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Summary

An acoustic telemetry study aimed at tracking the movements of the harlequin fish
(Othos dentex) was undertaken off Kangaroo Island, South Australia. Seven acoustic
receivers were deployed in a near-linear array 400 m apart on the sandy seabed
adjacent to a narrow strip of high profile coastal reef. Ten harlequin fish (330-620
mm total length; 0.5-3 kg weight) were captured within the middle part of the array,
implanted with an acoustic transmitter, and then released at their point of capture.
Presence-absence and depth data were then passively monitored by the receiver
array over a 16-month period during 2010—11. Results showed that the harlequin fish
is a site-attached, diurnal predator, with a relatively small home range. These
characteristics, which had not been demonstrated previously, make individuals of the
species amenable to long-term day-time monitoring techniques and to a high level of
protection from localised impacts inside adequately-sized and appropriately-located
sanctuary zones within South Australia’s new system of marine parks. Nonetheless,
despite their high site fidelity, five of the fish underwent a coordinated alongshore
movement during which they moved rapidly >800 m to the eastern extreme of the
array. Three of the fish then returned to their original home range in the middle part
of the array, one fish disappeared from the array, and the other fish permanently
relocated its home range by ~800 m to the eastern end of the array. While it is most
likely that the temporary movement was related to an unusual storm event, if such
movements do occur regularly in this and other populations, the size requirements of

sanctuary zones need to take them into account.



Introduction

The harlequin fish (Othos dentex) is a reef species that inhabits shallow (<30 m
depth) temperate waters from south-western Western Australia (WA) to western
Victoria (Gomon et al. 2008). It prefers high profile reefs with drop-offs, crevices and
caves in clear coastal waters (Kuiter 1999, Gomon et al. 2008). The harlequin fish is
a member of the Serranidae family which includes groupers and cods. It is the only
member of its genus. The harlequin fish is superficially similar in size and shape to
the tropical serranid, the coral trout (Plectropomus leopardus). However, unlike in
tropical waters there are relatively few serranid species in the cold temperate waters
of South Australia (SA) where the harlequin fish is the largest serranid, reaching a
total length (TL) of 76 cm (Gomon et al. 2008, Hutchins and Swainston 2002). There

is very limited information available on the biology and ecology of the harlequin fish.

Harlequin fish may live to at least 42 years of age (Saunders et al. 2010). Size and
age at maturity are unknown. While many tropical serranids are protogynous
hermaphrodites (DeLoach and Humann 1999), there is no evidence of this occurring
in the harlequin fish (Saunders et al. 2010). The harlequin fish is thought to be site-
attached (Bryars 2011, Baker 2012), but again, limited data are available to support
this hypothesis. The harlequin fish is rarely seen by divers when compared to many
other reef fishes in SA, with only a few ‘hot-spots’ where sightings are more common
(S. Bryars, unpublished data). The lack of sightings may be partly related to its
cryptic nature; however, harlequin fish can be inquisitive and may follow or be easily
approached by divers (Kuiter 1999, Edgar 2008). The harlequin fish has a bottom-
dwelling habit whereby it regularly rests on the seabed (Edgar 2008) in between
short bursts of swimming or ‘hovering’ just above the seabed (S Bryars, pers. obs.).
Anecdotal observations indicate that it is a lie-in-wait ambush predator, and limited
gut content analyses show that small wrasses and leatherjackets are components of
its diet (Saunders et al. 2010, S Bryars, unpublished data). Crustaceans and
cephalopods may also be part of the harlequin fish diet as these are eaten more

broadly by serranids (Gomon et al. 2008).

The harlequin fish is incidentally captured on hook and line by commercial (Fowler et
al. 2009), recreational (pers. obs.), and charter boat fishers (Saunders et al. 2010). It
is also targeted by recreational spearfishers, and taken as bycatch in commercial and
recreational lobster pots (Baker 2012). There is little protection for harlequin fish

within SA, with no limits on recreational take and few limits on commercial take.



Coastal habitat degradation may also be a threat in some regions (Baker 2012).
Indeed the disappearance of the harlequin fish from Port Phillip Bay in Victoria has
been linked to poor water quality (Gomon 2001). Consequently the harlequin fish is
considered by some sectors to be of conservation concern in SA (Baker 2012). The
harlequin fish is one of a number of reef fishes for which reef survey data (along with
many other datasets) were utilised to inform the zoning process within South

Australia’s new system of 19 multiple-use marine parks (e.g., DENR 2010).

If harlequin fish are site-attached, then no-take sanctuary zones may offer a high
level of protection from localised impacts. However, it is imperative that sanctuary
zones are sufficiently large enough to encompass functioning populations of
individuals. Acoustic telemetry is a proven methodology for determining site fidelity
and home range size in reef fishes through tagging and tracking of movements over
spatial scales of kilometres and temporal scales of months to years (e.g. Tolimieri et
al. 2009, Green and Starr 2011, Bryars et al. 2012). Results obtained with this
technology have been used to discuss the effectiveness and performance of marine
parks for the conservation of reef fishes (e.g. Lowe et al. 2003, Topping et al. 2005,
Parsons et al. 2010).

In the present study we used acoustic telemetry to investigate if adult harlequin fish
are site-attached and if they have potential for a high level of protection within
adequately-sized sanctuary zones. Specific aims of the study were to: (1) determine
long-term site fidelity and home range, (2) investigate long-term movement patterns,

and (3) relate movement patterns to environmental and physical factors.



Materials and Methods

Field site

The study site was located to the east of Penneshaw adjacent to Ironstone Hill in
Backstairs Passage off NE Kangaroo Island, South Australia (Fig. 1). The lronstone
Hill site is characterised by a relatively narrow strip of high-relief coastal reef (<50 m
width) that slopes steeply from cliffs into a relatively flat area at ~12—-14 m depth
(Figs. 1, 2). The flatter area adjacent to the reef is characterised by a mixture of
sparse seagrass, bare sand, and patchy low-relief reef with sponges and other filter-
feeding invertebrates. Harlequin fish inhabit the strip of high-relief reef. While the tidal
amplitude at the site is only ~1.5 m, the site does experience relatively high
alongshore tidal flows due to the orientation of the coastline and the volume of water
flow in and out of Gulf St Vincent through the relatively narrow Backstairs Passage
(Bye and Kampf 2008, Fig. 1).

