protonibea diacanthus at
the Channel Point FSA, which explains why some fish
were mostly detected on the ebb tide, while others
were mostly detected on the flood. Depending on
where their ‘home site’ was in relation to the receivers,
fish alternately moved away or towards receivers on
each of the running tides, resulting in either a decrease
or an increase in detections, respectively. Alternatively, the hydrodynamic conditions created by the
specific region of the channel where a fish was found
may have dictated when it could leave the shelter of
the channel wall. This view is based on the observation
that fish detected on the ebb tide were found predominately at the shallow end of the channel, while those
whose detections peaked during flood tides were
found mainly adjacent to the deepest part. Fine scale
(1 to 2 m) tracking (e.g. Vemco Radio Acoustic Positioning System [VRAP]), would be needed to determine exactly how P. diacanthus at Channel Point move
in relation to the tides.
The result of seemingly separate adult populations at
each FSA may have significant implications for management of the Protonibea diacanthus resource in the
NT, with the potential for each population to be highly
vulnerable to localised depletion. Generally it is considered prohibitively expensive to identify all FSA,
manage them separately (spatial management) and
police them (Claydon 2004, Sadovy & Domeier 2005).
As such, a blanket closure of the resource during the
peak summer spawning period would be more practi-
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cal to manage and enforce, and would protect fish
moving in and out of the FSA (Fulton et al. 1999, Claydon 2004, Sadovy & Domeier 2005). Sadovy & Cheung
(2003) recommended the seasonal protection of
spawning Bahaba taipingensis, and important spawning areas for Argyrosomus inodorus in Namibia were
protected with seasonal closures (Kirchner et al. 2001).
However, given P. diacanthus appears to form resident
spawning aggregations (see Claydon 2004, Domeier &
Colin 1997), with fish present and caught at the FSA
throughout the year (Phelan et al. 2008b), the fish
would still be highly vulnerable outside the peak
spawning period, reducing the benefits of a closure
(Sadovy & Domeier 2005). As such, other management
measures should be examined in combination with
seasonal closures, such as reducing catches in the different sectors of the fishery (e.g. A. inodorus, Kirchner
et al. 2001).
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