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ABSTRACT: Understanding variations in habitat use through time contributes to identification
of habitats critical for species survival. Here we used passive acoustic telemetry to examine
the residency and site fidelity patterns of the reef manta ray Mobula alfredi at Lady Elliot
Island (LEI), a key aggregation site in eastern Australia. Six acoustic receivers were moored
around LEI between 2009 and 2012, and 34 acoustic transmitters were deployed on manta
rays. All tagged animals returned to this site within their recording period, with some indi -
viduals visiting the area for up to 23 consecutive days. Using a set of mixed effect models, we
analysed the hourly visitation patterns of manta rays in relation to temporal and en -
vironmental variables. Diel phase and sea temperature showed the strongest effects on the
presence of manta rays, with weaker effects detected for wind direction, wind speed and
moon illumination. Individuals occupied LEI habitat mostly during daylight hours and in calm
weather conditions, which may be linked with behavioural thermoregulation, social inter -
actions and cleaning activities. Their absence at night may be related to foraging strategies in
deeper offshore waters. The effect of sea temperature reflects the greater seasonal occurrence
of manta rays at LEI in winter, when temperatures are coolest, potentially in response to
regional food availability. The high degree of manta ray site fidelity at aggregation sites
underscores the importance of these areas as key daytime habitats for the species. We
suggest that conservation measures should prioritise the protection of coastal aggregation
habitats from overexploitation and degradation.

KEY WORDS:  Acoustic telemetry · Site fidelity · Residency · Generalised linear mixed models ·
Elasmobranch · Conservation
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INTRODUCTION

Information on how and why individuals access
particular sites across various time and space scales
contributes to the identification of critical habitats for
a species. Better knowledge of the underlying rea-
sons for habitat occupancy and movements can, in
turn, underpin the understanding of a species’ abun-
dance and distribution, which is of importance for
con servation (Venier & Fahrig 1996, Dulvy et al.
2004). Such knowledge can be used to assess impacts
of anthropogenic habitat degradation and fisheries,
two of the principal causes of biodiversity loss (Dob-
son et al. 2006), and can support the application of
conservation measures such as marine protected
areas (Chapman et al. 2005).

Many elasmobranch species tend to return and
occupy certain areas (i.e. show site fidelity), exhibit-
ing site-faithful behaviour to natal, breeding and/or
foraging grounds (Hueter et al. 2005). Some coastal
elasmobranch species are associated with a particu-
lar site year-round (Barnett et al. 2012), whereas oth-
ers only occupy certain areas seasonally (Dudgeon et
al. 2013). Many juvenile sharks have a tendency to
remain within nursery grounds for considerable peri-
ods of time (Heupel et al. 2007), while adults tend to
have large home ranges but return to one or more
sites during their lives (DiBattista et al. 2008).

Despite their ability to travel long distances, many
large migratory elasmobranchs revisit and aggregate
at specific areas over several years (e.g. the whale
shark Rhincodon typus, Rowat et al. 2011; the white
shark Carchardon carcharias, Jorgensen et al. 2012;
and the reef manta ray Mobula alfredi, Couturier et
al. 2014). Aggregations have been associated with
reproduction, foraging and, in the case of manta rays,
the presence of cleaning stations (Couturier et al.
2011). Long-term site fidelity in these species sug-
gests that aggregation sites are key habitats for their
populations (Bansemer & Bennett 2011). Anthropo -
genic habitat degradation at these aggregation sites
could thus have deleterious effects on the population
viability of large elasmobranchs (Travis 2003). Tar-
geted fisheries at aggregation sites can deplete local
populations (Alava et al. 2002). Unmanaged tourism
industries exploiting predictable aggregations can
also have a detrimental effect on a population
through habitat degradation, but also through distur-
bance of the normal habitat use and behaviour of
individuals (Bruce & Bradford 2013). Understanding
the biotic and abiotic factors that influence the
aggregation and site fidelity of a species, and thus
the role of its habitat, is needed to assess the poten-

tial impact of anthropogenic activities and to imple-
ment effective conservation measures.

The reef manta ray is resident to tropical and sub-
tropical waters (Marshall et al. 2009), and forms
aggregations regularly at many sites around the
world, with adult individuals often displaying strong
site affinity (e.g. Deakos et al. 2011, Couturier et al.
2014). The species is listed as Vulnerable on the
IUCN Red List of Threatened Species and in CITES
Appendix II due to fisheries pressure that is likely to
be unsustainable considering its conservative life
history (Marshall et al. 2011). However, the ecologi-
cal understanding of manta rays that is needed to
evaluate the importance of their aggregation sites is
limited. Aggregations of reef manta rays have been
linked to seasonal food availability, the use of clean-
ing stations and reproductive behaviour (e.g. Deakos
et al. 2011, Jaine et al. 2012). In particular, Dewar et
al. (2008) showed that reef manta rays were more
likely to visit aggregation sites in Indonesia during
the day, and during full and new moons when the
tidal ranges and currents varied the most. This study
also showed that reef manta rays exhibited long-term
site fidelity within the Komodo Marine Park, Indone-
sia, where some protection from local targeted fish-
eries is provided to the species (Dewar et al. 2008).

Reef manta rays aggregate at several sites along
the east coast of Australia (Couturier et al. 2011). The
species is not exploited by fisheries in the region and
represents an important economic resource for div-
ing and tourism industries (Couturier et al. 2011).
Lady Elliot Island (LEI) in the southern Great Barrier
Reef is a popular ecotourism location where reef
manta rays are found year-round, with a peak in
numbers during the austral winter (Couturier et al.
2011, 2014). At this site, reef manta rays are com-
monly seen at cleaning stations up to approximately
20 m deep, and swimming or feeding near the sur-
face (Couturier et al. 2011). Couturier et al. (2014)
showed that a major part of the sampled reef manta
ray population in east Australia were adult individu-
als that use and return to LEI over multiple years (up
to 30 yr), suggesting an important regional role of
this aggregation site for the species. Through the
analysis of daily observations from tourism operators
on LEI, Jaine et al. (2012) showed that more reef
manta rays were observed at this site in autumn and
winter, around full and new moons, at low wind
speeds, and when there was higher chlorophyll a
concentrations. However, these findings were based
on boating and diving activities that had relatively
short discontinuous observation periods and were
restricted to daytime and to areas visible to the
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observer. Passive acoustic telemetry allows for a
more comprehensive analysis of visitation patterns as
data can be collected continuously and simultane-
ously at several locations and over long periods of
time. Passive acoustic telemetry thus allows us to
develop a more complete picture of the habitat use
and occupancy of individuals on a continuous 24 h
basis (e.g. during the night when boat-based and
diver observations are not possible). A pertinent
placement of acoustic receivers around an aggrega-
tion site (e.g. around a coral cay island) can provide
fine-scale insights on the occupation patterns of reef
manta rays within their habitat and how it may relate
to individual behaviour. On a large-scale, deploying
receivers at several aggregation sites along the
coastline can provide information on regional move-
ments and visitation patterns of reef manta rays for
each area.

