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Abstract Movement of fishes defines the distribution and
abundance of populations and occurs on a range of spatial
and temporal scales. To successfully parameterise assess-
ments and design management strategies for exploited fish
populations, knowledge and consideration of their move-
ment patterns are essential. Since the efficacy of man-
agement approaches vary depending on the sedentary or
mobile nature of the target species, presence, space use and
depth utilisation were examined to understand the move-
ment patterns of redthroat emperor Lethrinus miniatus.
Sixty individuals were monitored for up to 12 months in an
acoustic array comprising three coral reefs, and variation
in space use and movement patterns was observed among
26 individuals. Half of the individuals were recorded only
in proximity of one receiver along the reef edge, while
the other half were detected at multiple receivers and
used horizontal areas of approximately 4 km?2 Periods
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of non-detection and lower detection frequency at night
( xf = 342.157, P < 0.001) indicated individuals may move
away from the monitored reef edge to the adjacent sandy
habitat, but most movements outside the array remain
unknown. Long-distance movement was recorded for one
individual, recaptured ~160 km from the release location.
Generally, no trends in depth use were apparent, L. min-
iatus inhabited a variety of depths, which were not related
to individual size or time of day, yet some effect of month
was evident. Variation in movement among adult L. minia-
tus indicates that while some individuals undergo broader-
scale movement, spatial closures that cover individual reefs
(>4 km?) could provide protection from fishing for the pro-
portion of the population that displayed high site fidelity
and moderate-sized activity spaces (over a period of up to
12 months).

Introduction

Movement defines the distribution of species in time and
space, and knowledge of movement patterns is useful for
understanding population dynamics and potential effects
of exploitation (Pittman and McAlpine 2001; Cadrin and
Secor 2009). For exploited fish species, knowledge of
whether a species is highly resident or mobile is impor-
tant for stock assessments and the design of management
regimes such as spatial or temporal fishery closures (e.g.
Afonso et al. 2009) and effective placement of fish aggrega-
tion devices (e.g. Holland et al. 1990). Movement patterns
occur at a range of scales, from small-scale habitat use
(100s of m) to broad-scale movements (100s of km), and
have been investigated using a variety of methods, includ-
ing underwater surveys, tag-recapture, acoustic telemetry
and otolith microchemistry (Kramer and Chapman 1999;
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Chapman and Kramer 2000; Palumbi 2004; Chateau and
Wantiez 2009; Claisse et al. 2011; Currey et al. 2014).
Movement information obtained using these methods
has contributed to effective population management of
exploited populations (Holland et al. 1993).

Passive acoustic telemetry enables the movement of
multiple individuals fitted with transmitters to be monitored
by an array of receivers and can provide movement data
to be collected over multiple spatial and temporal scales
(Heupel et al. 2006). The increased use of acoustic telem-
etry to study reef fish movement has provided information
on a number of exploited species (e.g. Zeller 1997; Appel-
doorn et al. 2009; Chateau and Wantiez 2009; Meyer et al.
2010; Marshell et al. 2011). Results indicate that some spe-
cies have more active lifestyles than the sedentary behav-
iour often expected for adult reef fishes (Sale 1991), with
daily movements including transitions to different habi-
tats for resting, spawning and foraging (e.g. Holland et al.
1993, 1996; Appeldoorn et al. 2009; Claydon et al. 2012;
Bunt and Kingsford 2014). Space use and trends in move-
ment patterns, however, also vary among species and indi-
viduals (Quinn and Brodeur 1991; Chapman et al. 2012)
suggesting that complex patterns exist and caution should
be taken when generalising across and within species.

Emperors of the family Lethrinidae form an important
component of tropical fisheries worldwide as commer-
cial, recreational, subsistence and artisanal catch (Car-
penter 2001). Lethrinids range in size from approximately
200-800 mm in length and display a diversity of life histo-
ries (Currey et al. 2013). One of the largest emperors, the
redthroat emperor Lethrinus miniatus, is the most impor-
tant emperor species in the commercial fisheries of Aus-
tralia, Tonga, Japan and New Caledonia. In Australia, the
2011-2012 commercial harvest of L. miniatus was 237 t
in Queensland (Fisheries Queensland 2013) and 62 t in
Western Australia (Fletcher and Santoro 2013). This spe-
cies is also common in the catch from Queensland charter
(71 t) and recreational (90 t) fishers (Fisheries Queensland
2013). Yet, due to limited recaptures in conventional tag-
recapture programs (e.g. B. Sawynock unpubl data; Egli
et al. 2010), little information is available on the movement
of emperors, and only a few studies have utilised acoustic
telemetry to examine their movement. Nanami and Yam-
ada (2009) investigated space use of Lethrinus harak by a
snorkeler following individuals with a surface-towed hand-
held GPS, and Meyer et al. (2010) obtained five days of
acoustic telemetry data from Monotaxis grandoculis as part
of a multi-species study. More recently, Taylor and Mills
(2013) reported primarily small activity spaces for Lethri-
nus harak and Lethrinus obsoletus in Guam, suggesting
small marine reserves may be effective for these species.
Site fidelity and movement to nearby spawning areas have
been documented for lethrinids, but movements associated
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with depth are unknown, only occurrence at depth has been
recorded (Newman and Williams 1996; Fitzpatrick et al.
2012). Since management of emperor populations requires
knowledge of their movements at different scales, longer-
term information is needed. Presence, space use and depth
utilisation of individuals can provide insight into the nature
of emperors as sedentary or mobile, which is an important
consideration for management strategies, e.g. if small spa-
tial closures provide less protection to mobile rather than
sedentary individuals. This study aimed to identify whether
adult L. miniatus follow a sedentary or mobile lifestyle by
using acoustic telemetry and tag-recapture information.
Specifically, presence, activity space horizontally along the
reef edge and vertically by depth and depth-use patterns
of L. miniatus were analysed at three reefs in the southern
Great Barrier Reef to better understand the patterns and
scale of movement of this important exploited species.

