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Introduction

Coral reef fish have important ecological and economic 
value, but are increasingly at risk of population declines 
from human (Sadovy 2005; Newton et al. 2007) and envi-
ronmental (Emslie et  al. 2015; Mellin et  al. 2016) distur-
bances. To better understand how species will respond to, 
or be affected by, direct and indirect stressors such as fish-
ing, habitat degradation, increased water temperature, or 
altered prey composition, it is essential to know how they 
obtain resources, meet energetic requirements, and inter-
act within their environment (Botsford et  al. 1997; Roes-
sig et al. 2004). Studying movement and space use patterns 
is a fundamental approach to characterise how reef fish 
access resources, interpret behavioural activities, and pre-
dict ecological consequences (Hussey et al. 2015). Three-
dimensional space use of aquatic organisms is of growing 
interest to ecologists because depth use has a significant 
bearing on estimates of home range, habitat selection, diel 
behaviour, and predator–prey interactions, among oth-
ers (Gleiss et al. 2013; Currey et al. 2015a; Espinoza et al. 
2015a). Thus, ecological interpretation of animal behaviour 
is greatly improved by data that incorporate horizontal and 
vertical aspects of the aquatic environment. Furthermore, 
by comparing three-dimensional patterns of activity and 
habitat use of closely related species that overlap in dis-
tribution (sympatry), insight into behaviour such as com-
petitive interactions and niche segregation can be explored 
(Dance and Rooker 2015; Guzzo et al. 2015). Interactions 
between sympatric species (e.g. for habitat and prey) can 
affect how biological and energetic requirements are met 
(Zaret and Rand 1971; Mueller et  al. 2016). These inter-
actions can also have far-reaching implications for preda-
tors (Braune et  al. 2014) and prey (see Estes et  al. 2011) 
ultimately affecting predator–prey relationships and the 

Abstract  Understanding spatial distribution and tempo-
ral variation in movement patterns of closely related spe-
cies is relevant for deciphering how resources are selected 
and whether interactions between species affect resource 
use patterns. The horizontal space use and vertical space 
use of two exploited reef fish, Plectropomus leopardus and 
P. laevis (all adults), were compared at mid-shelf Helix 
Reef and Lodestone Reef in the Great Barrier Reef over 
~3  years using passive acoustic telemetry. Both species 
were detected throughout the 12-month duration of trans-
mitters (mean detection period: ~270 days) and often made 
deep movements to ~40  m possibly related to reproduc-
tive behaviour (spawning). Differences in space use were 
apparent between species, with P. laevis consistently using 
greater area around reefs throughout the year. Overall, 
depth use patterns were similar between species; however, 
when daily detections were grouped in 2-h periods, P. lae-
vis remained shallower and had greater variation in depth 
use compared to P. leopardus. Contrasting patterns of space 
use between these co-occurring species, in conjunction 
with known dietary dissimilarities, indicate distinct habitat 
use and resource preferences that are important for conser-
vation and fisheries management.
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movement of energy within an ecosystem. Therefore, stud-
ying horizontal and vertical behavioural patterns related to 
space use of sympatric species aids interpretation of pos-
sible resource partitioning, as well as identifies species-
specific depth/habitat preferences and home range sizes. 
This is particularly relevant within commercial or recrea-
tional fisheries because resource-based ecological informa-
tion can help form appropriate management strategies (e.g. 
spatial and temporal fishing closures—Waldie et al. 2016) 
and plan for anticipated vulnerabilities (e.g. shifting spatial 
ranges—Hill et al. 2016) at a species level.