Here we used passive acoustic telemetry to deter-
mine (1) residency patterns (i.e. time period spent at
site) of individual manta rays at the LEI aggregation
site, (2) the site fidelity of individual rays at LEI (indi-
viduals returning to LEI), and (3) the influence of
environmental variables on the visitation pattern of
individuals at LEI, including time-of-day, sea tem -
perature, month, tidal phase, moon illumination,
wind speed and direction. Using a generalised linear
mixed effect modelling approach, we examined the
effect of a set of 7 environmental variables on hourly
manta ray visitation patterns over a 3 yr period. Our
main research question was to determine whether
manta ray occurrence varied between day- and
night-time, and was linked with other environmental
conditions. We hypothesised that manta rays mostly

occur at LEI during daytime and that environmental
variables have a similar effect on their diurnal pres-
ence as shown by Jaine et al. (2012).

MATERIALS AND METHODS

Acoustic array

LEI is the southernmost coral cay of the Great Bar-
rier Reef (24° 06’  S, 152° 42’  E) located approximately
80 km offshore from the Australian mainland. Six
VR2W omni-directional receivers (Vemco) were de -
ployed at accessible dive sites around LEI (Fig. 1a).
Five of the receivers were deployed in June 2009
(Spiders Ledge, Severance, Lighthouse Bommie,
Sunset Drift and Tubes), and a sixth receiver (Grou -
pers Grovel) was deployed in June 2010 to increase
coverage on the eastern side of the reef (Fig. 1a).
Each receiver was suspended approximately 2 m
above the seafloor (varying between 14 and 26 m
depth) on a mooring line secured to the seafloor by
concrete blocks (Fig. 2c). Receivers were positioned
to provide acoustic coverage around the island, with
a focus on areas where reef manta rays are com-
monly sighted, and taking the accessibility of the site
into account. Receivers were retrieved by SCUBA
divers 3 times a year (February, June and September
to October) to download data and were redeployed
as soon as possible after being serviced and re-ini-
tialised. No receivers were deployed at LEI between
February and June 2010. Each receiver automatically
logged the presence of acoustic transmitters (or tags)
that had been attached to reef manta rays (see ‘Tag-
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Fig. 1. (a) Lady Elliot Island and
its reef with locations of the 6
VR2W receivers and their ap -
proximate maximum detection
ranges (indicated by coloured
lines matching the colour of each
receiver); range testing was not
performed at Goupers Grovel. (b)
Eastern Australia showing loca-
tions where tagged reef manta
rays Mobula alfredi were de -
tected by VR2W receivers de -
ployed by other researchers from
the Australian animal tracking
community of the Integrated 

Marine Ob -serving System
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ging’ below), whenever a transmitter was detected
within a receiver’s range. Acoustic tags attached to
reef manta rays were occasionally detected by VR2W
acoustic receivers deployed in other sections of the
coastline by the Australian animal tracking commu-
nity of the Integrated Marine Observing System
(IMOS, http://imos.org.au) (Fig. 1b). Detections of
tagged manta rays on these receivers were accessed
via the IMOS Acoustic Tracking Database (https://
animaltracking.aodn.org.au) and identified individu-
als that had left the study area and still retained their
tags (Table 1).

Tagging

A total of 33 reef manta rays were tagged with
V16-6H (n = 12), V16-1H (n = 3) and V16-5H (n = 19)
coded transmitters (Vemco) between June 2009 and
 September 2012 and had various detection periods
(Table 1). Tags were externally secured on  free-

swimming manta rays using an um -
brella-shaped plastic dart head
attached to the tag by approximately
100 mm of 320 kg test Dyneema
braided line (Fig. 2a). Using a modi-
fied Hawaiian hand-sling, the dart
was inserted 2 to 3 cm into the dorsal
musculature of the pectoral fin, near
the margin of the body cavity on the
posterior part of the fin (Fig. 2b). Most
individuals were tagged on the west
side of the island during feeding and
cleaning activities. Al though indi -
viduals responded by swimming away
immediately after tag insertion, they
were usually observed resuming their
activities within a few minutes. Each
acoustic tag was identified by a
unique pulse-train emitted at a fre-
quency of 69 kHz. Random delays
varying between 70 and 300 s were
used to reduce the likelihood of ‘tag
collisions’.

The ventral surface of each individ-
ual was photographed prior to the tag-
ging to allow for photo-identification
and to determine gender (see Coutu-
rier et al. 2011 for detailed methodol-
ogy). Behaviour (i.e. cleaning, court -
ship or feeding) and approximate disc
width of tagged individuals were re -
corded at the time of tagging.