Tracking equipment

A total of seven VEMCO® (VEMCO Division AMIRIX Systems Inc., Nova Scotia,
Canada) VR2W acoustic receivers were deployed at the field site, and a total of ten
individually-coded VEMCO® acoustic transmitters (V13P-1H, 13 mm diameter, 45
mm length, 12 g weight in air, 6 g weight in water) were surgically implanted in ten
fish. The fish transmitters were set with a minimum and maximum delay of 110 and
250 seconds, respectively, with a nominal delay of 180 seconds. All fish transmitters
were fitted with pressure sensors set for a depth range of 0—50 m, which covered the
range of depths found at the study site and was used to determine (1) if fish were
moving offshore away from the reef and into deeper water habitats outside of the
receiver array, and (2) how fish utilised the reef slope. Fish transmitters had an

estimated battery life of 511 days.

A single control VEMCO® transmitter (V13-1H, 13 mm diameter, 45 mm length) was
also deployed at the field site for the duration of the study. The control transmitter
was set with a minimum and maximum delay of 300 and 900 seconds, respectively,
with a nominal delay of 600 seconds. The control transmitter was used to aid

interpretation of fish transmitter data (see Transmitter deployment).
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Figure 1. Map showing (A) the study region within Australia, (B) the Ironstone Hill

study site on NE Kangaroo Island in relation to Gulf St Vincent and Backstairs

Passage, and (C) the locations of the seven receivers adjacent to Ironstone Hill. The

circles around each receiver indicate a 200 m detection radius.
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Figure 2. 3-D map of the seabed at the Ironstone Hill study site highlighting the high-relief coastal reef between receivers 3 and 7 where most
fish were located. The inset shows a cross-section of the seabed adjacent to receiver 4.



Receiver deployment

The VEMCO® acoustic tracking technology requires the receivers to be moored to
the seafloor where they passively detect and log the signals of individual fish that
have been tagged with coded transmitters (Heupel et al. 2006, www.vemco.com).
Receivers are separated by a distance that is a function of the detectable range of
the signal from the transmitters. To inform the appropriate distance between the
receivers in our study, results from range testing and fish detections at a comparable
site in a previous study were used (Bryars et al. 2011, 2012). A nominal spacing

interval of 400 m between receivers was used at the Ironstone Hill site.

Deployment of receivers was undertaken on 9/6/2010. Receivers 2 to 7 were located
~50-100 m offshore from the edge of the coastal reef in 10—-19 m depth (Figs. 1, 2).
Receiver 1 had to be located farther offshore (~200 m) due to the shallow
embayment and was set in ~8 m depth. The seven receivers encompassed a total
distance of ~2.4 km. Receivers were affixed with cable ties to 1.65 m long steel posts
that had been hammered into the sand such that receivers were ~1 m above the

seabed and the hydrophone was clear of the top of the post.

Transmitter deployment

Fish were tagged between 7/6/10 and 11/6/10 (Table 1). Fish were captured
underwater by scuba divers at depths of <12 m from along the high-relief reef using a
hand-held dab net. Fish were slowly brought to the surface to reduce the chance of
barotrauma. Each fish was immediately transferred to a plastic tub containing an
oxygen enriched solution of 40 ppm eugenol (AQUI-S, AQUIS-S NZ) for anaesthetic
induction which took 15-20 minutes. A cover was placed on the surface of the tub to
reduce visual stimulation during induction. Once surgical anaesthesia had been
achieved, as judged by lack of a righting reflex and failure to respond to stimuli, the
fish were placed on a padded cradle in dorsal recumbancy. Anaesthesia was
maintained using a recirculating pump system (~10 litres per minute) from an
induction sump tank with the eugenol concentration further diluted to 20 ppm.
Passage of water over and coverage of gill arches was achieved by regulating the

operculum opening and subsequent drainage back into the sump.

The skin was prepared for surgical incision with a light iodine (Betadine®,
Mundipharma B.V., Netherlands) scrub. The removal of a few scales allowed a small
incision (~20 mm length) to be made with a scalpel blade (#10) along the ventral

midline, and continued through the linea alba into the coelom, proximal to the cloaca
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at about %4 of the distance from the cloaca to the base of the ventral fins. An antibiotic
soaked (Nuflor® LA, Florfenicol, Schering-Plough Animal Health) transmitter was
inserted directly into the coelomic cavity where it became free-floating. Skin and body
wall closure was undertaken using 1/0 PDS® (polyglactin 910, Ethicon, a
monofilament absorbable suture material) in a simple interrupted suture pattern. Fish
were marked with two external dart tags (Hallprint®, 85 mm long, 2 mm dia.) that
were inserted into the dorsal musculature. External tags were used to eliminate the
risk of re-capturing the same fish and to enable scuba divers to observe the post-
release behaviour of tagged fish. Total body length was measured to the nearest 1
cm and weight was estimated to the nearest 0.5 kg which allowed administration of a

long acting antibiotic intramuscularly (Florfenicol, 30 mg/kg).

Fish were then placed into a recovery bath containing clean seawater that was
regularly flushed and aerated using a deck hose. During recovery the fish were
monitored for a return of reflexes and movement of the opercula, fins, and body in a
coordinated fashion. Once fully recovered after 20-60 min., fish were released at the

seabed by scuba divers at their capture location.

As the detection range and diel pattern of detections can vary depending upon
ambient conditions (Payne et al. 2010), a control transmitter was also deployed on
10/6/2010 to assist with interpretation of receiver detections. The control transmitter
was located approximately mid-way between receivers 3 and 4 where it was attached
by monofilament line to an anchor and a subsurface float such that it was situated ~1

m above the seabed.

Receiver data

Receiver data were downloaded on 19/10/10, 24/01/11, and 6/10/11, when the study
was terminated after 16 months. Receiver 7 could not be located at the final
download and so data are missing from the eastern extreme of the array for the

second half of the study.