Materials and methods
Fish sampling

Individual L. miniatus were collected by line fishing along
the reef edges of Heron (23.4500°S, 151.9167°E) and One
Tree (23.5083°S, 152.0917°E) Island reefs (Fig. 1) in the
southern Great Barrier Reef (GBR), Australia. Fish were
caught using rod and reel (13.6 kg line and 27.2 kg leader)
with barbless 8/0 hooks baited with pilchard Sardinops
sagax or squid Loligo spp. On capture, fish were vented and
then anaesthetised with Aqui-S. A small incision was made
longitudinally between the pectoral and ventral fins on the
left side, a V13 transmitter with pressure (depth) sensor
(V13P®, Vemco Ltd., Canada, 364 day battery life) was
inserted into the body cavity and the incision closed with
two simple interrupted stitches using absorbable sutures.
Fork length (FL mm) was recorded and a dart tag (PDS;
Hallprint©) fitted externally by insertion into the dorsal
musculature for identification. The procedure took less than
8 min, and then, after recovery in fresh sea water, fish were
released at the site of capture. A total of 60 adult individu-
als were fitted with transmitters in three deployments (20
each), in April 2011 and February and September 2012.

Movement analysis

Long-term monitoring of the presence and movements of
individuals was facilitated by 52 VR2W® acoustic receivers
(Vemco Ltd., Canada) located around three reef platforms
(Heron Island, Sykes and One Tree Island reefs; Fig. 1).
This array was designed to track multiple species of mobile
predators, with each receiver deployed on a star picket
embedded in the substrate at 10-20 m depth (reef edge
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Fig. 1 Location of Heron 151%55
Island, Sykes and One Tree
Island reefs in the Capricorn-
Bunker group of the southern
Great Barrier Reef, Queensland,
Australia. Triangles indicate

positions of acoustic receivers
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receivers) or <10 m (lagoon receivers). Acoustic receiv-
ers were downloaded twice per year. Data from receivers
were analysed in the R environment (R Development Core
Team: www.r-project.org). Detection range of receivers
was examined through the use of six sentinel tags deployed
at distances between 70 and 270 m from receivers located
in different habitats (e.g. complex coral structure and sand)
in the array. To account for variability in transmitter detec-
tion by time of day, hourly detections of sentinel tags over a
period of months to years were analysed. Day was defined
as 0600-1759 and night as 1800-0559 hours for all analy-
ses, and the number of detections for each period compared
using chi-squared tests. Mean detections of sentinel tags
and L. miniatus per hour were plotted, and individual fish
tags were standardised to the sentinel tag detections per
hour according to Payne et al. (2010). Chi-squared tests
were used to examine diel variation in mean number of
standardised fish detections.

Individual fish were considered present on a given day
when more than two detections were recorded per day by
a given receiver. Detection data were examined to remove
any spurious data that were the result of false detections.
Unlikely fish positions were identified from visual inspec-
tion of detections with time and depth (scatterplots) for
each individual and considered positions to be spurious
when (1) less than two detections were made per receiver
on any given day, (2) detections occurred after the pro-
grammed life of the transmitter, (3) represented fast, erratic
movements (i.e. consistent with fish consumed by preda-
tor) or (4) detections lacked vertical movement aside from
a consistent tidal signature (i.e. individual perished). Resi-
dency index was calculated as the number of days an indi-
vidual was detected in the array divided by the period of
detection (from deployment release date). Horizontal space

use was calculated as measures of activity space (horizon-
tal kernel utilisation distributions; hKUD) (Heupel et al.
2004) using the adehabitat package in R (Calenge 2006).
Individuals detected for >5 days by two or more receiv-
ers were used in activity space analyses. Average positions
(Simpfendorfer et al. 2002) were calculated for each indi-
vidual at 2-h intervals and the core use areas (50 % hKUD)
and extent of activity space (95 % hKUD) reported. Lin-
ear regressions tested whether days detected, residency
or activity space were related to fish size (FL). Data were
screened for normality and homogeneity of variances, and
variables were log,, transformed when required.