Tagging was undertaken in June 2009 (n = 12 indi-
viduals tagged), March 2010 (n = 1), June 2010 (n = 2),
February 2011 (n = 3), June 2011 (n = 10) and June 2012
(n = 6) (Table 1). One individual was tagged a second
time after losing its first transmitter and being at liberty
for 188 d (ID 291, Table 1). Retention time of tag was a
major issue as 14 of the 34 tags deployed were detected
for <100 d (Table 1). Material (e.g. tether type) and an-
choring technique were adapted over time to maximise
retention time. It was not possible to distinguish be-
tween acoustic tag loss and emigration from the study
area for individuals that were neither photographed
nor recorded on any of the receivers from other moni-
tored sites within the IMOS network. For this study,
tags were considered lost when no detection was
recorded on any of the receivers along the coast (Table
1). Tag loss was confirmed for several tagged individu-
als that had no transmitter when they were re-sighted
and/or photographed (Table 1). Little to no external
scarring of the tag insertion wound remained on indi-
viduals after tag loss.
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Fig. 2. (a) Example of an acoustic tagging set up (copyright: Kaufmann Produc-
tions, used by permission), (b) acoustic tag attached on the dorsal side of a
manta ray Mobula alfredi (copyright: Graeme Haas, used by permission), and 

(c) VR2W receiver deployed underwater at Lady Elliot Island
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Range testing and detection performance

Range tests and detection performance were con-
ducted once for 5 receivers (not including Groupers
Grovel) using a fixed-delay coded transmitter (V16-
1H coded tag, operating at a frequency of 69 kHz,
10 s delay). The transmitter was attached to the stern
of a boat and submerged 1 m below the surface. The
vessel was then driven at low speed (1 to 2 knots) in
constant direction for up to 1 km away from the re -
ceiver. Four transects were made for each receiver
using the cardinal compass points as direction of

motion. Precise boat location, using GPS coordinates,
was recorded every 10 s to be matched with the
detection data recorded by the receivers. Maximum
detection ranges were plotted in Google Earth
6.1.0.5001 (Google) based on the GPS location re cor -
ded when a tag was detected by a receiver (Fig. 1a).
The maximum detection range of all receivers was
restricted by the elevated reef bathymetry of the
coral cay and each receiver had a detection range of
200 to 800 m when not constrained by the coral reef
structure (Fig. 1a). Since manta rays are seldom seen
swimming in the inner reef area, the constraining
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Tag ID Type of Manta Sex DW Date Last Location No. of No. of No. of Resi- First photo-ID 
code tag ID (m) deployed detec- of last days detec- days dency observation 

tion detec- detec- tions detected Index after last 
tion table at LEI at LEI detection

14676 V16-6H 240s 42 F 3.5 09/06/2009 09/12/2009 LEI 183 2181 40 22% 20/06/2011
14679 V16-6H 240s 224 F 4 09/06/2009 17/09/2009 LEI 100 580 20 20% 10/10/2010
54724 V16-6H 240s 234 M 2.5 10/06/2009 24/01/2010 NSI 228 438 5 2%
54720 V16-6H 240s 235 F 4 10/06/2009 06/04/2010 LEI 243a 295 11 5% 15/09/2010
54721 V16-6H 240s 169 F 4 12/06/2009 08/02/2010 LEI 241 7229 116 48% 20/06/2011
54722 V16-6H 240s 247 F 2.8 12/06/2009 28/06/2009 LEI 16 122 3 19% 21/02/2011
14675 V16-6H 240s 251 M 2.5−3 12/06/2009 31/01/2010 LEI 233 58 4 2% 02/07/2010
14677 V16-6H 240s 223 F 3.5 13/06/2009 23/11/2009 NSI 164 92 6 4% 01/03/2010
14680 V16-6H 240s 64 F 4 13/06/2009 07/01/2011 LEI 576 2588 72 13%
14678 V16-6H 240s 65 M 3.5 13/06/2009 04/09/2009 LEI 83 131 5 6% 21/06/2010
54723 V16-6H 240s 89 F 3.5−4 17/06/2009 21/09/2010 LEI 329a 6086 81 25%
54725 V16-6H 240s 291b M 3.5 17/06/2009 14/12/2010 LEI 413a 9630 143 35% 20/06/2011
64939 V16-1H 240s 116 M 3.5 30/03/2010 28/10/2010 NSI 80a 29 4 5% 21/12/2010
64940 V16-1H 240s 400 M 2.8 30/06/2010 26/10/2010 NSI 118 228 12 10% 28/06/2011
64937 V16-1H 240s 394 M 3.3 30/06/2010 20/10/2010 LEI 112 287 13 12% 20/06/2012
32689 V16-5H 90s 38 F 3.7 21/02/2011 15/05/2011 HI 83 742 8 10% 22/10/2011
32688 V16-5H 90s 174 F 4 21/02/2011 09/07/2011 LEI 138 5071 38 28% 10/07/2011
32691 V16-5H 90s 331 F 3.7 21/02/2011 26/06/2011 LEI 125 1840 15 12% 14/09/2011
32687 V16-5H 90s 134 M 3.5 20/06/2011 27/11/2011 LEI 160 7070 92 58% 20/06/2012
32690 V16-5H 90s 291b M 3.5 20/06/2011 04/09/2011 LEI 76 535 8 11%
32693 V16-5H 90s 361 F 3.3 20/06/2011 12/09/2011 HI 84 180 5 6% 18/06/2012
32696 V16-5H 90s 545 F 3.5 20/06/2011 21/08/2011 LEI 62 304 10 16%
32694 V16-5H 90s 188 F 3.3 20/06/2011 06/12/2011 NSI 169 642 16 9% 26/02/2012
32692 V16-5H 90s 548 M 3.5 21/06/2011 22/09/2011 LEI 93 802 8 9%
32695 V16-5H 90s 549 M 3.5 21/06/2011 13/12/2011 HI 175 20 3 2%
32254 V16-5H 90s 91 M 3.5 21/06/2011 19/01/2012 LEI 212 1242 19 9% 29/06/2012
32258 V16-5H 90s 256 F 4 21/06/2011 24/10/2011 NSI 125 4323 58 46% 20/06/2012
32256 V16-5H 90s 257 F 3.5−4 21/06/2011 13/11/2011 NSI 145 865 13 9%
31001 V16-5H 90s 345 F 4.5 19/06/2012 28/08/2012 LEI 70 639 7 10%
30999 V16-5H 90s 685 F 3.5−4 22/06/2012 26/08/2012 LEI 65 143 4 6%
31000 V16-5H 90s 35 F 4.5 22/06/2012 24/08/2012 LEI 63 906 12 19%
31002 V16-5H 90s 165 F 3.7 22/06/2012 27/08/2012 LEI 66 291 5 8%
31005 V16-5H 90s 524 F 4 22/06/2012 25/08/2012 LEI 64 190 6 9%
31006 V16-5H 90s 238 F 4 22/06/2012 23/08/2012 LEI 62 607 9 15%

aNo. of days detectable adjusted considering the lack of receivers at LEI between 8 February and 20 June 2010 when detections
could not be recorded

bManta ID 291 was tagged on 2 occasions

Table 1. Summary of tag deployments on Mobula alfredi at Lady Elliot Island (except for tag ID 64939 that was deployed at North
Stradbroke Island). DW: disc width, HI: Heron Island, LEI: Lady Elliot Island, NSI: North Stradbroke Island. Dates are given as 

dd/mm/yy
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effect of the reef on the detection range is unlikely to
have severely affected our results. The Lighthouse
Bommie receiver had an overlapping detection range
with both the Severance and Sunset Drift receivers,
and the Spiders Ledge receiver had an overlapping
detection range with the Severance receiver, while
the coverage of the Tubes receiver did not overlap
with any of the others.