Analyses utilised data from the 482 full days of data collection commencing on
11/6/10 when all receivers were in place and all fish had been tagged, and finishing
on 5/10/11 when the final 24-hour period of data collection occurred. While data from
receiver 7 were missing for the last 255 days of the study, results from the previous
227 days indicated that it was unlikely that the receiver would have logged much

detection anyway. Therefore the partial absence of receiver 7 was ignored when
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conducting any analyses involving the full receiver array and study period. Data were
analysed for site fidelity, home range, alongshore movements, depth utilisation, and
diel activity patterns (see next sections). Data from the control transmitter were used
to inform interpretations about site fidelity, any possible alongshore movements, and
diel activity patterns. Detection efficiency of the control transmitter was calculated as
the total number of detections made at each receiver divided by the total number of
transmissions possible across the 482 days using the nominal delay of 10 minutes

for the transmitter (i.e., 69,408 transmissions).

Site fidelity

Site fidelity or residence time for each fish was calculated by dividing the total
number of days with 21 detection in the receiver array by the total number of days
available for detection (482 days). While some studies utilise a cut-off of 22
detections per day (e.g. Green and Starr 2011) and VEMCO® recommends caution
with single detections, due to the sedentary and secretive habit of the harlequin fish
and the high level of site fidelity it was felt that single detections mostly represented
real fish detections and were not false detections, i.e. it was highly likely that a fish
was actually present within the array on those days with single detections but that the
fish was either not particularly active, at the detection range limits of the receivers,
and/or the acoustic signals were consistently being shielded by the high-relief reef

structure.

Home range

Home range can be defined as the area used by an individual during normal activities
and is commonly defined as the area in which an individual spends 95% of its time
(Tolimieri et al. 2009). Due to the near-linearity of the receiver array along the coast,
traditional home range techniques such as kernel density estimates could not provide
effective area-based home range estimates. The use of activity centres
(Simpfendorfer et al. 2002) was also inappropriate because the receivers did not
have a significant over-lap of detection ranges (Fig. 1) (e.g. Farmer and Ault 2011).
Instead, as a proxy for activity space we used the linear extent of the coast utilised by
each fish across the entire study period to calculate two different estimates of home

range size: alongshore length of coast, and area of reef (after Bryars et al. 2012).
Home range lengths were calculated as the sum of distances (plus 200 m) between
the receivers that accounted for 95% of all detections. Calculations commenced with

the receiver with the greatest number of detections and then progressed to the
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adjacent receiver with the next highest total, and so on. The additional 200 m was
added to account for the distance (i.e. 100 m) at which detection frequency begins to
decline significantly (unpublished data). Thus, in the case of a single receiver that
accounted for the entire home range (i.e., 100% of detections), the range would be
200 m. Home range area was calculated by multiplying the range length by the width
of the reef utilised by each individual for 95% of the time. The reef width utilised by
each fish was calculated using the depth range that accounted for 95% of all depth
detections (see Depth utilisation below), a mean reef width of 50 m in the middle part
of the array (between receivers 3 to 5), and a mean depth of 12 m at the reef edge.
As this calculation technique is likely to generate considerable over-estimates of
home range size (see Bryars et al. 2012), calculations were limited to the five fish
with the largest number of detections and values are presented as indicative

maximum values only (see Discussion for further details).

Alongshore movements

Analysis of alongshore movements was conducted by plotting individual receiver
detections against time. Alongshore movements were considered to be real when (1)
a detection(s) was made at >1 receiver distance away from the ‘home base’ receiver
where the majority of detections had been made prior to the new detection and (2)
the detection(s) was not simultaneous with a detection at the home base receiver.
This rule was applied because (1) while in some cases fish appeared to have their
home range close to a single receiver (and all detections occurred at this receiver),
other fish appeared to be based in between two receivers and in these cases
‘normal’ detection patterns involved two adjacent receivers, and (2) detection
distance varied with environmental conditions, as evidenced by the control
transmitter which was occasionally simultaneously detected at much greater

distances than usual (up to 800 m).

Depth utilisation

To examine general patterns of depth utilisation, depth data were binned into 1 m
depth classes and plotted as the percentage of total detections versus depth class.
To examine broad changes in depth utilisation across the study period, raw depth
data for each fish were plotted against time. To examine possible diel changes in
depth utilisation, raw depth data for each fish were plotted against 24-hour time.
These plots revealed some possible trends that were then tested statistically. To
allow for a diel influence on the data (see next section), data were separated into two
7-hour periods of night (9PM—-4AM) and day (9AM—4PM) which eliminated

12



crepuscular hours around dawn and dusk (see Green and Starr 2011) and also
allowed for the influence of daily variation in the times of dawn and dusk across a
year. To test for a statistical difference between seasons in depth range, minimum
depth, and maximum depth, data from each fish for winter 2010, summer, and winter
2011 were utilised in separate paired t-tests (i.e. winter 2010 vs. summer, and winter
2011 vs. summer). Mean seasonal values of depth range, minimum depth, and
maximum depth were derived from monthly values for the three relevant months.
Paired t-tests were used here and for other datasets (see later) because of the
dependency of the two variables on one another, i.e., pairs of samples from the two
variables were measured from the same individual fish. Paired t-tests only assume
that the differences between the paired values from each variable (in this case, the
differences between means) come from a normally distributed population of
differences; they do not have the same normality and equality of variance
assumptions of a two-sample t-test (Zar 1984). Given the small numbers of fish
involved (<10) it was felt that formal testing of normality (e.g. a Shapiro-Wilk test) was
futile, but rather it was assumed that each t-test was valid and robust to any minor

deviations from normality.