Coral trout (or coralgrouper) Plectropomus (Oken 1817) 
form the basis of commercial, recreational, and artisanal 
fisheries in the south-western Pacific including Australia, 
Indonesia, and Fiji, among others (Sadovy de Mitcheson 
and Colin 2012). The term ‘coral trout’ incorporates several 
species of primary (P. leopardus, P. laevis, and P. macula-
tus) and secondary (P. areolatus, P. oligacanthus, and Vari-
ola spp.) fishery significance; however, the importance of 
each species varies at a regional level. In the Queensland 
(Australia) Coral Reef Fin Fish Fishery (CRFFF), commer-
cial fishers primarily catch ‘coral trout’ <24 m deep (Little 
et al. 2008) for live transport to Asia (Sadovy de Mitcheson 
et  al. 2013). Plectropomus comprise ~35–55% of all 
commercial catch in the CRFFF (Mapstone et  al. 2004), 
which is predominantly P. leopardus (>80%, Sadovy de 
Mitcheson and Colin 2012). Plectropomus leopardus are 
sedentary opportunistic/generalist ambush predators that 
associate with reef structure for protection or camouflage, 
although mid-water feeding also occurs (Goeden 1978; 
St. John 2001). They rarely make inter-reef movements 
(Davies 1996; Sumpton et al. 2008) and typically remain in 
a relatively small area diurnally and seasonally (<0.5 km2, 
Zeller 1998; Bunt and Kingsford 2014; Matley et al. 2015). 
Unlike other large epinephelids, spawning activity of P. 
leopardus appears to be localised to small groups between 
September and December (Zeller 1998; Tobin et al. 2013; 
Carter et  al. 2014). The prevalence of long-range move-
ments and large spawning aggregations is likely limited but 
is not well known. Nevertheless, seasonal spawning-related 
closures in the fishery occur during 5-day new moon peri-
ods in October and November. Due to its widespread abun-
dance and value overseas, scientific research, stock assess-
ments, and commercial logbooks have concentrated on P. 
leopardus or grouped all species together for simplicity 
despite biological differences. For example, P. laevis, the 
second most abundant ‘coral trout’ species at mid-shelf 
and offshore reefs (Ayling and Choat 2008), grows larger 
(~100 cm max length) and matures earlier (~1 year) than P. 
leopardus (matures at 2–3 years; ~60 cm max length) (Fer-
reira 1995; Heupel et al. 2010), yet no prior study has spe-
cifically investigated resource use or movement patterns of 
P. laevis.

Evidence supports the ecological role of ‘coral trout’ 
as a high-order predator influencing population dynamics 
of prey species (Graham et  al. 2003; Rizzari et  al. 2014; 
Boaden and Kingsford 2015). The degree or strength of 
this influence is not known, but ‘coral trout’ likely play an 
integral functional role in coral reef ecosystems (Heithaus 
et  al. 2008). Although P. leopardus stocks appear to be 
healthy (Leigh et  al. 2014), there is growing concern that 
over-exploitation (Little et  al. 2005; McLean et  al. 2011), 
climate change (Johansen et al. 2015), and extreme weather 
events (Tobin et  al. 2010) will adversely affect sustain-
ability. Similarly, P. laevis is currently listed as ‘Vulner-
able’ on the IUCN Red List and without sufficient data, 
effective management strategies are not possible (Heupel 
et  al. 2010). Considering the relative importance of the 
‘coral trout’ fishery and concerns about its future, there is 
a large gap in knowledge relating to interactions between 
sympatric species and potential ecological and human-
associated impacts. The main goal of this study was to 
determine whether and how space use differs between two 
co-occurring species of ‘coral trout’—P. leopardus and P. 
laevis. Specifically, the following questions were asked: (1) 
are patterns of residency, home range, and depth use simi-
lar between species? (2) Do environmental (e.g. season, 
time of day, tide, and lunar phase) or biological (e.g. fish 
size and reef) factors influence horizontal or vertical space 
use of each species? Passive acoustic telemetry (see Hus-
sey et al. 2015 for review) was used to test these questions 
because it provides long-term and continuous horizontal 
and vertical space use data. Findings will help determine 
whether this multi-species fishery requires greater species-
specific attention and will provide novel information about 
how ‘coral trout’ partition resources.

Materials and methods

Study area and acoustic telemetry

Plectropomus leopardus and P. laevis were tagged with 
acoustic transmitters during 2013–2014 at Helix and Lode-
stone Reefs (Table 1). Helix and Lodestone are mid-shelf 
reefs within the Townsville sector of the Great Barrier Reef 
Marine Park, Australia. Helix Reef is relatively small com-
pared to Lodestone Reef; at both locations, the reef slope 
drops from 5 m to 20 m deep within a few hundred metres 
(Fig. 1).

The acoustic receiver array (2013–2015) consisted of 
eight VR2W (69 kHz) receivers (Vemco, Halifax, Canada) 
at each reef (Fig. 1) that were part of a large-scale moni-
toring study for inter-reef movements of different predatory 
species. Receivers were deployed along the reef slope and 
were suspended ~1 m above reef structure using chain and 
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rope, and were 12–19  m deep. Additionally, one receiver 
was deployed within the reef flat at Helix Reef (~1–3  m 
deep) for ~1 year to examine frequency of use and cross-
reef movements. The average detection range of receiv-
ers was ~250  m (Espinoza et  al. 2015a), but ranges vary 
depending on physical and environmental interference 
around each receiver (Kessel et al. 2014; Huveneers et al. 
2016). The detection coverage of acoustic receivers was 
greater at Helix Reef (>75%) compared to Lodestone Reef 
(~50%) (see Espinoza et al. 2015a; Fig. 1). Receivers were 
downloaded every 6 months throughout the study.