Vertical activity space was estimated by vertical kernel
utilisation distributions (vKUD) (Heupel and Simpfend-
orfer 2014) for individuals that were detected for >5 days
using the ks package in R (Duong 2007). Rather than lati-
tude and longitude, average positions (at 2-h intervals) were
calculated in two-dimensional space of mean depth and
distance along the reef. Receivers located along the reef
edge of Heron Island Reef were represented as a linear sys-
tem in this analysis (e.g. Simpfendorfer et al. 2008; Heupel
and Simpfendorfer 2014), with linear positions of receiv-
ers along the reef edge calculated as the distance from the
northwest point of the Heron Island Reef in a clockwise
direction. Only reef edge receivers were included since L.
miniatus rarely enters the lagoon (deep access points are
limited; L. Currey unpubl data) and their presence was
not detected by lagoon receivers. Positions of detections
were calculated by adding the distance between each of the
receivers from the receiver on which a detection occurred
to the northwest point (in an anticlockwise direction around
the reef) (Heupel and Simpfendorfer 2014). Core use areas
(50 % vKUD) and activity space extent (95 % vKUD) by
depth (m) and reef distance (km) were plotted for each
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individual. Relationships between activity space and fish
size (FL) were tested using linear regressions.

Mixed effects models (restricted maximum likelihood
estimation) were used to determine whether differences in
depth use existed between month, day, hour and FL. Mod-
els were analysed using the nlme package in R (Pinheiro
et al. 2013) with an information theoretic model selection
process. Mean depth (m) was calculated for each indi-
vidual, for each month (1-12), in each hour (0-23). Mean
depth was treated as the response variable, and month, day,
hour and FL were modelled as fixed factors. Individual was
treated as a random effects term to account for the lack of
temporal and spatial independence among individuals and
reduce the effect of individuals with more detections. Mod-
els were compared using the Akaike information criterion
corrected for small sample bias (AIC.) to determine the
best fitting model. Fifteen models were compared using
a stepwise approach, from the most complex fully satu-
rated model to the simplest model. The best-approximating
model was considered as the model with the lowest AAIC,
and the fewest terms. Each model was compared to the null
model to evaluate the relative strength of fit of each model
to the data.

Results

Detection range of the receivers in the array was estimated
as 270-340 m from sentinel tag detections and the known
position of a non-detected recaptured individual (ID 4031).
Receivers demonstrated with twice the detection ability
during the day (chi-squared test, 3 = 2164.95, P < 0.001).
This diel pattern was also reflected in detections of tagged
L. miniatus. Standardising fish detections to sentinel tag
detections per hour controlled for any difference in receiver
detection ability and the frequency of detections recorded
remained significantly higher during daytime hours (chi-
squared test, X% = 342.157, P < 0.001; Fig. 2). Greatest
detections occurred during crepuscular hours (Fig. 2).

Presence, residency and site fidelity

Tagged L. miniatus ranged in size from 323 to 493 mm FL
and 48 of the 60 fish (80 %) were detected over 1-332 days
(Fig. 3). Two individuals (ID 4026 and ID 4029) displayed
active movement post-release, but after 6 and 7 days,
respectively, movements were consistent with the tidal sig-
nature, suggesting these individuals perished or shed the
transmitter. Although transmitter shedding is considered
unlikely in this species, it cannot be ruled out as an expla-
nation for movement cessation. Detections after this period
for these individuals and spurious detections for other indi-
viduals were removed prior to analysis. After removal of
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Fig. 2 Mean number of detections per hour for L. miniatus before
(solid line) and after standardising (bold solid line) to sentinel tag
detections (dashed line). Hours of night are represented by grey boxes

these detections, 26 fish (52 %) were detected for 5 days
or more (mean + SE = 86 + 21 days). A weak positive
relationship was observed between FL and the number
of (log,, transformed) days detected (linear regression,
r* =0.13, F\ ,, = 4.74, P = 0.040).

Residency index varied among individuals from 0.01 to
1 (mean + SE = 0.31 & 0.07, n = 26; Table 1) and was
not related to FL (linear regression, r* = 0.04, Fi, =101,
P = 0.326). Over 77 % of individuals were detected for
less than 50 % of the monitoring period, demonstrated by
a residency index < 0.5 (Table 1). Individuals were only
detected on the receivers located around the reef edge, with
no detections on lagoon receivers. The number of receiv-
ers visited ranged from 1 to 6 (mean = 2.19) with half of
the individuals (n = 13) detected only at one receiver over
an average of 108 days, indicating high site fidelity. A fur-
ther four individuals (15 %) were detected at two receivers
only. Failure to detect L. miniatus on acoustically moni-
tored reefs nearby (i.e. Sykes and One Tree Island reefs)
indicated a lack of movement between these reefs.