Diel activity patterns

Payne et al. (2010) demonstrated that caution must be exercised when interpreting
diel activity patterns from acoustic detection data, and we have adopted their
approach in analysing our data for possible diel patterns. Detections for each fish
were summed for each hour of each day throughout the entire array, and mean
detection frequency per hourly bin was then calculated based upon the total number
of days each fish was detected within the array (Table 1). For each fish, these
detection frequencies were then divided by the grand mean detection frequency as
calculated from the 24-hourly bins to get standardised detection frequencies (SDFs)
that correct for the variable magnitude of detection patterns among individuals. Using
data from our single fixed-location control transmitter we employed the approach
developed by Payne et al. (2010) to correct for ambient environmental changes in
detection frequency for each fish by using the control SDFs per hourly bin. Data from
the entire 482 detection days of the control transmitter were used in the correction.
To test for a statistical difference in activity between day and night, control-corrected
SDFs from each fish for midnight (12-1AM bin) and midday (12-1PM bin) were

utilised in a paired t-test.
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Seasonal activity patterns

Deployment of the control transmitter allowed some unique but limited observations
on potential seasonal changes in detection efficiency (given that just one control
transmitter was used and only one summer and two winters were sampled). Payne et
al. (2010) demonstrated that environmental factors can influence detection efficiency
from tagged animals over diel timescales. The potential influence of seasonal
changes on environmental factors has not been investigated. Nonetheless, it was
evident from the 16-month dataset that the frequency of detections (which might
generally be interpreted as activity, Payne et al. 2010) may have been higher during
summer than winter. As with the diel activity data, such patterns could potentially be
influenced by environmental factors. As a first step in investigating the potential for
this to occur on a seasonal basis, a limited dataset was analysed using a similar
method to the diel data.

For four of the individuals that were present in the array for most of the study period
and which displayed similar and ‘typical’ behaviour patterns, a comparison was made
across all months (except October 2011 for which insufficient data were available)
and between summer (Dec-Feb) and the two winters (Jun—-Aug, 2010 and 2011).
Total daily detections from all receivers for each of the four fish and the control
transmitter were used to calculate mean monthly detections separately. SDFs were
then calculated for each month and the fish SDFs were also control-corrected (after
the method of Payne et al. 2010). SDF values were plotted against time (month) to
examine possible trends. Mean summer and winter control-corrected SDFs were
calculated using the monthly mean values from the three relevant months per
season, and a statistical comparison made of summer versus winter 1 (2010) and
summer versus winter 2 (2011) using paired one-tailed t-tests to investigate if activity

(as defined by control-corrected SDF) was greater in summer than winter.
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Results

Fish capture and size

All fish were captured and released during daylight hours between 7-11/06/11
between receivers 3 and 5 (Table 1). Fish ranged in size from 330 to 620 mm TL and
0.5 to 3 kg weight (Table 1). Based upon maximum length alone (i.e., 760 mm TL,
Hutchins and Swainston 2002), it is possible that all fish except Fish 10 were adult.
Fish sex was not determined as external sexually-diagnostic characters are not

known.

Table 1. Summary of the 10 harlequin fish tagged within the receiver array. First and
last days of detections were nominally 11/06/10 and 5/10/11, respectively. * = a
single detection was later recorded on 31/12/10. Total number days detected =
number of days in which 21 detection occurred in a 24-hour period. Residence time =
total number days detected divided by the total number days available for detection
(482 days).

Fish | Total Approx. Release Last day Total no. Total no. Residence
no. length wt (kg) date detected detections days time (%)
(mm) detected

1 410 1.0 07/06/10 26/07/11 5696 257 53.3

2 410 1.0 07/06/10 10/07/10* 1422 26 5.4

3 460 1.5 07/06/10 05/10/11 54631 479 99.4

4 570 25 07/06/10 05/10/11 7422 421 87.3

5 410 1.0 07/06/10 05/10/11 75185 481 99.8

6 580 2.5 10/06/10 05/10/11 7071 408 84.6

7 570 2.5 10/06/10 05/10/11 37723 468 97.1

8 620 3.0 10/06/10 05/10/11 56628 472 97.9

9 510 2.0 10/06/10 05/10/11 34205 476 98.8

10 330 0.5 11/06/10 15/06/10 713 5 1.0

Natural fish behaviour

It was assumed that the tagging procedure and internal transmitters did not affect the
natural behaviour of the fish during the study period. Fish 7 was observed within the
receiver array whilst diving on 24/01/11 (Fig. 3), seven months post-tagging. It

appeared in good health and was moving about freely.
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Figure 3. Harlequin Fish 7 with a yellow external dart tag visible towards the rear of
the fish. The presence of an external tag indicates that the fish has an internal
transmitter. Individual fish can also be photo-identified using the arrangement of
spots on the head and gill covers. This fish was photographed within the receiver
array on 24/01/11 in the same location that it was tagged on 10/06/10. Photo: S.
Bryars

General temporal patterns of detection

A total of ~280,000 detections were recorded from the 10 fish during the 16-month
study period (Table 1, Fig. 4). On the final full day available for analyses (5/10/11),
seven of the tagged fish were still being detected within the array (Fish 3 to 9; Fig. 4,
Table 1). Five of these fish (Fish 3, 5, 7, 8 and 9) were detected almost every day
over the 16-month period (Fig. 4, Table 1). In contrast, Fish 10 was detected for just
5 days post-tagging (Fig. 4, Table 1). Fish 2 was detected on most days post-release
up until 10/07/10 but was then not detected for a period of 174 days until a single
detection was recorded on 31/12/10; giving a total of just 26 detection days (Fig. 4).
Fish 1 was detected regularly up until 26/07/11 when detections ceased at 411 days
after the first detection, for a total of 257 detection days (Fig. 4, Table 1). Even for
fish that were still being detected at the end of the study, there was considerable
variation in the total number of detections (Table 1); Fish 3, 5, 7, 8 and 9 had by far
the greatest number of detections (>34,000 each) while Fish 4 and 6 had <8,000

detections each (Table 1). The number of detections was not related to fish length for
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the seven fish still being detected at the completion of the study (linear regression:
Fi6=2.57, P =0.169).

The control transmitter was detected at least once every day of the study period.
Around 60,000 detections were recorded from the control transmitter with 69% of
these at receiver 3, 30% at receiver 4, and the small remainder (~1%) at receivers 1
and 2 (Fig. 5). Detection efficiency at receivers 3 and 4 (which were ~200 m from the
control transmitter) was 60% and 26%, respectively. These results indicate that at
>200 m from a receiver the chance of a detection is substantially lowered and is
consistent with previous range testing which showed that detection efficiency begins
to decline significantly at >100 m distance (S Bryars, unpublished data).