Adult P. leopardus (Lodestone Reef—n 32; Helix 
Reef—n 51) and P. laevis (Lodestone Reef—n 2; Helix 
Reef—n 10) (Table 1) were captured with a barbless hook 
(8/0 and 10/0) on line. At the surface, individuals were 
vented to mitigate barotrauma, tagged externally (dart tag, 
PDS; Hallprint©), and placed in an anaesthetic bath (Aqui-
S® diluted with seawater, 1:10,000). When individuals lost 
equilibrium, they were moved to fresh seawater for sur-
gery. A V13P (13 × 36 mm) acoustic transmitter (Vemco, 

Halifax, Canada) was surgically implanted in the body cav-
ity of each individual (see Matley et al. 2015 for detailed 
surgical methods). Once individuals recovered from the 
anaesthetic (~10 min), they were released <20 m from their 
capture site. Each tag randomly emitted a unique identifica-
tion code every 120 to 200 s with associated depth meas-
urements (±2.5  m manufacturer estimate; <±1.0  m field 
estimate—see Matley et al. 2015) for an estimated tag life 
of 352 days.

Analysis

For all analyses, only individuals detected ≥25 times and 
for ≥15 days were included to avoid individuals with low 
detections biasing outputs (e.g. fishery captures, mortal-
ity events, or moving outside receiver range). If mortal-
ity events were apparent during exploratory analysis (e.g. 
depth sensors followed tidal influences alone), the affected 
portion of data was removed. Logistic regression (binomial 
family with logit function) tested whether the inclusion 

Table 1   Sampling summary of P. laevis and P. leopardus including mean (±SE) size, days at liberty, and the number of days detected (numbers 
in brackets the range) for those individuals that were analysed

Only individuals that were detected ≥25 times and for ≥15 days were analysed
a  Of the three individuals not analysed here, one was not included because it was mainly detected on the reef flat
b  These two individuals were not used in inter-reef comparisons or presence measurements
c  Of the 22 individuals not analysed here, two were not included because they were mainly detected on the reef flat
d  Lodestone individuals were not included in inter-reef comparisons
e  The size of maturity of P. leopardus and P. laevis is ~300 mm (Ferreira 1995; Heupel et al. 2010)

Species Reef n (sampled) n (analysed) Fork length (mm)e Days at liberty Days detected

P. laevis Helix 10 7a 588 ± 62 (316–860) 252 ± 51 (32–375) 192 ± 52 (15–375)

P. laevis Lodestone 2 2b 469 ± 129 (340–598) 232 ± 98 (134–330) 97 ± 13 (97–110)

P. leopardus Helix 51 29c 461 ± 12 (332–564) 290 ± 18 (25–376) 198 ± 22 (20–373)

P. leopardus Lodestone 32 15d 460 ± 26 (366–610) 241 ± 38 (44–377) 153 ± 31 (21–344)

Total 95 53 480 ± 14 (316–860) 270 ± 16 (25–377) 183 ± 17 (15–375)

Fig. 1   Map (including contour depth lines) of study sites at Lode-
stone Reef (left) and Helix Reef (right). Black circles represent the 
location of moored acoustic receivers and surrounding white contours 

represent a detection range of 250 m. Bathymetry data were obtained 
from the Deep Reef Explorer website (http://www.deepreef.org; Bea-
man 2010)

http://www.deepreef.org
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(presence) or removal (absence) of individuals from data 
analysis was influenced by release distance from a receiver, 
the size of fish, reef, or release location (i.e. each reef 
divided into four sections, each containing two receivers: 
north-east, south-east, north-west, south-west). Validated 
detections were grouped into 2-h intervals to reduce effects 
of autocorrelation between consecutive time periods and 
to estimate individual locations using a position averag-
ing algorithm (see below). Data were verified for normal-
ity and heterogeneity using diagnostic plots, and analyses 
described throughout were considered significant when 
p ≤ 0.05. All analyses were completed in R version 3.2.4 
(R Core Team 2016).

Detection efficiency and presence

To explore diel detection patterns within the arrays, diel 
receiver efficiency (i.e. proportion of detections each 
2  h) was determined at Helix Reef using a range test tag 
deployed ~125  m away (unobstructed) from a moored 
receiver for ~3 months. Receiver efficiency was not tested 
at Lodestone Reef; however, a similar deployment was con-
ducted at John Brewer Reef (~200 m distance between tag 
and receiver), which is located adjacent to Lodestone Reef 
and has similar acoustic characteristics (e.g. reef morphol-
ogy and boating/fishing activity). The mean proportion of 
P. leopardus and P. laevis detections that occurred during 
each 2-h interval throughout the study was also calculated 
for each individual and pooled within-species at Helix Reef 
and Lodestone Reef.