One transmitter deployed on individual 174 was
detected continuously by the Severance receiver
from 10 July 2011 until 29 August 2012. We consid-
ered that the individual had lost its tag within 300 m
of the Severance receiver as it was not detected by
any other nearby receivers after the 10 July 2011.
The end of the ‘detectable period’ for that particular
individual (ID 174) was set to the last 2 pings re -
corded by the Sunset Drift receiver (see Fig. 1a) on
9 July 2011 prior to it being detected continuously at
Severance. After the ‘detectable period’, detection
data from this lost tag was effectively used as a ‘sen-
tinel tag’ to further assess the effect of environmental
variables on the detection performance of the re -
ceiver. Although we did not know the exact distance
the tag was located from the receiver, integrating this
information in our models provided a better idea of
the reliability of our manta ray presence data.

Data analysis

Data processing

The number of detections for each tag were
grouped into hourly bins from June 2009 until Sep-
tember 2012. A solo detection (or hit) of any particular
tag within a 1 h period was treated as a false positive
and was not included in the dataset (Heupel et al.
2005). Period of detection for each tagged ray (with
unique manta ID & tag ID) was assessed from the date
the individual was tagged until the date of its last de-
tection at any receivers along the coast. Hourly pres-
ence and absence of manta ID during their respective
periods of detection were added to the dataset. Data
obtained during the servicing periods of the re cei -
vers, when 1 or more VR2W was not in the water,
were not included in the final dataset used for the
models to ensure that there was comparable effort
during the study period. Periods of ‘emigration’ were
removed from the dataset for each individual to re-
duce the excess of zeros. An individual tagged manta
ray was considered to have emigrated from the study
area if it was not detected for 5 d in a row after its last
detection until 5 d prior to its next detection. Finally,

data used for the models only comprised pooled de-
tections from receivers located on the western side of
LEI (Sunset Drift, Lighthouse Bommie and Severance,
Fig. 1a) where manta rays are most commonly ob-
served. Effects of candidate environmental variables
on manta ray presence at this side of the island are as-
sumed to be consistent. The final dataset consisted of
51 461 presence and absence records, with 4367 indi-
cating detections of tagged manta rays.

Habitat use

The total number of detections per receiver was
determined to investigate the spatial use of LEI coral
reef by reef manta rays. The number of detections
was separated into 2 periods, June 2009 to February
2010, during which only 5 receivers were deployed
(excludes Groupers Grovel; see Fig. 3), and June
2010 to September 2012, during which 6 receivers
were deployed (includes Groupers Grovel).
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Fig. 3. Plots showing the percentage of total detections for
each receiver between (I) June 2009 and February 2010 and
(II) June 2010 and September 2012. No receivers were
deployed during June 2009 and February 2010 at Groupers
Grovel. SEV: Severance, LHB: Lighthouse Bommie, SSD:
Sunset Drift, SPID: Spider’s Ledge, GROP: Groupers Grovel, 

TUB: Tubes
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Residency assessment

Residency patterns were examined overall and in
relation to detectability. Residency of a reef manta
ray at LEI was assessed daily, with each residency
day established when 2 or more detections of the
same tag were recorded by any of the receivers
within a 24 h period (00:00 to 23:59 h). Visualisation
of residency histories was plotted by day for all indi-
viduals tagged throughout the study. The total num-
ber of days for which an individual ray was ‘de -
tectable’ was calculated as the difference between
the first and last detection of each tag recorded by
any receiver available along the east coast of Aus-
tralia.

Due to variation in the time an acoustic tag re -
mained attached to the manta rays, an adjusted resi-
dency index was calculated for each individual. This
was defined as the percentage of total number of
days the individual was detected at LEI divided by
the total period the individual’s tag was detectable
(Table 1). Continuous daily presence was defined as
the total number of consecutive days an individual
was detected around the island and was assessed by
grouping all detections of individuals into daily bins.

Generalised linear mixed models (GLMMs)

GLMMs were used to examine the effect of envi-
ronmental variables on the occurrence of reef manta
rays at LEI (Table 2). GLMMs estimated the likeli-

hood of the presence of reef manta rays in relation to
a range of factors. This modelling approach incor -
porates fixed and random effects and handles non-
normal response distributions (Bolker et al. 2009).
Calendar months and Manta ID were implemented
as random factors, with Manta ID nested within
Month (1|Month/Manta ID). This compensates for
pseudoreplication that arises from repeated meas-
ures on the same individuals, and takes into consid-
eration the potential bias in detection probability
caused by the timing of tagging campaigns (mostly in
winter), which leads to non-independence of errors.
All other explanatory variables were coded as fixed
factors. Continuous variables were fitted with a natu-
ral polynomial spline. Number of internal knots were
determined from a visual examination of a fitted gen-
eralised additive mixed model (GAMM) that in clu -
ded all possible fixed and random effects but not
their interactions. GLMMs were implemented using
the glmer function and using the restricted maximum
likelihood estimation in the lme4 package (Bates et
al. 2015) in R v3.4.2 (R Core Team 2017). We report
values for the Laplace approximation (nAGQ = 1).
The presence or absence of each individual was
assessed hourly and analysed as a binomial response
(presence = 1, absence = 0) with a logit link function
and binomial error structure. We used the dredge
function from the MuMIn package (Barton 2017) to
explore all combinations of explanatory variables
from full models. Model simplification compared the
full model (with all variables and interactions) with
reduced models based on Akaike’s information crite-
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Predictor Type Description Values/units