10 7 =~

Fish number
(92}

Jun-10

Jul-10
May-11
Jun-11
Jul-11 A
Aug-11
Sep-11 1
Oct-11

Aug-10
Sep-10
Oct-10
Nov-10
Dec-10
Jan-11
Feb-11
Mar-11
Apr-11 1

Date (month-year)
Figure 4. Time-series of all daily detections within the receiver array for each of the

10 harlequin fish from June 2010 to October 2011. The control transmitter was

detected every day and is not plotted.
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Site fidelity

Five of the 10 fish (Fish 3, 5, 7, 8 and 9) had a high degree of site fidelity with
residence times of >97% (Table 1). Fish 4 (87%) and 6 (85%) had slightly lower
residence times but were still being detected within the array at the completion of the
16-month study (Table 1). Fish 1 had a moderate residence time at 53% (Table 1)
which was due to its disappearance prior to completion of the study (Fig. 4); if
residence time is calculated using the total number of days between first and last
detections then it was present for 63% of that time. Fish 2 and 10 had extremely low
residence times (<5%, Table 1) due to their disappearance from the array after a
short period (Fig. 4); however, prior to their disappearance they were present for 87
and 100% of that time, respectively (ignoring the single detection for Fish 2 on
31/12/10). Many individuals had a high degree of fidelity to a single receiver during
the time they were detected (Fig. 5). For six of the fish (Fish 1, 3, 5, 7, 8 and 9) >95%
of all detections occurred at a single receiver, while for a further two fish (Fish 2 and

4), >90% of detections occurred at one receiver (Fig. 5).
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Figure 5. Proportion of all detections during the study across the seven receivers for
each of the 10 harlequin fish and the control transmitter. Note that data were missing
for receiver 7 for the second half of the study. See Table 1 for total number of

detections per fish.
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Home range

Estimates of home range were made only for the five fish (Fish 3, 5, 7, 8, and 9,
mean TL = 51.4 cm) that had the highest number of detections (all >34,000, with next
highest at ~7,400 for Fish 4) and that remained within the receiver array for almost
the entire 16-month study period (but see Alongshore movements). Each of these
fish had >95% of detections at one receiver and based upon the technique of Bryars
et al. (2012), the home range along-shore length of these fish is a maximum of 200 m

and home range area a maximum of 6,000 m?.

Alongshore movements

Examination of receiver presence-data and depth-data across time revealed that (1)
during July 2010 five of the fish (and possibly more) undertook a short-term but
relatively long-distance coordinated movement along the coast and into deeper
water, (2) at this same time one fish relocated its home range and another fish

permanently left the array, and (3) Fish 10 may have died early in the study.

On the morning of 10/7/10, seven of the fish displayed a distinct change in their
pattern of alongshore receiver and/or depth detections (Figs. 7, 8). After previously
only being detected at just one or two receivers within the middle of the array for
about one month post-tagging (usually receivers 3 and 4, or 4 and 5), Fish 2, 3, 6, 7,
and 8 were suddenly detected at receivers 5, 6 and/or 7 in the eastern part of the
array. For each of these fish, the eastward alongshore movement was accompanied
by a movement down the reef slope to depths of ~15-18 m (deeper than any
previously recorded, Fig. 8). The alongshore pattern of detections by these fish was
not replicated by the control transmitter (which was only detected at receivers 1, 3
and 4 during this time period, Fig. 7) and was therefore concluded to be a real

pattern of detections rather than a series of false detections.

After only ever being detected at receivers 3 and 4 prior to 10/7/10, Fish 2 was
sequentially detected deep at receivers 5, 6 and 7 on the morning of 10/7/10 (Figs. 7,
8) and was then not detected throughout the array for the remainder of the study
(except for a single detection at receiver 4 on 31/12/10 which in this particular case
could have been a false detection, Fig. 4). During the morning of 10/7/10, Fish 3
moved from near receiver 4 and was then sequentially detected deep at receivers 5,

6, and 7, with a rapid return to receivers 6 and then 5 later that same day where it
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stayed for a few days before apparently settling back near receiver 4 on 15/7/10

(Figs. 7, 8). It then remained there for the rest of the study.

During the morning of 10/7/10, Fish 6 moved from near receivers 4 and 5 and was
then sequentially detected deep at receivers 6 and 7, with a rapid westward return
past receivers 6, 5, 4 and then to receiver 3 later that same morning (Figs. 7, 8). It
then stayed near receiver 3 for a few days before moving eastward again and settling
back near receivers 4 and 5 on about 16/7/10 (Figs. 7, 8). It then remained there for
the rest of the study. Also during the morning of 10/7/10, Fish 7 moved from near
receiver 4 and was then sequentially detected deep at receivers 5 and 6, with a rapid
return past receivers 5 and 4 and then to receiver 3 later that same morning where it
stayed deep for a few days before moving eastward and settling back near receiver 4
on about 15/7/10 (Figs. 7, 8). It then remained there for the rest of the study.

After only ever being detected at receiver 4 prior to 10/7/10, Fish 8 was detected
deep at receivers 5, 6 and 7 on the morning of 10/7/10. It appeared to make a series
of eastward and westward movements between receivers 4 and 7 on 10-11/7/10
before settling deep near receiver 6 on 11/7/10 (Figs. 7, 8). Unlike Fish 2, 3, 6 and 7,
Fish 8 did not return to its original home range near receiver 4, but stayed near
receiver 6 for the remainder of the study. The pattern of depth detections for Fish 8

also changed with its home range relocation (see Depth utilisation).

Fish 1 also displayed a movement to deeper water on 10/7/10 (but was never
detected at any receivers in the eastern part of the array; Figs. 7, 8) and was
subsequently detected just 15 times at receivers 3 and 4 up until 19/7/10 when daily
detection frequency became more normal again. After this time it continued to be
intermittently detected at receivers 3 and 4 for most of the remainder of the study.
Fish 4, which was not detected at any receivers in the eastern part of the array or at
any deeper depths than usual, had a 4-day period of no detections between 10—
14/7/10 (Figs. 7, 8). Fish 5 was not detected during the morning of 10/7/10 (Figs. 7,
8). Fish 9 was detected just four times between 10-13/7/10, with a more normal

frequency of detections resuming on 15/7/10 (Figs. 7, 9).