Monthly measures of residency and roaming were cal-
culated to determine presence within the range of receiv-
ers. Proportional residency indices were calculated as the 
number of days an individual was detected on any receiver 
each month divided by the total number of days in that 
month. Roaming was defined as the number of receivers 
an individual was detected on each month. The first and 
last month of detections were removed for each individual 
when measuring residency and roaming unless detections 
consisted >25 days in that month (at which point residency 
was calculated accordingly).

Horizontal space use

The occurrence of individual movements between receiv-
ers for consecutive 2-h detection periods (generalised linear 
mixed-effects model (GLMM); binomial distribution) was 
tested using the glmer function in the lme4 package (Bates 
et  al. 2014). The aim of this logistic regression approach 
was to test whether movements between receivers were 
affected by variables such as tidal height (http://www.bom.
gov.au), lunar phase (i.e. moon illumination; http://aa.usno.

navy.mil/data/docs/MoonFraction.php), fish size, season 
(summer: December–February; autumn: March–May; win-
ter: June–August; spring: September–November), reef (for 
P. leopardus only), and time of day. Individual (tag ID) was 
termed as a random factor. Model averaging (dredge func-
tion in MuMln; Barton 2013) was also used to determine 
which explanatory variable best contributed to the model 
based on Akaike information criteria corrected for small 
sample bias (AICc; see Currey et  al. 2015b for specific 
details).

Horizontal kernel utilisation distributions (hKUD) 
were calculated to compare space use patterns within 
and between species. Location estimates were based on 
2-dimensional positions determined using a 2-h mean 
position algorithm to derive centres of activity (COAs) 
(Simpfendorfer et  al. 2002). The 2-h period was selected 
as opposed to the 1-h period used by Simpfendorfer et al. 
(2002) for sharks because P. leopardus are sedentary in 
comparison. Therefore, the 2-h period was chosen as a 
compromise between optimising position estimates (i.e. 
more time allotted to be detected on multiple receivers) 
and maximising daily data points (i.e. longer binned peri-
ods would reduce temporal resolution of data). Horizontal 
KUDs representing the core home range (50%) of posi-
tions and home range extent (95%) of individuals were cal-
culated using the adehabitatHR package (Calenge 2006). 
A smoothing parameter (h) of 100 was used to estimate 
hKUDs based on successive visual trials testing differ-
ent values (e.g. values that were too high overlapped too 
much with reef flat areas; values too low underestimated 
receiver detection ranges). For individuals only detected on 
one receiver, hKUDs were estimated relative to the aver-
age detection range for receivers (250  m—95% hKUD; 
125 m—50% hKUD). Horizontal KUDs were calculated at 
weekly, monthly, and pooled (all detections for each indi-
vidual) levels. At the monthly level, the first and last month 
of detections were removed for each individual unless 
detections consisted >25 days in that month. Species differ-
ences were tested (log-transformed) using repeated meas-
ures (RM) ANOVAs with individual (tag ID) as a random 
factor. To test whether the size of individuals or time of 
year influenced space use estimates, linear mixed-effects 
(LME) models (nlme in R; Pinheiro et  al. 2013) were 
used for each species (separately) with weekly hKUDs as 
response variables, fork length (mm), season, and reef (for 
P. laevis data from Lodestone Reef and Helix Reef were 
pooled) as explanatory variables, and tag ID as a random 
factor. The varExp variance structure (nlme; Pinheiro et al. 
2013) was used at a monthly level to weight hKUD mod-
els to improve homogeneity of variances (Zuur et al. 2009). 
When categorical factors were significant, contrasts were 
fitted using the gmodels package (Warnes et al. 2015).

http://www.bom.gov.au
http://www.bom.gov.au
http://aa.usno.navy.mil/data/docs/MoonFraction.php
http://aa.usno.navy.mil/data/docs/MoonFraction.php
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Vertical space use

Transmitter depth data were used to explore vertical space 
use. A RM ANOVA tested whether overall depth use dif-
fered between species throughout the study using the 2-h 
estimates (log-transformed; tag ID as random effect). 
Depth values (and their standard deviations) were similarly 
pooled to compare differences between P. leopardus and P. 
laevis at each hour (paired t test) and to compare within-
individual day/night depth differences (paired t tests) for 
each species. Linear mixed-effects models were applied to 
determine whether fish size, season, and/or reef influenced 
depth use (log-transformed; monthly varID variance struc-
ture—Pinheiro et al. 2013) for each species (tag ID as ran-
dom effect). Similarly, the proportion of depth use >20 m 
was tested as a response variable (exp(1/2)-transformed) 
with fish size, season, reef, and location (i.e. north-east, 
south-east, north-west, south-west) as explanatory vari-
ables (tag ID as random effect) to investigate vulnerability 
of individuals to capture for the live reef food fish trade 
(~20  m depth cut-off). Proportional estimates were deter-
mined at each 2-h COA time period, and grouped for all 
detections each month and also for each 5-day new moon 
period (to investigate spawning-related movements) for 
each species.