Manta ID Random Identifies manta ray individuals Tag ID code
Month Random Calendar month 1−12 (January−December)
Diel phase Fixed-categorical Diel phase Sunrise, day, sunset, night
Moon Fixed-continuous fitted Fraction of moon’s disk 

with natural spline (df = 4) illuminated by the sun
Range between 0 and 1

Tidal phase Fixed-categorical Tidal phase Low, flood, high, ebb
Sea temperature Fixed-continuous fitted Hourly sea temperature Degrees Celsius

with natural spline (df = 4)
Wind speed Fixed-continuous fitted with Hourly wind speed Knots (0−40+ knots)

natural spline (df = 4)
Wind direction Fixed-categorical Hourly wind direction North (316°−360°, 0°−45°),

East (46°−135°), South
(136°−225°), West (226°−315°)

Sentinel tag Fixed-continuous fitted with Hourly detection count Hit number of the sentinel 
natural spline (df = 4) acoustic tag at Severance

receiver
Sex Fixed-categorical Sex of individuals Female, male

Table 2. Summary of variables used in the GLMM analyses
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rion corrected for small sample size (AICc) to assess
model support, where the smaller AICc values indi-
cate better support for a model (Burn ham & Ander-
son 2004). The Bayesian information criterion (BIC)
was also examined for comparison purposes of model
selection across the different sets. The coefficient of
determination (R2) was ob tained for the 5 models
with highest support using the function sem. model.
fits from the piecewiseSEM package in R (Lefcheck
2016). Interpretations were based on the combined
evidence offered by all 3 sets of GLMMs. Best-fit
models, selected using the AICc and R2 values and
applying the principle of parsimony for model selec-
tion (Vandekerckhove et al. 2015), were then visually
assessed for zero-inflation and over-dispersion from
residuals diagnostic plots using the DHARMa pack-
age (Hartig 2017).

Graphical output of the best-fit GLMM was imple-
mented in R using the sjp.glmer function in the sjPlot
package v2.3.1 (Lüdecke 2017). This function pro-
vides a visual representation of relationships of the
effects of predictors (environmental variables) on the
response (presence of manta rays). The y-axis values
are marginal probabilities of manta ray presence so
that the range of the values displayed represents
the importance of each predictor. Multicollinearity
among predictors in full models excluding interac-
tions was checked using variance inflation factors
(VIF). Limited collinearity was assumed when VIF
scores were >4 (Zuur et al. 2010)

Explanatory variables

The presence of elasmobranchs at particular sites
is often sex-biased, and can highlight the role of par-
ticular habitats (e.g. pupping ground). The Sex of
manta rays was thus added as a candidate predictor.
Previous studies have shown that time of day influ-
ences the presence and activities of reef-associated
elasmobranchs at particular sites (e.g. Dudgeon et al.
2013). The predictor Diel phase was included in our
models and binned into 4 categories: sunrise, day,
sunset and night. Times of sunrise and sunset for LEI
were obtained from the Geoscience Australia web-
site (www.ga.gov.au). Sunrise and sunset categories
were defined as the time elapsing 1 h before and 1 h
after the actual time of sunrise/sunset. Day and night
were defined as the remaining time between sunrise
and sunset. Wind-induced turbulence, affecting
wave height and frequency, can influence the pres-
ence and activities of fishes in exposed areas, espe-
cially in shallow waters (e.g. Stoner 2004, Dudgeon

et al. 2013). Wind data were included in our model as
2 separate variables: Wind speed was included as a
continuous variable and Wind direction was binned
into 4 categories: north, east, south and west
(Table 2). Hourly wind data were obtained from the
Australian Bureau of Metrology weather station
located on LEI (station 039059, www.bom.gov.au/).
The presence and activities of many reef elasmo-
branchs are often associated with tides at aggrega-
tion areas (Economakis & Lobel 1998, O’Shea et al.
2010). Tide data were included in our models as Tidal
phase, separated into 4 categories: low, flood, high
and ebb tides. High and low tide categories were
defined as the time elapsing 1 h before and 1 h after
the peak tide. As lunar cycle and illumination can
affect the activities of fish (Agenbag et al. 2003, Kita-
gawa et al. 2007), Moon illumination was included as
a continuous variable using data obtained from the
Naval Observatory Astronomical Application De -
part ment (aa.usno.navy.mil/). In addition, the inter-
action between Moon illumination and Tidal phase
was added as a proxy to examine the effect of tidal
intensity. The interaction between Moon illumination
and Diel phase was integrated in the model to exam-
ine whether any effect of the moon was more likely
related to illumination levels at night. The interaction
Diel phase and Tidal phase was added to investigate
whether tidal phase had more effect on reef manta
ray presence at a specific time of the day (e.g. during
daytime as observed by Jaine et al. 2012). Finally, the
interaction between Diel phase and Sex was added
to determine whether diel habitat use differs be -
tween males and females.

Sea temperature is considered one of the main
drivers for fish movements (Agenbag et al. 2003,
Kitagawa et al. 2007) and has been linked with
 seasonal aggregations of several reef-associated
elasmobranchs (Dudgeon et al. 2013). A temperature
logger (HOBO UA-004-64 v1.08, Onset Computer
Cor poration) was attached to the Lighthouse Bommie
receiver at approximately 14 m depth (Fig. 1a) in
October 2010 and programmed to record ambient
temperature every 15 min. Sea temperature data
were averaged for each hour and included as a con-
tinuous variable.

Due to the challenges involved in the collection of
environmental data, and to ensure the robustness of
our results, 3 sets of GLMMs were run incorporating
data from (1) the whole study period (2009 to 2012)
with all environmental variables except Sea temper-
ature, (2) a subset of data on detections from October
2010 onwards when sea temperature data were
available, and (3) a subset of detection data from July
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2011 to integrate the hourly detection count of the
Sentinel tag at the Severance receiver as a fixed
effect (also including sea temperature) (see Tables 2
& 3).