Horizontal activity space and recaptures

Activity space use was calculated for 13 individuals that
were detected by two or more receivers. Both the core use
(50 % hKUD) and extent of activity space (95 % hKUD)
among individuals were small in area, with mean £ SE val-
ues of 0.36 £ 0.04 km? (50 % hKUD) and 1.93 + 0.27 km?
(95 % hKUD; Table 1). The maximum amount of horizon-
tal space used was <4 km? (Table 1). No relationship was
observed between FL and 50 % hKUD (log,, transformed)
(polynomial regression: > = 0.16, F, 4 = 0.84, P = 0.464),
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Fig. 3 Presence plot of L. min- 7048
iatus at One Tree Island Reef ;83673
(ID 4018) and Heron Island ;83%
Reef (all other individuals) in 7042
the Capricorn-Bunker region ;83(1)
per day. Each point represents ;8%3
one day detected (with >2 7037
detections) ;8%?
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or between FL and 95 % hKUD (polynomial regression:
r*=0.03, Fy ;o= 0.35, P = 0.569).

Two individuals were recaptured during the study and
provided contrasting results. One individual (ID 4031) was
caught approximately 84 m from the tagging release site
after 132 days at liberty but was not detected within the
receiver array (approximately 340 m from nearest receiver).
Transmitter malfunction is a possible explanation for non-
detection, yet it is also possible that this individual utilised
an activity space between receiver detection ranges, result-
ing in lack of detection. This behaviour would be consistent
with the 17 individuals that showed restricted (e.g. presence
at a single receiver) horizontal movement. The second (and
largest overall) individual (ID 6707) was recaptured by a
fisher on Abraham Reef, approximately 160 km (linear dis-
tance) from the release site (Fig. 4). This individual was at
liberty for 495 days and had moved across the sandy Capri-
corn Channel (80-120 m in depth). Prior to departure, this
individual was detected on the north side of Heron Island
Reef for 264 days (out of 350 days) between three receivers
(21, NW, 20) and displayed high residency (Fig. 4a). On
the last day of detection (25/01/2013), this individual was
detected at receiver 21, then 2 h 27 min later to the east at
receiver NE (detected for 5 min), and finally 37 min later
at receiver 22, where it was only detected for 7 min before

detections ceased (Fig. 4a). Recapture at Abraham Reef
(Fig. 4b) occurred 145 days after departure. Thus, evidence
for both long-distance and limited movement was gained
from recapture data.

Vertical activity space and depth utilisation

Patterns in vertical activity space (VKUD) were estimated
from depth use (m) and linear movement among receivers
(km) for the same 13 individuals assessed for horizontal
activity space (Table 1). Individuals used small areas and
were detected from O to 30 m in depth, since bathymetry
within detection range of receivers was <30 m. Despite
location (northwest or southwest Heron Island Reef), ver-
tical core use area (50 % vKUD) varied among individu-
als, with 23 % of individuals using shallow areas (<10 m),
23 % >10 m, and 54 % utilising a range of depths (e.g.
Fig. 5a, b). Vertical activity space extent (95 % vKUD)
ranged between the surface and approximately 20 m with
areas overlapping for some individuals but not for others
(e.g. Fig. 5a, b). No clear patterns in depth use were pre-
sent, as mean depth use varied among individuals (Fig. 6).
Some individuals displayed relatively consistent depth use
with month and time of day, while others were more vari-
able. Individual ID 4027 displayed an interesting pattern in
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Table 1 Details of acoustically tagged individuals (ID), with fork length (FL mm), dates of release and last detection, days detected, residency
index (Iz) and number of receivers visited

1D FL Release date Last detection Days detected I Receivers visited 50 % hKUD 95 % hKUD 50 % vKUD 95 % vKUD