Results

Of the 95 individuals tagged with acoustic transmitters, 39 
were removed from analyses due to low numbers of detec-
tions (Table  1). Of these, one was reported caught by a 
commercial fisher at Lodestone Reef, and another appeared 
to have been eaten based on its depth profile. Another three 
individuals were not incorporated in analyses because they 
were tagged at and mainly detected on the reef flat receiver 
(>75% of detections), which was only present for part of 
the study. No other individuals were detected on the lagoon 
receiver indicating movements across the reef likely did 
not occur. On average, individuals were tagged ~110  m 
(range 0–650 m) from a receiver. None of the factors (i.e. 
release distance, fish size, reef, and location) significantly 
explained whether P. leopardus with low detection data 
were included in analyses or not. Plectropomus laevis was 
not included in this analysis because of small sample size 
and high detections at both reefs (e.g. 10/12 individuals 
had sufficient data). Detection efficiencies calculated from 
stationary transmitters at Helix Reef and John Brewer Reef 
showed that receiver detection capability was highest dur-
ing the day, and more pronounced at Helix Reef (Fig. 2a). 
Receiver detections from both species were also more com-
mon during the day (~7:00–17:00; Fig. 2b).

Were patterns of residency, home range, and depth use 
similar between species?

Both species had relatively high residency indices typically 
remaining within the receiver array >50% of days at Lode-
stone Reef (P. leopardus) and >70% of days at Helix Reef 
(for both species) each month (Fig. 3a). The mean number 
of receivers with detections (i.e. a proxy to roaming area or 
extent) per individual was higher for P. laevis (~4 receiv-
ers) compared to P. leopardus (~1–2 receivers) throughout 
monthly detection periods (Fig. 3b).

Comparisons of mean hKUDs between species at 
weekly, monthly, and pooled levels showed that P. laevis 
used more horizontal area than P. leopardus (p < 0.01 for 
all comparisons; Fig.  4). There was a gradual increase in 
the size of 95% hKUDs as temporal resolution decreased, 
particularly for P. laevis; 50% hKUDs remained constant 
(Fig. 4).

Based on all 2-h COA estimates, depth use did not dif-
fer between P. leopardus and P. laevis (RM ANOVA: 
F1,41865 =  2.14, p =  0.15); individuals from both species 
were primarily positioned between 13 and 18 m through-
out the year (Fig.  5a, b). When comparing mean hourly 
depth use between species, P. laevis moved shallower than 

Fig. 2   Mean (±SE) proportion of detections grouped in 2-h inter-
vals for range test tags at Helix Reef and John Brewer Reef (a) and P. 
leopardus and P. laevis at Helix Reef and Lodestone Reef (b). Shaded 
areas night-time detections
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P. leopardus (t test: t11 = −7.21, p < 0.01; Fig. 6a) and had 
greater variation in depth use (t test: t11 = 3.61, p < 0.01; 
Fig. 6b) throughout each day.

Did environmental or biological factors influence 
horizontal or vertical space use?

Time of day and season were the most important variables 
influencing movements between receivers for P. laevis 
(Table 2). Specifically, movements between receivers were 
more common during the day (Fig. 7a) and more frequent 
during spring and summer (Fig. 7b). Due to the highly resi-
dent nature of P. leopardus (i.e. on 96% of consecutive 2-h 
periods no movements occurred), between-receiver move-
ments were not analysed. The explanatory variables season, 
fork length, and reef location did not influence home range 
estimates for either species (p > 0.05), except weekly 95% 

Fig. 3   Mean (±SE) residency indices (a) and number of receivers with detections per individual (b) of P. leopardus and P. laevis grouped 
monthly throughout detection periods

Fig. 4   Mean (±SE) 50 and 95% hKUDs pooled weekly, monthly, 
and for all detections throughout each individual’s detection period. 
Comparisons between species revealed that at each level, hKUDs dif-
fered (p < 0.05). The numbers in brackets total sample size for each 
comparison

Fig. 5   Significant seasonal effects on depth from linear mixed effects 
models for P. laevis (a F3,8186 = 71.85, p < 0.001) and P. leopardus 
(b F3,33670 = 159.27, p < 0.001) and size effects for P. laevis 95% 

hKUDs (c F1,221 = 5.64, p = 0.049). Symbols below each plot a, b 
represent statistically different categories based on contrasts follow-
ing the mixed-effects models
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hKUDs of P. laevis were positively related to fork length 
(LME: F1,221 = 5.64, p = 0.05; Fig. 5c).