RESULTS

Aggregation site occupation patterns

The Lighthouse Bommie receiver recorded the
highest proportion of detections, with approximately
39% of all detections for all receivers (Fig. 3). The
pattern remained consistent when separating the fre-
quency of detection into the 2 periods (Fig. 3). Over
77% of all the detections at LEI were recorded by
receivers placed on the western side of the island. It
is important to note that there was no assumption in
our study that each receiver should have similar and
constant detection ranges, and visitation patterns
were analysed for waters surrounding LEI as esti-
mated by the receivers’ coverage.

Residency, site fidelity and movements

Tagged rays were mostly large individuals
(>2.5 m), with disc-widths reaching estimated
adult-size (~3 m for males and ~3.5 m for females,
see Couturier et al. 2014) (Table 1). All tagged reef
manta rays revisited LEI at least once after being
tagged and most individuals returned to the site on
several occasions (Fig. 4). One individual was pres-
ent at LEI on at least 143 days in a 413 d period,
while another was present on 92 days over a 160 d
period (Table 1).

The period of detectability of reef manta rays var-
ied greatly among individuals, from 16 to 576 d with
median of 121.5 d (Table 1). Tagged reef manta rays
showed varying degrees of residency at LEI. The
mean number of consecutive days individuals were
present within the monitored acoustic range at LEI
was 2.8 ± 3 (median = 2). Although most individuals
were present at LEI for only 1 day at a time, a maxi-
mum of 23 consecutive days was recorded for
1 female reef manta ray (Manta ID 89), while male
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Fig. 4. Chronology of daily visitation patterns across all receivers deployed along the east coast of Australia (HI: Heron Island,
LEI: Lady Elliot Island, Noosa: Noosa Heads, NSI: North Stradbroke Island, see Fig. 1c) for 33 tagged reef manta rays Mobula
alfredi. Letters in front of the transmitter ID correspond to tagging campaign (A: June 2009, B: March 2010, C: June 2010, 

D: February 2011, E: June 2011, G: June 2012)
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reef manta rays were present between 1 and 14
 consecutive days (Fig. 5).

Movements among several sites north and south of
LEI were observed, with 15 tagged individuals
detected at other monitored sites along the east Aus-
tralian coastline (Fig. 4). Eight individuals (4 females,
4 males) travelled to the Heron Island aggregation
site (~100 km northward) in both winter and summer,
while 7 (3 females, 4 males) travelled to North Strad-
broke Island (~380 km southward) during summer
(Figs. 1b & 4). All were large individuals (>3 m disc
width). At least 8 of the 15 individuals exhibited
return movements to LEI during their respective
detectable periods (Fig. 4). One individual displayed
return movement to North Stradbroke Island and 3 to
Heron Island (Fig. 4). Of these 15 travelling individu-
als, 11 were detected most often at LEI over their
period of detectability (Fig. 4).

Model results

The 3 sets of GLMMs, i.e. (1) period 2009−2012
without Sea temperature, (2) period 2010−2012 with
Sea temperature and (3) period 2011−2012 with Sen-
tinel tag, showed consistent results regarding the
variables that correlated with the presence and
absence of manta rays off LEI (Table 3). Model selec-
tion varied according to AICc or BIC, with BIC rank-
ing being more conservative and underpinning the
weak effect of several predictors. Manta rays were
significantly more likely to be detected during the

daytime than at night, with sunrise and sunset repre-
senting intermediate steps in the transition (Figs. 6 &
7, Tables S2 & S3 and Fig. S1 in the Supplement at
www.int-res.com/articles/suppl/ m599 p125_ supp. pdf).
Time-of-day was consistently the stron gest effect in
all models. This was true even when accounting for
potential changes in acoustic detectability (using the
sentinel tag detection rate), which provides strong
evidence that observed differences are a conse-
quence of manta behaviour and not an artefact of
variable levels of environmental noise (Figs. 6 & 7,
Fig. S1).

Across the 2 sets of models where Sea temperature
was included (Sets 2 and 3), manta rays were consis-
tently more likely to be detected in cooler water
(Fig. 7, Fig. S1). Similarly, all models suggest manta
rays are less likely to be detected during periods with
high moon illumination (Figs. 6 & 7, Tables S2−S5
and Fig. S1 in the Supplement). Differences across
the Moon illumination range were more pronounced
with the GLMM Set 1 suggesting a small peak
around the new moon. The effect of Tidal phase was
generally weak (Figs. 6 & 7, Tables S2−S5 and
Fig. S1). Although having a weak effect, the 2-way
interaction of Diel phase × Tidal phase is present in
all GLMM sets and has a relatively consistent effect
across the 3 model sets, with higher probability of
manta ray detection during ebb and high tide at
 sunrise (Figs. 6 & 7, Fig. S1).

Wind speed generally had a weak effect, with manta
rays being more likely to be detected in calmer
periods (Figs. 6 & 7, Fig. S1). Results were more am-

biguous in terms of Wind direction, but
in general show marginally higher
likelihood when the winds come from
the north and lower likelihood during
westerly winds (Fig. 6, Fig. S1). Two-
way interactions (Moon illumination ×
Diel phase, Moon illumination × Tidal
phase) were present in some final
models but generally had weak effects
and did not change the overall pat-
terns of the main variables (Figs. 6 & 7,
Fig. S1). Sex and the 2-way interaction
Diel phase × Sex had a weak effect that
was not consistent across model sets
(Figs. 6 & 7). Both Set 1 and 2 results
suggest that fe males are more likely to
be present than males during the day-
time (Figs. 6 & 7).

We present the graphical output for
the best fit model of Set 1 (period
2009−2012 without Sea temperature)
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Fig. 6. Marginal effects of predictors on the presence of manta rays Mobula alfredi from the best-fit generalised linear mixed
effects model for each environmental variable retained in GLMM Set 1 [Presence ~ Diel phase × Sex + Diel phase × Tidal
phase + ns(Moon illumination) + WDir + ns(WSpeed) + (1 |Month/Manta ID)]. Grey-shaded areas (in Moon illumination and 

Wind speed) and error bars represent the 95% confidence interval
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and Set 2 (period 2010−2012 with Sea temperature)
in Figs. 6 & 7. Graphical output of the best-fit model
of Set 3 is available in Fig. S1 in the Supplement.