4022 381 08/04/2011  13/04/2011 5 0.01 2 0.19 1.08 0.003 0.027
4024 399 08/04/2011  02/05/2011 21 0.06 4 0.32 1.27 0.004 0.036
4026 454 09/04/2011  15/04/2011 7* 1.00 1
4027 369 09/04/2011  30/01/2012 121 033 2 0.35 1.51 0.002 0.023
4029 323 10/04/2011  15/04/2011 6* 1.00 1
4032 486 13/04/2011  29/03/2012 57 0.16 1
4034 412 13/04/2011  02/05/2011 13 0.04 3 0.23 2.09 0.002 0.017
6702 436 08/02/2012  14/07/2012 114 031 1
6706 474 09/02/2012  20/02/2012 8 002 5 0.62 3.72 0.010 0.025
6707 493 (09/02/2012  24/01/2013 264 072 3 0.18 0.85 0.001 0.013
6710 450 09/02/2012  26/01/2013 20 0.06 4 0.40 - 0.006 0.033
6712 390 10/02/2012  13/02/2013 318 087 1
6713 480 10/02/2012  25/01/2013 323 089 2 0.17 0.77 0.001 0.007
6714 455 11/02/2012  14/01/2013 332 092 1
6721 440 11/02/2012  19/03/2012 37 0.10 4 0.54 2.72 0.006 0.038
7030 415 13/09/2012  12/04/2013 7 0.02 2 0.23 1.35 0.001 0.007
7036 395 14/09/2012  06/07/2013 125 034 1
7037 449 14/09/2012  04/07/2013 71 020 1
7038 405 14/09/2012  18/01/2013 80 022 1
7039 419 14/09/2012  06/07/2013 34 009 1
7040 469 14/09/2012  25/01/2013 126 035 1
7041 461 15/09/2012  26/01/2013 124 034 1
7045 372 15/09/2012  21/09/2012 6 002 3 0.30 1.90 0.004 0.019
7046 410 16/09/2012  25/09/2012 9 0.03 4 0.64 2.94 0.004 0.013
7047 391 16/09/2012  13/10/2012 11 003 6 0.52 2.99 0.008 0.039
7048 427 16/09/2012  30/09/2012 8 002 1

The 50 % KUD and 95 % KUD estimates (km? ) in horizontal (hKUD) and vertical (vKUD) space were calculated for individuals where pos-
sible. Two individuals (indicated by an asterisk) appeared dead (displayed depth profiles consistent with the tidal signature) after a number of
days, thus detections received after these individuals were deceased were removed from analysis

Fig. 4 Movement of individual
ID 6707 at Heron Island Reef
(a) indicating release point
(cross symbol), movement

over 11 months (solid arrows)
between receivers (triangles;
20, NW, 21) and movement
over the last day of detections
(dashed arrows between receiv-
ers 21, NE and 22). Long-dis-
tance movement of approxi-
mately 160 km is illustrated (b)
from Heron Island Reef of the
Capricorn-Bunker reefs to the
recapture location at Abrahams
Reef of the Swain reefs
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Fig. 5 Depth and space utilisa-
tion of L. miniatus at northwest
(a) and southwest (b) Heron
Island Reef. Activity space
estimates of 50 % KUD (solid
colour) and 95 % KUD (lines)
are indicated for three individu-
als at each location, a ID 7045,
ID 6710 and ID 6707 (dotted,
solid and dashed lines, respec-
tively); b ID 6721, ID 4027 and
ID 4022 (solid, dashed and dot-
ted lines, respectively) with reef
distance (m) from the northwest
point of Heron Island Reef.
Location and depth of receivers
are indicated by triangles
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Fig. 6 Mean depth (m) use of individuals by fork length (mm).
Boxes represent the 25-75th percentiles, the median is represented by
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depth use by month, moving from shallow to deeper habitat
use between May and October (Fig. 7). No relationship was
observed between FL and 50 % vKUD (linear regression:
r*<0.01, Fy ;< 0.01, P = 0.980; or polynomial: * = 0.03,
Fyo = 0.15, P = 0.861), or between FL and 95 % vKUD
(linear regression: * = 0.11, Fi0= 128, P = 0.284; or
polynomial: 7* = 0.14, Fy9=0.73, P = 0.508).

Mean depth utilisation was best described by one model
that included month as the only parameter (Table 2). This
model (M1) predicted shallower mean depths were used
in February compared with other months. Although the
effect of month appeared minimal, this model provided

T T T T T
5000 20000 22000 24000 26000

Reef distance (m)

a significantly better fit to the data than the null model
(Table 2), and AAIC, values were >2 for all other models.

Discussion

Lethrinids have been portrayed as both sedentary as adults
with small home ranges (Sale 1991; Taylor and Mills 2013)
and as mobile predators (Jones 1991; Carpenter 2001) that
potentially migrate long distances (Williams et al. 2010;
Currey et al. 2014), although limited empirical evidence
has been collected to date. Results from this study indicate
that individual L. miniatus display variability in presence,
residence and depth utilisation, with an absence of consist-
ent trends based on time (month, day and time of day) or
size of individuals. Intra-specific variability in movement is
common among reef fish (e.g. Kalish 1991; Kaunda-Arara
and Rose 2004a, b; Marshell et al. 2011; O’Toole et al.
2011), with a general pattern involving a proportion of the
population that remains resident while the other proportion
moves greater distances (Grtiss et al. 2011; Chapman et al.
2012). This study revealed that the majority of individuals
were detected in a small area (<4 km?) for periods of up
to 12 months. Despite limited horizontal movement, indi-
viduals often utilised the entire water column (to 30 m in
depth). From what movement data exist for lethrinid fishes,
the majority of individuals appear to display variable depth
use and high site fidelity, with more extensive movement
by a small contingent of the population.