Fish 10 was detected for just 5 days post-tagging but during this time it displayed a
pattern of alongshore and depth detections that were atypical of the other nine fish.
For the first few days, it was detected mainly near receiver 4 across a range of

depths from ~4-15 m. However, around midnight on 14-15/6/10 it was detected in
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very shallow water (2 m) near receiver 4. The next detection was then made at 16 m
just 17 minutes later at receiver 3. Over the next 2.5 hours there were a series of
detections from receivers 3, then 2 and then 1, indicating a rapid westward
movement, which were accompanied by a series of rapid depth movements ranging
between 0 and 16 m depth. No other fish was ever detected at 0 m depth. The final
detection for Fish 10 was at 3AM in 7 m depth at receiver 1 in the western extreme of

the array.

Diel activity patterns

Diel patterns of activity (as defined by control-corrected SDFs) were similar among
individuals, with the relative frequency of detections increasing dramatically at dawn
and decreasing quickly at dusk (Fig. 9). Some fish did have a higher level of activity
at night than others (e.g. 5 and 8) but the diel pattern was still evident in these fish
(Fig. 9). Mean control-corrected SDF (Fig. 10) was significantly greater at midday
than midnight (Paired two-tailed t-test: t = -9.38, d.f. = 8, P < 0.001).
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Depth utilisation

Individual fish utilised a range of depths but depth utilisation was non-uniform (Fig.
11). Some fish had a uni-modal distribution of detections (Fish 2, 5, 7 and 8), while
others had a bi-modal distribution (1, 3, 4, 6, and 9; Fig. 11). The depth distribution of
Fish 10 was influenced by a low number of detections and the unusual behaviour
described earlier, and must therefore be considered as atypical. All fish had relatively
little activity at depths >13 m which is at or near the reef edge (see Fig. 2). For those
fish that had a moderate number of night detections (viz. 3, 5, 7, 8, and 9), patterns
of depth utilisation varied noticeably between day and night (Fig. 12). During the day
a wide range of depths were utilised, while at night a very restricted range was
detected; except for Fish 8 which utilised a small range at all times (Fig. 12). For Fish
7 in which there were a few detections at deeper depths during the night (Fig. 12),
these were all during the period 10-17/7/10 when the fish underwent an unusual
alongshore movement into deeper waters and were thus not representative of the
rest of the study period (see Alongshore movements earlier). Using the coefficient of
variation as a standardised measure of dispersion for Fish 3, 5, 7 (minus the period
10-17/7/10) and 9, the apparent difference between day and night depth distribution
was found to be statistically significant (Paired t-test: t = 6.60, d.f. =3, P < 0.01). For
each of those fish (Fish 3, 5, 7, and 9), the night modal depth did not correspond with
the day modal depth and was shallower than the day modal depth (Fig. 12); this
suggests that during the daytime these fish were moving from their night home base

down the reef slope into deeper water and then returning to their base at night.

Further evidence that fish exhibited diurnal behaviours was observed in the depth
data which showed a much narrower band of depth utilisation during the night
compared to during the daylight hours (Fig. 12 and Fig. 13 showing Fish 9 which is
typical of many of the fish). A narrow band of night-time depth detections (e.g., ~2 m
amplitude for Fish 9) is likely due mainly to natural tidal fluctuations of ~1.5 m range
and the accuracy of the transmitters (2.5 m), rather than fish actually moving
vertically across the reef slope at night. Indeed it is most likely that many of the
detections at night were actually due to fish being stationed within caves or ledges
that had a direct ‘line-of-sound’ to nearby receivers. For example, after relocating its
home range, Fish 8 appeared to be based mainly at the reef edge in ~12—-13 m (see
below). In such locations, there is a much higher chance of detections from fish lying

inside caves or ledges that are facing seaward and thus towards receivers.
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Most fish (Fish 1, 3-7, and 9) displayed frequent movements up and down the reef
slope during the daytime with some excursions away from the reef edge which lies in
~12-14 m depth (e.g. Fish 9 in Fig. 14 which is typical of most of the fish). The
pattern of first detections for each day indicated that the fish were utilising a small
number of home bases at set depths during the night before emerging for the first
time each morning. For example, Fish 9 appeared to have a base at ~10-11 m depth
and another at ~7—8 m depth (Fig. 14); the 7-8 m depth class aligns with the peak in
overall activity (Fig. 11, Fish 9) and also the depth at which most night-time
detections occurred (Fig. 13). The patterns of depth detections also indicated that
fish were remaining at set depths for periods of up to several hours during the

daytime.

Seasonal patterns of depth utilisation were different for each fish (Fish 2 and 10 had
too few detections across the entire study period to warrant an examination of
seasonal depth movements). Nonetheless, some consistent patterns were apparent
(except for Fish 8—see below) in which there appeared to be less utilisation of
shallow and deep waters during the winter months (e.g. Fish 9 in Fig. 15). Indeed,
day-time mean depth range was significantly greater in summer (Dec—Feb) than
winter (Jun—-Aug) (Paired t-test, winter 1 vs summer: t = -2.77, d.f. = 6, P < 0.05;
Paired t-test, winter 2 versus summer: t = -2.68, d.f. = 6, P < 0.05), and day-time
mean minimum depth was significantly lower in summer than winter (Paired t-test,
winter 1 vs summer: t = 4.25, d.f. = 6, P < 0.01; Paired t-test, winter 2 versus
summer: t = 2.61, d.f. =6, P <0.05).