Plectropomus leopardus were detected deeper at night 
compared to the day (t test: t27 = −2.95, p < 0.01; Fig. 6a), 
while variation in P. laevis depth use was greater during the 
day (t test: t5 = 2.61, p = 0.05; Fig. 6b). Season was a sig-
nificant factor affecting depth use for both species indepen-
dently: P. laevis tended to be deeper during spring (Septem-
ber–November; Fig. 5a) and P. leopardus moved deeper in 
spring and summer (September–February; Fig.  5b). Simi-
larly, investigation of the effect of fish size, season, reef, 
and location on the proportion of detections >20 m identi-
fied season as significant for P. laevis (LME: F3,57 = 4.61, 
p  <  0.01; proportion of deep movements greatest in win-
ter and spring: June-November) and P. leopardus (LME: 
F3,270 = 8.80, p < 0.01; proportion of shallow movements 

greatest in autumn: March-May) (Fig.  8). Only reef loca-
tion (LME: F3,267 = 5.26, p < 0.01) influenced the propor-
tion of detections >20 m for P. leopardus when 5-day new 
moon periods were analysed. Specifically, deeper detec-
tions were more common in the south-east sections of 
Lodestone Reef and Helix Reef; however, whether this is 
related to habitat characteristics or individual variability 
is unclear as individuals in this section were not detected 
elsewhere. For all mixed-effects models, the random factor 
(individual) accounted for ~50–60% of variation.

Discussion

Identifying and comparing ecological-based traits, such as 
habitat preferences and home range areas, help delineate 
how sympatric fish species access and partition resources 
(Chin et al. 2012; Espinoza et al. 2015b). This knowledge 
is important for developing directed management plans 
because it informs species-specific patterns of vulnerability 
both spatially and temporally. Plectropomus species form 
an integral part of fisheries in the Great Barrier Reef and 
Indo-Pacific region, but their behavioural interactions and 
long-term reef-use patterns are not well known, especially 
for species other than P. leopardus. Passive acoustic telem-
etry provided long-term patterns of space use and activity 
of co-occurring P. leopardus and P. laevis. Different fine-
scale seasonal and diel depth use patterns by each species 
were demonstrated; however, in general, vertical space 
use was similar. In contrast, horizontal space use differed 
between species at several temporal scales revealing behav-
ioural differences between species indicative of niche sepa-
ration. This study provides a preliminary examination of 
space use patterns for these co-existing species and helps to 
inform how each exploits resources on the reef.

Horizontal space use varied between species indicat-
ing differences in the amount of reef habitat used. P. laevis 
was detected on ~2–3 more receivers each month than P. 

Fig. 6   Hourly mean (±SE) depth (a) and mean standard deviation (SD) ± SE of depth (b) for P. leopardus and P. laevis calculated from 2-h 
averages. Shaded areas night-time detections

Table 2   Top generalised linear mixed-effects sub-models (from 
model averaging) examining the effect of season, time of day (hour), 
fork length (FL), moon illumination, and tidal height on the occur-
rence of P. laevis movements between receivers during consecutive 
2-h period detections

Models with ∆AICc < 2 represent the best-fitting models (bold). The 
relative importance (based on model weights) of season, hour, FL, 
moon, and tide was 1.00, 1.00, 0.65, 0.37, and 0.27, respectively

Model df AICc ∆AICc Weight

Movement ∼ season + hour + FL 17 9662.09 0 0.30

Movement ∼ season + hour +  
FL + moon

18 9663.18 1.10 0.17

Movement ∼ season + hour 16 9663.3 1.22 0.16

Movement ∼ season + hour +  
FL + tide

18 9664.03 1.94 0.11

Movement ∼ season + hour + moon 17 9664.4 2.32 0.09

Movement ∼ season + hour +  
FL + moon + tide

19 9665.13 3.05 0.06

Movement ∼ season + hour + tide 17 9665.24 3.15 0.06

Movement ∼ season + hour +  
moon + tide

18 9666.34 4.26 0.04
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leopardus and hKUD size was ~2 times larger for both core 
home range and extent at all temporal scales (i.e. weekly, 
monthly, all detections). P. laevis also moved between 
receivers along the reef slope more readily than P. leopar-
dus. Broader horizontal space use by P. laevis is indicative 
of species-specific behavioural, energetic, and/or physi-
ological requirements. In support of this concept, P. laevis 
were on average ~125 mm larger than P. leopardus; there-
fore, they may be more energetically driven to find prey 

resulting in broader movements (Schoener 1968). How-
ever, even small P. laevis (<500 mm, FL) were detected on 
>4 receivers, and there was considerable fish size overlap 
between species, suggesting other factors may be respon-
sible for the observed movement patterns. For example, 
the bright colouration of smaller P. laevis (i.e. footballer 
phase—see Heupel et al. 2010) may increase conspicuous-
ness, making ambush predation less effective compared 
to sit and wait predation of more cryptic, similar sized P. 