Within-population dispersal variability may be more
widespread among fishes than originally thought. Residents
are individuals that do not make migratory movements,
while migratory individuals disperse more broadly (Chap-
man et al. 2012). Based on telemetry data in this study,
horizontal movement of L. miniatus can be categorised
into movements at small (<1 km) and medium (few km)
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Fig. 7 Vertical KUDs of indi- Apr 7 May T Jun Tuul
vidual 4027 by month (April @ @
to October), representing depth 57 7] 7] 7]
use (m) by reef distance (m). :
Core use area (50 % vKUDs) is 104 A 1T A |7 A |7 A
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Table 2 Mixed effects models examining the effects of month, hour and fork length (FL) on mean depth
# Model AIC, AAIC, w P
M1 Ime(Depth ~ Month) 81339.61 0 0.97 <0.001
M2 Ime(Depth ~ Month + FL) 81347.29 7.68 0.02 <0.001
M3 Ime(Depth ~ Month + Hour) 81349.38 9.77 0.01 <0.001
M4 Ime(Depth ~ Month + Hour + FL) 81357.05 17.44 <0.01 <0.001
M5 Ime(Depth ~ Month + Day + FL) 81360.75 21.14 <0.01 <0.001
M6 Ime(Depth ~ Month + Day + Hour) 81362.86 23.25 <0.01 <0.001
M7 Ime(Depth ~ Month + Day + Hour + FL) 81370.54 30.93 <0.01 <0.001
Null Ime(Depth ~ 1) 81509.36 169.75 <0.01 -
M3 Ime(Depth ~ FL) 81516.91 177.30 <0.01 0.409
M9 Ime(Depth ~ Hour) 81519.67 180.06 <0.01 0.109
MI10 Ime(Depth ~ Day) 81522.08 182.47 <0.01 0.315
Ml1 Ime(Depth ~ Hour + FL) 81527.22 187.61 <0.01 0.197
MI12 Ime(Depth ~ Day + FL) 81529.63 190.02 <0.01 0.429
M13 Ime(Depth ~ Day + Hour) 81532.42 192.81 <0.01 0.170
M14 Ime(Depth ~ Day + Hour 4 FL) 81539.97 200.36 <0.01 0.238

All models included a random effect for individual fish. AIC, is the small sample bias-corrected form of Akaike’s information criterion, AAIC,
is the Akaike difference, and w is the Akaike weight. Models with AAIC, < 2 (in bold) are the best fitting models, and P values indicate level of

significance of each model when compared to the null model

scales for residents and at a large scale (10s to 100s km) for
migrants.

Small-scale movements along the reef edge were
observed for half (13) of the L. miniatus individuals
tracked, which visited a single receiver located adjacent
to their capture and release location over periods of up to
12 months. Although mainly detected during the day, this
result is consistent with other studies where lethrinids
have been located in the same area months after release
by acoustic monitoring (Taylor and Mills 2013), underwa-
ter surveys (Nanami and Yamada 2009) and recapture data
(Kaunda-Arara and Rose 2004a). High site fidelity was

@ Springer

displayed by individuals that inhabited the reef edge at dis-
tances of 270-340 m either side of a receiver. Similar mean
minimum activity space size has been reported for other
species such as 547 m for Kyphosus sectatrix (Eristhee and
Oxenford 2001) and 223 m for Plectropomus leopardus
(Zeller 1997). Although some L. miniatus were observed to
be highly resident (residency index > 0.7), many individu-
als had a low residency index (< 0.3). Spending less than
half of their time within the detection range of a receiver,
individuals with a low residency index may have been
undetected due to structural habitat complexity (sites were
characterised by dense coral cover or bommies on sand,
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e.g. Claisse et al. 2011), residence adjacent to a detection
area (and thus not detected), or moved to areas outside
the detection range. Considering the estimated detection
range, individuals further than 270-340 m from a receiver
would not be detected. Although ID 4031 was recaptured
close to the release location after four months at liberty
and could indicate site fidelity, movement patterns of other
individuals outside the array detection range are unknown.
Use of small areas (< 0.004 and 0.029 km?) for Lethrinus
harak and (0.008 km?) for L. obsoletus has been reported
(Nanami and Yamada 2009; Taylor and Mills 2013). How-
ever, individuals were not observed at night (Nanami and
Yamada 2009) or left the monitored area for an average of
four days during spawning season (Taylor and Mills 2013),
which indicate the activity space of these species may
be larger than estimated. It is also possible that L. minia-
tus may move away from the reef edge at night (and thus
beyond detection range) to forage in nearby sandy habitats
(Carpenter 2001), like the congener Lethrinus nebulosus
(Chateau and Wantiez 2008). Standardised individual fish
detections were significantly greater during the day than
at night lending support to this hypothesis. A diel pattern
of movement between spatially separate habitats for feed-
ing and resting is common for many reef fishes, with many
species feeding at night in sand adjacent to reef areas (e.g.
Hobson 1973; Holland et al. 1993; Mazeroll and Montgom-
ery 1998; Meyer et al. 2010). Thus, results better reflect
day time space use and could be an underestimate of total
activity space. No inter-reef movements between the other
monitored reefs were recorded. Therefore, further research
involving receivers deployed away from the reef edge and
enhanced coverage could investigate whether L. miniatus
move to nearby habitats at night or are located close to the
reef edge.