Fish 8 had a markedly different seasonal and daily pattern of depth detections to Fish
1, 3-7 and 9 (Fig. 15). During the first month it showed typical daily depth utilisation
of the reef slope, but following its home range relocation in July 2010 (see
Alongshore movements earlier), it then had very limited depth utilisation for the
remainder of the study (Fig. 15). Apart from a slight change during January 2011, it
mainly utilised 12-13 m depths (Fig. 15), which was clearly the mode for the depth
distribution (Fig. 11) and is at the edge of the reef. Fish 8 had a much higher rate of
detection at night than most other fish (Fig. 9) and this is possibly due to its location
at the reef edge and a more direct ‘line-of-sound’ during the night to the closest

receiver (i.e., receiver 6, Fig. 5).
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Figure 11. Depth utilisation by the 10 harlequin fish. Data are percentages of the
total number of depth detections across 1 m depth classes. Depth classes are 0—1 m

(=1), 1-2 m (=2), etc. Note that the y-axis range varies between fish.
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Figure 13. Diel pattern of depth detections for harlequin Fish 9. Data are depth
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Figure 15. Seasonal pattern of depth detections for harlequin Fish 9 (upper panel)
and 8 (lower panel). The pattern for Fish 9 was more typical of the rest of the fish in
the study (Fish 1 and 3-7).
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Seasonal activity patterns

Monthly SDFs for the four harlequin fish that were present within the array for almost
100% of the time and which displayed a typical pattern of depth detections (i.e. Fish
3, 5, 7 and 9), showed some evidence of a seasonal activity pattern (Fig. 16).
However, it appeared that there may also have been some seasonal environmental
effect as monthly SDFs for the control transmitter showed a strong seasonal pattern
with much lower values during the summer than the two winters (Fig. 17). Indeed,
when the fish SDFs were corrected with the control SDFs there was a very strong
pattern of seasonal activity (as defined by control-corrected SDFs) (Fig. 18), with
significantly greater activity in summer (Dec-Feb) than winter 2011 (Jun—Aug) but
not for summer vs. winter 2010 (Paired t-test, winter 2010 vs summer: t =-2.48, d.f. =
3, P = 0.089; Paired t-test, winter 2011 versus summer: t = 3.56, d.f. = 3, P < 0.05).
However, as only one control transmitter was used and only one summer was
available for comparison, the outcomes of the seasonal analysis must be treated with

caution.
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Figure 16. Mean (+ SE) standardised detection frequency per month for harlequin

Fish 3, 5, 7 and 9 across the study period.
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Figure 18. Seasonal activity pattern: mean (x SE) control-corrected standardised

detection frequency per month for harlequin Fish 3, 5, 7 and 9.
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Discussion

Our study provides strong evidence that the harlequin fish is site-attached and has a
relatively small home range. Other local reef fishes, such as the western blue groper
(Achoerodus gouldii), bluethroat wrasse (Notolabrus tetricus) and senator wrasse
(Pictilabrus laticlavius), also show a high degree of site fidelity and occupy a home
range (Barrett 1995, Edgar et al. 2004a, Bryars et al. 2011, 2012). While we were not
able to provide accurate estimates of home range for the harlequin fish, it is likely
that their home range was <200 m alongshore length and <6000 m? in area. In
comparison to other resident temperate reef teleosts from Australia, New Zealand,
and North America, the harlequin fish appears to be at the lower end of the home

range spectrum (Fig. 19).
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Figure 19. Relationship between home range area and fish length for some resident
temperate reef teleosts. Data are mean values derived from published studies using
acoustic tracking technology (see Bryars et al. 2012). The maximum value for Othos

dentex of 6000 m? from the present study is plotted with a square symbol.

The high site fidelity and relatively small home range of the harlequin fish makes
individuals of the species particularly amenable to protection from localised impacts
inside relatively small no-take sanctuary zones. However, an adequate no-take zone
also needs to encompass sporadic alongshore/offshore movements outside of the
home range, home range relocations of individual fish (Kramer and Chapman 1999),
and any possible aggregation areas (see discussion on spawning aggregations

below). Thus a precautionary approach that incorporates buffer areas would suggest
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that a sanctuary zone of several km in alongshore length and width is required to fully
encompass a population of harlequin fish at locations such as the Ironstone Hill study

site.

Our results indicate that the harlequin fish is a diurnal predator. Other evidence that
harlequin fish are diurnal comes from the Baited Remote Underwater Video System
(BRUVS) work of Kendrick et al. (2005) in which harlequin fish were only ever
recorded during the day-time. Many other serranids are also diurnal (DeLoach and
Humann 1999), as are some other local reef fishes such as the western blue groper
(Achoerodus gouldii) and bluethroat wrasse (Notolabrus tetricus) (Bryars et al. 2011).
As harlequin fish do not move greater than a few metres above the seabed into the
water column, our depth data can be interpreted as fish position on the seabed. Thus
it is apparent that during the day-time individual fish actively moved up and down the
reef slope. These movements were punctuated by periods where their depth did not
change and therefore fish were likely stationary. Such a pattern is consistent with
field observations in which fish regularly rest on the seabed. It is also likely that these
fish were spending some of this time at ambush stations or cleaning stations. The
former behaviour has been observed in the field (S Bryars, pers. obs.) and the latter
behaviour has been documented in harlequin fish (Shepherd et al. 2005, Bryars
2011). In addition, multiple resights of the same individual harlequin fish across many
months have occurred at exactly the same reef ledge (Bryars 2011). In the present
study, most fish had one or more distinct depth modes of activity (Fig. 11) and it is

possible that these were related to ambush/cleaning stations and/or home bases.

Diel depth data indicated that following the day-time period of activity, individuals
were returning to a home base with a set depth each night and that movements away
from this depth at night were limited. Observations of fish in the field show that they
utilise caves or ledges when threatened by divers (S Bryars, pers. obs.), and it is
likely that they utilise these same habitats at night for resting and protection from
predators. The reduced frequency of detections by receivers at night could also be
partly explained by such behaviour as solid structures will impede acoustic signals.
The pattern is consistent with a species that has a small home range for diurnal
activities and a nocturnal home base(s). Such a pattern has been seen in some other
temperate reef fish such as the California sheephead (Semicossyphus pulcher)
(Topping et al. 2005). Further investigation to confirm the 2-D fine-scale movements
of harlequin fish could be undertaken using a VRAP or VPS acoustic telemetry

system (e.g. Jorgensen et al. 2006, Espinoza et al. 2011). It appears that the long-
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term movement patterns of the harlequin fish are quite different to the coral trout
(Plectropomus leopardus) which is a similarly-sized and shaped member of the
Serranidae family (but which is found in the tropics). The coral trout appears to range
over several kilometres of reefs as a mobile, opportunistic predator, but also
maintains home sites for access to shelter and cleaning stations (Samoilys 1997a). In

contrast, the harlequin fish we studied did not roam over such distances.