Fig. 7   Hourly (a) and seasonal 
(b) likelihood of movements 
occurring between receivers 
based on consecutive detections 
binned by 2-h periods for P. 
laevis (n = 8107 position esti-
mates). The width of bar plots 
relative sample size

Fig. 8   Summary of monthly mean (±SE) proportions of detections 
occurring <20 and >20 m for P. leopardus and P. laevis (Helix Reef 
and Lodestone Reef pooled). Mean proportions of deep/shallow 
detections were calculated within each 2-h centres of activity period 

for each individual before averaging for final results. The numbers 
above each estimate number of individuals with detections for that 
month
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leopardus. Dietary information for P. laevis is limited, but 
Matley et al. (2016) found that the isotopic niche space of 
P. laevis differed significantly from that of P. leopardus 
and that P. laevis of all sizes likely fed on benthic prey to 
a greater extent. This further suggests that feeding regime 
(and any associated interactions) is a strong factor driving 
differences in space use between species.

As stated above, the size of individuals within and 
across species often influences activity patterns to optimise 
energetic budgeting; for example, larger fish swim greater 
distances to find food or smaller fish remain local to reduce 
costs of movements (Nash et al. 2015). In this study, 95% 
hKUDs (i.e. home range extent) were positively correlated 
to the size of P. laevis demonstrating a higher proclivity for 
larger individuals to travel outside of core area home ranges 
(i.e. 50% hKUDs). The lack of seasonal changes in hori-
zontal space use suggests this behaviour is independent of 
spawning or temperature and may be foraging-based. Alter-
natively, larger individuals may spend less time seeking 
refuge from potential predators enabling them to explore 
further from home sites. Nevertheless, increased roaming 
by large P. laevis only occurred for home range extent and 
did not influence the size of core area space use. Similarly, 
home range (core area and extent) sizes were not affected 
by the size of P. leopardus. Therefore, independent of fish 
size and at the spatial resolution of the acoustic array, each 
species exploited consistent local (core area) horizontal 
areas. Although not directly tested, the sex of individuals 
(difficult to assess without lethal sampling) likely did not 
affect broad patterns of vertical and horizontal space use 
because sizes of both species are roughly correlated to sex-
ual stage (Ferreira 1995; Heupel et al. 2010).

Vertical movements along the reef slope were common 
for both species. It was apparent that P. leopardus and P. 
laevis shifted their depth use daily and seasonally. During 
the day, P. leopardus were shallower than at night, which 
differed from P. leopardus at Heron Island (shallower depth 
use during the night; Matley et al. 2015) indicating patterns 
vary by location or based on interactions with other spe-
cies. Plectropomus leopardus are mainly sedentary at night 
seeking refuge among reef structure (Zeller 1997), conse-
quently differences between studies are likely a reflection 
of suitable resting habitat. Similarly, the reduced movement 
between receivers and lower variation in depth use by P. 
laevis at night further supports increased resting behaviour 
at night. Caution must be applied when comparing daytime 
and night-time detections, however, because receiver detec-
tion efficiency is often reduced during the night (Payne 
et al. 2010). Vertical movements revealed seasonal patterns 
with detections generally deeper in spring for both species. 
Deeper movements during this period may have been asso-
ciated with reproductive behaviours as they often occurred 
during documented spawning periods (at dusk during new 

moon periods between September to December; Samoilys 
and Squire 1994; Ferreira 1995; Samoilys 1997; Zeller 
1998) and has been postulated previously (see Matley et al. 
2015). However, occurrences of deep movements varied 
daily and seasonally between individuals of both species 
indicating a lack of synchronicity in this behaviour. Also, 
season was not a significant factor when only 5-day new 
moon periods were used, suggesting movements >20  m 
deep were not strictly driven by spawning or that spawn-
ing behaviours are not limited to these periods. Carter et al. 
(2014) determined that spawning occurred every few days 
throughout the spawning season at reefs off Townsville, 
and there is evidence of regional variation in spawning sea-
son. Therefore, behavioural patterns of Plectropomus spp. 
associated with reproduction may still be associated with 
new moon periods but likely are not restricted to a 5-day 
period. It is suggested that the function of current fishery 
closures in the Great Barrier Reef Marine Park (5-day new 
moon period in October and November) undergo further 
assessment to evaluate whether closures specifically protect 
from over-exploitation during spawning or whether they 
unnecessarily limit fishing activities.