Medium-scale movement was exhibited by half (13) of
the tagged individuals, which roamed more widely along
the reef to a number of receivers. Activity spaces incorpo-
rated the area adjacent to the reef (largely during the day)
and 95 % hKUDs for medium-scale movements extended
up to 3.7 km?. These estimates are relatively small in area
compared with the daily linear distances mobile predators
such as Sphyraea barracuda travel (e.g. 12 km, O’Toole
et al. 2011), but are similar to those for other lethrinids.
Consistent movement outside coastal boundaries of Ken-
yan marine reserves (6.3 and 10 km? in size) by L. mashena
and L. miniatus demonstrated travel across approximately
5 km of continuous reef, with the distance moved posi-
tively associated with days at liberty for L. miniatus (like
the current study but to a lesser degree; Kaunda-Arara and
Rose 2004a). Similarly, Kaunda-Arara and Rose (2004b)
demonstrated that each of the L. miniatus (29 % of the 348
tagged fish) and L. nebulosus (56 % of 93 fish) recaptured
inside and outside of marine reserves were within 5 km of

their release site. Thus, these studies support the observa-
tions here of site fidelity and small-moderate activity space
for L. miniatus.

Variability in L. miniatus movement patterns also indi-
cated large-scale movements by a contingent of the popu-
lation. Long-distance movements of reef fish have been
recorded in a number of studies; however, they are less
common occurrences. It is uncertain whether the paucity of
large-scale movement data is evidence of the rarity of these
occurrences or whether it is simply a reflection of fishing
effort. Kaunda-Arara and Rose (2004b) reported move-
ments of 30-180 km by small numbers of three species
(Siganus sutor, Plectorhinchus flavomaculatus and L. mah-
sena), which represented 0.2 % of the individuals tagged.
The lethrinid travelled 148 km from the release point in
63 days which fits with long-distance movements of L.
miniatus recaptured here (~160 km, current study) and two
individuals recaptured in the same region that travelled in
the same direction (180 km and 220 km: B. Sawynock,
unpubl data; Williams et al. 2010). Similarly, carangids
detected in an acoustic array close to their release location
in Hawaii showed high site fidelity, with 75.5 % of indi-
viduals recaptured within 0.5 km of their release site, while
one individual was located 72 km from the study site (1.2 %
of recaptures). Long-distance movement over longer time
periods (multiple years) was hypothesised to explain the
regional differences in L. miniatus population demograph-
ics (Williams et al. 2010), with net migration of individuals
among regions. Further, isotopic signatures (3'%0 and §!*C)
in L. miniatus otoliths suggested potential directionality of
movement with ontogeny, over a scale of 10s of kilometres
(Currey et al. 2014). Although some individuals remained
in a similar environment through life, differences in 5'*0
and 3'°C with ontogeny indicated the majority of juvenile
individuals inhabited isotopically different environments to
adults (Currey et al. 2014). These long-distance movements
by a contingent of the population may be important for the
connectivity and replenishment of populations (Kaunda-
Arara and Rose 2004b; Griiss et al. 2011), allowing the
mixing of populations necessary for maintaining genetic
diversity. This is a potential explanation for the broad-scale
movement of L. miniatus that occurs across both connected
and fragmented habitat.

Depth utilisation has typically been reported for pelagic
or deep-sea species through use of archival tags, sonar,
catch records and acoustic telemetry (e.g. Brill et al. 1999;
Brill and Lutcavage 2001; Musyl et al. 2003; Cartamil and
Lowe 2004; Godo et al. 2004). Howeyver, little research has
focused on reef fish movement within the water column.
Studies have concentrated on estimates of reef fish abun-
dance with depth, for example, larger Lutjanus kasmira
were reported to occur on shallow reef slopes while smaller
individuals inhabit deeper slopes and tongue-and-groove
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habitats (Friedlander et al. 2002). Depth use has also been
inferred from acoustically tagged individuals via the place-
ment of receivers at different depths, e.g. the majority of
Zebrasoma flavescens were found more frequently in shal-
low areas <10 m depth (Claisse et al. 2011). However,
directly quantifying vertical position over time allows a
better understanding of depth-use patterns of reef fishes at
a temporal scale.