DISCUSSION

Passive acoustic telemetry enabled near continu-
ous monitoring of reef manta ray activities in the
vicinity of LEI, and provided new insights into the

effects of different environmental variables on the
occurrence of individuals at aggregation sites.
Tagged individuals were mostly adults and all used
this coral reef habitat repeatedly over several
months. Although the effects of several environmen-
tal variables appeared to be relatively weak, we
show that the presence of reef manta rays is higher
during daytime and high and ebb tides, and lower
during high moon illumination and during strong
winds. This study provides a comprehensive quanti-

137

Fig. 7. Marginal effects of predictors
on the presence of reef manta rays
Mobula alfredi at LEI from the best-
fit generalised linear mixed effects
model for each environmental vari-
able retained in GLMM Set 2 [Pres-
ence ~ Diel phase × ns(Moon illumi-
nation) + Diel phase × Tidal phase +
ns(Moon illumination) × Tidal phase
+ Diel × Sex + WDir + ns(WSpeed) +
ns(ST) + (1|Month/Manta ID)]. Sha -
ded areas and error bars represent 

the 95% confidence interval
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tative analysis of the reef manta ray site fidelity, resi-
dency and visitation patterns at a key aggregation
site in eastern Australia.

Residency and site fidelity

All tagged reef manta rays displayed site affinity to
LEI, as all were detected at this site on multiple occa-
sions within their recording periods. Some also dis-
played return movements to LEI after being detected
at another site, and had the most detections at LEI.
Couturier et al. (2014) showed that >65% of the indi-
viduals previously identified using photo-identifica-
tion techniques at LEI were re-sighted at that same
site at least once. Our current study indicates that in-
dividuals using these waters can display considerable
variability in residency and site fidelity. Three tagged
reef manta rays spent >40% of the recorded periods
around the island and 1 individual was detected at the
site for 23 consecutive days. Site fidelity in elasmo-
branchs is associated with a range of factors including
foraging (Heupel & Hueter 2002), reproduction (Di-
Battista et al. 2008), visiting cleaning stations (O’Shea
et al. 2010), seeking shelter (Garla et al. 2006) and
 using sites as orientation landmarks (Klimley & Nelson
1984). At LEI, reef manta rays are commonly seen en-
gaged in feeding and/or cleaning activities (Jaine et al.
2012, Armstrong et al. 2016). They may also mate here
as courtship behaviour and fresh mating scars have
been observed, and both mature males and large
 females are seen year-round (Couturier et al. 2014).
There is also likely to be some level of social organisa-
tion in this population and this may be related to their
high site fidelity. This type of behaviour has been
demonstrated in cat sharks Scyliorhinus canicula (Ja-
coby et al. 2010), lemon sharks Negaprion brevirostris
(Guttridge et al. 2009) and blacktip reef sharks Car-
charhinus melanopterus (Mourier et al. 2012), but has
not yet been identified in reef manta rays.

Although several reef manta rays displayed site
fidelity at LEI, there were still extended periods dur-
ing which their presence was not recorded by any
receivers (e.g. manta ID 42, 89, 91, 291). It is likely
that these absences reflected emigration of individu-
als for days to months from the study area. Jaine et al.
(2014) showed that satellite-tagged reef manta rays
moved offshore from LEI to spend extended periods
of time (up to 87% of a 3 mo period of tag deploy-
ment) off the southern Great Barrier Reef shelf where
the Capricorn Eddy forms (Weeks et al. 2010). These
absences are also consistent with documented move-
ments of the species among aggregation sites along

the east Australian coastline (Couturier et al. 2011,
2014). Transience was displayed by 9 individuals that
only spent a limited time around LEI, were then
detected by receivers deployed at other sites (i.e.
North Stradbroke Island, Noosa Beach and Heron
Island, Queensland) but did not return to LEI within
their period of detectability. Our results provide fur-
ther support to photo-ID records of movements as
half of the acoustically tagged reef manta rays were
detected at another site.

Daily visitation patterns

Reef manta rays exhibited strong diel visitation
patterns at LEI, as they were more likely to be pres-
ent during daytime than night-time. This result was
consistent across all sets of models, even when
accounting for temporal changes in the acoustic
landscape. This demonstrates that diel variations in
manta detection are likely to be a consequence of
manta behaviour and not an artefact of the variable
levels of noise often found in reef environments
(Cagua et al. 2013). Reef manta rays generally
arrived within detection range at sunrise, and then
departed the area at sunset. This diurnal pattern in
presence has also been found at reef manta ray
aggregations in the Komodo National Park, Indone-
sia (Dewar et al. 2008), although it is unclear why
reef manta rays return to shallow waters during the
daytime. Similar visitation patterns were also ob -
served in Hawai’i, where reef manta rays were more
likely to be observed during daytime in shallow
coastal waters and were often seen engaged in clea -
ning activities (Clark 2010). LEI may act as a land-
mark for reef manta rays to orientate themselves or to
increase intra-specific encounters and social interac-
tions (e.g. courtship, mating) during the day. Daytime
habitat use at this site is also likely to be related to
cleaning behaviours, commonly observed around
LEI, as cleaner fishes are active only during the day-
time and typically occupy relatively shallow water
habitats (Lenke 1988, Côté 2000). Feeding behaviour
near the surface is also regularly observed during the
day at LEI (Jaine et al. 2012, Armstrong et al. 2016),
suggesting individuals benefit from food sources
available at the site, although near-surface zooplank-
ton is not their only prey resource (Couturier et al.
2013). In addition, individuals may benefit from
warmer shallow waters during the day to return and
maintain their ectothermic body at favourable tem-
peratures, after spending the night in deeper and
cooler waters while (presumably) foraging. Evidence
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of behavioural thermoregulation has been found in
other epipelagic elasmobranchs that forage at depth
(e.g. Matern et al. 2000, Campana et al. 2011), in -
cluding the whale shark Rhincodon typus, a giant
planktivore that shares many life history traits with
reef manta rays (Thums et al. 2013).