Depth use throughout the day showed species differ-
ences with P. leopardus remaining deeper and changing 
depths less frequently than P. laevis. These differences 
may be associated with more dedicated search for food by 
P. laevis, dietary specialisation, and/or niche partitioning/
competition (Davis et  al. 2015). Alternatively, preferred 
depth ranges may differ due to species-specific adaptations 
to metabolic costs associated with daily energy expendi-
ture (Nilsson et al. 2009). Specifically, the energetic cost of 
greater space use by P. laevis may be reduced by inhabit-
ing warmer waters near the surface, thus optimising met-
abolic scope (Johansen et  al. 2013; 2015). This may also 
explain why P. laevis moved between receivers more read-
ily during warmer months. The reduced energetic cost of 
restricted movement by P. leopardus may enable individu-
als to remain in deeper, cooler habitats. Overall, depth 
differences between species were notably small (usually 
<5 m) and species commonly shared the same space along 
the reef slope, suggesting similar habitat selection. For 
sympatric species to co-exist, each typically has to exploit 
an alternate habitat or resource (Connell 1980). Different 
home ranges and dietary patterns may provide the resource 
partitioning needed for these species to survive together; 
however, direct observations of interactions between spe-
cies (e.g. competition or territorial/aggressive behaviour) 
and extensive testing are needed to validate this.

Fishing pressure on ‘coral trout’ is focused on shallow 
sections of reef (~85% of fishing effort; Little et al. 2008) 
to reduce barotrauma for live-trade. Thus, when deeper 
waters are selected by either species, the risk of capture 
inevitably decreases. In this study, both P. laevis and P. 



	 Mar Biol (2016) 163:253

1 3

253  Page 10 of 12

leopardus were caught <20  m deep, and ~75% of detec-
tions were within this depth range, indicating both spe-
cies are consistently vulnerable to capture. It is unclear 
if broader horizontal movements of P. laevis increase or 
decrease fishery encounters or if their removal has larger 
reef-scale implications. Better understanding of spatial 
and temporal behavioural trends in congenerics will better 
equip fishers for more efficient operation and/or managers 
to develop successful regulations (e.g. identifying temporal 
or spatial exploitation risk).

A relatively large number of P. leopardus were not 
included in the analyses (~35% and ~50% at Helix Reef 
and Lodestone Reef, respectively) due to limited detec-
tions. Although some individuals had detection periods 
>15 days (e.g. detected on reef flat) or were reported cap-
tured by fishers, the majority of these individuals were only 
detected for a few days (and not often), leaving uncertainty 
as to why. The lack of data could not be attributed to the 
size of fish, reef, or location. The release distance from a 
receiver also did not affect inclusion although a release 
distance <200  m is suggested to maximise probability of 
detection. This loss of individuals is not necessarily surpris-
ing considering the receiver array was originally designed 
for inter-reef mobile predators. The rarity of P. leopardus 
inter-reef movement (Davies 1996; Sumpton et  al. 2008) 
and broad receiver coverage at Helix Reef suggests individ-
uals do not move far regardless of dietary, physiological, 
reproductive, and/or refuging needs. Considering this high 
residency, it is more likely that individuals were nearby 
but simply outside detection ranges, transmissions were 
blocked due to structural complexity of coral reef habitat, 
or individuals had died. A denser receiver array designed 
specifically for more sedentary reef fish is required to better 
understand the behaviour of all individuals in a population 
(Currey et al. 2015b).

This study used acoustic telemetry to show that two 
congenerics—often grouped together in research and man-
agement, have distinct activity patterns on coral reefs, 
mainly, P. laevis was more mobile than P. leopardus, 
using up to half of Helix Reef. Also, P. laevis typically 
remained shallower than P. leopardus, and both were less 
vulnerable to capture (i.e. >20 m deep) in warmer months. 
Unfortunately, sample sizes of P. laevis were small and 
consequently, these results are preliminary. Neverthe-
less, these findings, in conjunction with dietary segrega-
tion (Matley et al. 2016), indicate that resource use varies 
between species. As a result, environmental changes and 
human exploitation will likely impact each species dif-
ferently. Management decisions will be more effective if 
they account for species differences relating to behaviour 
or ecology, as well as life history parameters. It is unclear 
if behavioural differences are driven by competitive inter-
actions, energetic/foraging constraints, or a combination 

thereof and should be considered in future research. Based 
on these findings P. laevis may be more vulnerable than 
P. leopardus to over-fishing or environmental stressors due 
to its larger size, lower abundance, and greater energetic 
requirements.
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