Depth use of L. miniatus was not related to time of day
or size of fish and was variable among individuals. Varia-
tion in individual depth use has been reported for other reef
and temperate species, with repeatable movement patterns
related to the time of day for some (Bellquist et al. 2008),
while others displayed variation in movement among indi-
viduals (Starr et al. 2002). Although some L. miniatus dis-
played greater use of the water column during the night, the
pattern was not consistent, and some individuals may have
moved to deeper sandy areas that exist out of the detection
range. Some individuals used consistent depths throughout
the day, and others varied among depths with no apparent
pattern. For other species such as trevally Pseudocaranx
dentex, vertical movements of offshore-tagged individuals
were more associated with currents and tides than for the
smaller inshore-tagged individuals that mainly remained at
depths of around 10 m (Afonso et al. 2009). Interestingly,
like the overlap observed in horizontal space use for other
lethrinids (Nanami and Yamada 2009; Taylor and Mills
2013), L. miniatus utilised vertical and horizontal activ-
ity spaces that somewhat overlapped, further highlighting
their non-territoriality (Carpenter 2001). Vertical movement
of L. miniatus was highly variable among individuals and
time of day, suggesting no predictable patterns are present.

Patterns in depth use not only occur diurnally, but across
a number of temporal scales. Taylor and Mills (2013) iden-
tified diel movement patterns related to tides for some
lethrinid individuals, as well as in relation to lunar phase
linked to spawning activity. Month was the parameter that
best explained the variation in mean depth use of L. min-
iatus in this study. However, there was no strong trend in
mean depth observed with time of year. Individual ID 4027
was the only example that provided a clear shift in depth
use over a number of months (and utilised shallower depths
in winter). Differences in environmental factors such as
water temperature, which fluctuate in a predictable man-
ner with seasons throughout the year, may be related to
movement of individuals. Thus, environmental parameters
should be investigated as potential drivers for depth use
over this temporal scale through further research.

It is important to consider the limitations of acoustic
telemetry when interpreting and estimating reef fish move-
ment patterns from presence data. Coral reef environments
can be particularly difficult to operate within because
receiver performance (i.e. detection range) can be low due
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to structural habitat complexity and environmental noise
(Claisse et al. 2011; Welsh et al. 2012; Cagua et al. 2013).
Further, receiver detection ranges are not static as the
detectability of sentinel tags fluctuates with dynamic nature
of the environment. Multiple habitat types including reef
crests, reef slopes, sand and semi-enclosed lagoons may
also influence the ability to detect fish because signal atten-
uation may differ between habitats. However, each receiver
in this study was placed in a position to minimise barriers
to transmitter signal (structurally complex reef), with an
estimated receiver detection range of 270-340 m across
sand and reef habitat. This detection range was within those
recently reported for coral reefs: 60 and 90 m for receiv-
ers located on the reef base and reef crest, respectively
(using smaller, less powerful Vemco V9 transmitters: Welsh
et al. 2012); and 120 m (V9) and 530 m (V16) by Cagua
et al. (2013) at reefs in the Red Sea. Cagua et al. (2013)
also determined that topography and environmental noise
held the greatest influence on detection distance compared
with other environmental factors (e.g. wind, thermocline
and depth). Likewise, Payne et al. (2010) illustrated how
a reduction in detection frequency was caused by factors
other than animal movement (e.g. increased environmental
noise) and can provide opposite interpretations of animal
movement patterns when corrected for. Monitoring detec-
tions of sentinel tags over time provided frequencies of
detection over a specified time period. After standardising
the fish data to sentinel data as suggested by Payne et al.
(2010), fewer L. miniatus detections were observed at night
and greater fish activity was observed during the day. Addi-
tionally, the ability to monitor sentinel detections over a
long time period (e.g. months) rather than days (e.g. Welsh
et al. 2012) ensured temporal fluctuations in environmental
conditions were adequately incorporated in this study.

Movement patterns and horizontal and vertical space
use of L. miniatus were highly variable among individuals.
Long-distance travel by at least one migratory individual,
periods of non-detection and potential movement away
from the reef edge at night provide potential evidence to
support a more mobile lifestyle. Yet, it is uncertain how
common long-distance movements are, and whether unde-
tected individuals travelled far or remained nearby the
array, so further research is required. For the majority of
individuals, presence in the array over a period of up to
12 months indicated a relatively small area of reef edge
space use, where some individuals appeared resident at one
receiver while others moved more broadly along the reef
edge. Therefore, the variability in activity space estimates
(for individuals over periods of up to 12 months) indicates
that spatial management measures that encompass indi-
vidual reefs (> 4 km?) could provide protection from fish-
ing for a substantial proportion of the adult L. miniatus
population.
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