Our study provided evidence that harlequin fish had more vertical movement across
the reef slope during summer than winter, with some evidence that they were also
more active during summer. The seasonal activity pattern (based upon control-
corrected SDFs) is closely aligned with the seasonal temperature pattern for the
region. If the seasonal activity pattern is indeed real, then it is possibly due to a direct
relationship between metabolic rate and temperature in teleost fish (Clarke and
Johnston 1999) such that the harlequin fish needed to feed more frequently during
the summer months. In addition, there are more daylight hours for diurnal activity
during summer than in winter such that a greater number of detections might be

expected then anyway.

Given the complexity of the reef system and the sedentary habit of the harlequin fish,
the high number of detections for some fish was somewhat surprising to us. In
contrast, some individuals had a much lower number of detections. Reasons for this
discrepancy could be related to real differences in activity levels and/or differences in
the fine-scale locations of individual fish within the reef complex (and thus differences
in distance and ‘line-of-sound’ to the closest receiver). Nonetheless, our results show
that the type of technology used can be employed successfully on sedentary species
such as harlequin fish in high-relief reef habitats to investigate long-term site fidelity.
Our results also demonstrate the usefulness of long-term tracking data for site-
attached reef fish, as other methods such as visual tagging and tracking (e.g. Barrett
1995, Edgar et al. 2004a), may have missed the alongshore movement that we
detected during July 2010.

The temporary alongshore movement of harlequin fish may have been triggered by
an unusual storm event. Storm activity has been correlated with the onset of
coordinated movement in other site-attached reef fish such as the black rockfish
(Sebastes melanops) (Green and Starr 2011). The maximum wind speed measured
on 10/7/2010 was a direct northerly of 126 km/h, which was the strongest wind speed

recorded from any direction (including from the SW where most major storms blow)
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throughout all of 2010 and 2011 at nearby Cape Willoughby. The maximum speed of
126 km/h was also far greater than the mean wind speed of 27 km/h recorded for
Cape Willoughby during the study period (Bureau of Meteorology data). As the wind
was directly from the north, the fetch over which waves could be generated was
close to the maximum possible for the Ironstone Hill site at ~145 km (see Fig. 1).
Strong northerly winds can cause a great deal of wave energy along the northern
coastline of Kangaroo Island (S. Bryars pers. obs.) and the extreme northerly winds
on 10/7/2010 would have resulted in greatly increased wave energy in the shallow
waters of the north-facing Ironstone Hill study site (see Fig. 2). It appears that the
wave energy was sufficiently strong to cause fish to flee the shallower coastal waters
and seek shelter in deeper waters offshore (Fig. 2) and further along the coast. All of
the fish that moved alongshore initially moved eastwards; water depths immediately
offshore from the coastal reef are substantially greater in the eastern part of the study
array (>20 m depth; Fig. 2) than to the west (<10 m depth). Another possible
explanation for the alongshore movement was a spawning aggregation. Spawning
aggregations do occur in some serranids (DeLoach and Humann 1999) including the
coral trout (Plectropomus leopardus) which aggregates around new moon periods
(Samoilys 1997b). However, in our study the onset of the movement was not
correlated with a new or full moon, and it occurred in mid-winter which is unlikely to
be a spawning time for local fish species; spawning in many other local fishes is
usually related to a seasonal temperature change or during the warmer summer

months.

Of particular interest in our study was that, while most fish were able to return to their
home range following the storm event, one fish apparently relocated its home range
outside of the study array, and another fish relocated its home range within the array.
Other site-attached fishes have been shown to be able to return to their home ranges
when displaced to a different location (e.g. Lowry and Suthers 1998, Jadot et al.
2006). However, it appears that both the distance of displacement and weather
conditions can influence the ability to successfully return (Lowry and Suthers 1998,
Jadot et al. 2006). In our study it was apparent that following the disturbance of the
storm event, fish that had left their home base then actively searched up and down
the coast for their home base and in some cases this took several days or more to
achieve. However, it appears that two of the fish were not able to find their original
home base and relocated to a suitable (or better) home base elsewhere. Such
relocations reinforce the need for having adequately-sized no-take sanctuary zones

(see Kramer and Chapman 1999).
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Our behavioural results have implications for the design and interpretation of fish
surveys involving harlequin fish, which are usually relatively rare in fish surveys
(Shepherd and Baker 2008, Bryars 2011). As harlequin fish are diurnal they are
clearly amenable to daytime underwater visual census (UVC) and BRUVS
techniques. As UVC transect lines are traditionally laid parallel to the shoreline at set
depths (e.g. Barrett et al. 2007, Currie and Sorokin 2009), it is apparent that at our
site there would be a much greater chance of encountering adult harlequin fish at
certain depths, thus affecting the chance of detection. In addition, harlequin fish
activity varied across different days (and possibly seasons) and thus the timing of
surveys may also influence the chance of encountering harlequin fish. UVC is known
to have certain biases (Edgar et al. 2004b) and the information from the current study

could potentially assist with the interpretation of UVC data on harlequin fish.

One of the harlequin fish (Fish 10) displayed a particularly unusual pattern of depth
utilisation and alongshore movement before it disappeared just five days post-
tagging. As Fish 10 moved right to the surface at one stage and moved out of the
acoustic array at an extremely rapid rate, it is possible that it was captured by a fast-
moving, air-breathing predator. However, it is unknown whether it suffered
complications post-surgery and that this contributed to its apparent demise, i.e. it was
sick or dead at the time of apparent removal from the array. Fish 10 was the smallest
of the fish tagged at 330 cm TL and ~0.5 kg weight. While the size of the transmitter
was 1.2% of its body weight and this did not break the 2% tag-to-body mass rule
(Childs et al. 2011), we did experience some difficulty with inserting the transmitter
into Fish 10.

In summary, we conclude that the harlequin fish is a site-attached, diurnal predator,
with a relatively small home range. These characteristics, which had not been
demonstrated prior to our study, make individuals of the species amenable to long-
term day-time monitoring techniques and to protection from localised impacts inside
adequately-sized and appropriately-located no-take sanctuary zones. The inclusion
of high-relief reef with caves and ledges in areas where harlequin fish are found is

critical for protection of this particular species.
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