The diving behaviour of satellite-tagged reef
manta rays in the Red Sea revealed that individuals
tended to occupy shallow water (<10 m depth) during
the day and move to deeper adjacent waters at night
(Braun et al. 2014). Similar nocturnal movement and
diving activities in offshore and deeper waters have
been observed for reef manta rays off Hawai’i using
active acoustic telemetry (Clark 2010). Reef manta
rays may thus move away from shallow areas to
pelagic waters during the night to feed on larger zoo-
plankton in the deep scattering layers and/or demer-
sal zooplankton that undergo vertical diel migration
to shallower depths at night (Alldredge & King 1985,
Robinson & Goómez-Gutieérrez 1998, Clark 2010). A
diurnal pattern of occupancy in inshore waters has
also been observed for other elasmobranch species
and nocturnal movements away from the studied
areas have also been associated with foraging in the
zebra shark Stegostoma fasciatum (Dudgeon et al.
2013), scalloped hammerhead shark Sphyrna lewini
(Klimley et al. 1988), blacktip reef shark C. mela -
nopterus (Heupel et al. 2005) and grey reef shark
C. amblyrhynchos (Economakis & Lobel 1998).

Movement timing, effect of sea temperature

Seasonality and sea temperature appear to be
major drivers of reef manta ray occurrence at aggre-
gation sites. Dewar et al. (2008) found that the occur-
rence of reef manta rays in the Komodo Marine Park,
Indonesia, was linked to seasonal monsoonal shifts in
the Indo-Pacific, which influence both sea tempera-
ture and productivity. The sea temperature at Ko -
modo had an important effect on the individual visita-
tion patterns. No individuals were detected in waters
>29°C in southern Komodo, whereas rays were pres-
ent year-around at North Komodo where the water
temperature remained <29°C. By contrast, Rohner et
al. (2013) found that sightings of reef manta rays off
Mozambique decreased in cooler waters (18 to 21°C)
although there was no clear seasonal pattern.

The seasonal effect could not be tested directly in
this study as we could not discriminate the effects of
tagging campaign timing and seasonality in the pop-
ulation. Previous findings on reef manta ray occur-
rence at LEI using photo-identification (Couturier et

al. 2011) and daily observations of reef manta ray
presence (Jaine et al. 2012) showed an increase in
manta ray abundance in winter. Jaine et al. (2012)
suggested that greater occurrence of reef manta rays
at LEI could be linked with local food availability as
abundance was greater between 21 and 24°C and
with increasing chlorophyll a concentration (used as
a proxy for oceanic zooplankton abundance). The
island is located near the continental shelf edge
where the Capricorn Eddy typically forms. The asso-
ciated upwelling of cool, nutrient-rich water leads to
increased primary productivity (Bakun 2006, Weeks
et al. 2010), and thus potentially increased zooplank-
ton productivity in the region (Weeks et al. 2015).
Similarly, a more frequent presence of individuals
was also correlated with increased oceanic produc-
tivity at North Komodo during the monsoon season
(Dewar et al. 2008), in Western Australia (Sleeman et
al. 2007) and in the Maldives (Anderson et al. 2011).
The similarity in strong seasonal patterns at different
reef manta ray aggregation sites suggests that the
abundance of reef manta rays at particular areas is
closely related to the local food availability.

Sea temperature had an important effect in our
study, with reef manta ray presence increasing with
decreasing temperature. This suggests that water
temperature is also an important driver underpinning
the seasonal variation in occupation of LEI waters,
and may influence reef manta ray activities. Sea tem-
perature at LEI varies between 19 and 28°C over the
year, which is likely to provide a suitable thermal
habitat for the species based on other populations
(Dewar et al. 2008, Rohner et al. 2013), and thus, may
not have a direct effect on the visitation pattern.
Instead, the effect of temperature on reef manta ray
presence at this site may highlight a restriction in
thermal and/or productive habitat availability along
the coast during winter, which in turns triggers a
peak aggregation at LEI. Individuals typically mi -
grate southwards along the east Australian coastline
during summer and aggregate at several locations
where they are not usually sighted during winter
(Couturier et al. 2011). In the present study, several
individuals travelled to a southward aggregation site
in summer (i.e. North Stradbroke Island), while oth-
ers travelled northward without a clear temporal pat-
tern to a coral cay island located in the Capricorn and
Bunker group (i.e. Heron Island). All detected rays
were adults and movement trajectories did not
appear to be gender-related. These distinct move-
ments may highlight difference in strategies adopted
by individuals in response to the seasonal or geo-
graphic variation of food resources.
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Southward seasonal movements are assumed to
relate to the East Australian Current flow that is
stronger and brings warm water further southward
during the austral summer (Church 1987, Roughan
& Middleton 2004). Increased shelf-edge upwelling
and associated productivity (Bakun 1996), relating
to greater East Australian Current intensity in sum-
mer, may allow individuals to exploit a larger range
of suitable habitats along the coast, and may
explain the lower prevalence of individuals at LEI
in summer (Jaine et al. 2012). Colder temperature
at southern sites during winter may thus trigger
reef manta rays to move northward to find more
suitable temperatures and/or productive habitat. By
contrast, individuals remaining within the Capri-
corn and Bunker group region (i.e. LEI and Heron
Island) in summer may forage on the resources
associated with the Capricorn Eddy and/or other
regional productivity events. More information on
food resources availability over time in eastern
Australia is needed to clearly associate these dif -
ferences in movement with foraging strategy selec-
tion. Our limited sample size also hampers our
 ability to distinguish whether these movement are
more likely to be related to the gender or maturity
status of the individuals. The development of a
more extensive acoustic array in eastern Australia
that encompasses multiple reef manta ray aggrega-
tion sites would provide more detailed information
on the visitation patterns and movements of indi-
viduals in relation to their environment at meso-
and local scales.

Tide and moon illumination

Although effects of moon illumination on manta
presence were weak, reef manta rays were less likely
to be present during high moon illumination (around
full moon). The interaction between tidal phase and
moon illumination, which can be used as an indicator
for tide intensity effect, had little or no effect on reef
manta ray presence. This suggests that moon illumi-
nation, and not tidal current intensity, is the factor
that influences the occurrence of reef manta rays.
Similar to our results, reef manta rays in the Red Sea
dived deeper on nights with increased moon illumi-
nation (Braun et al. 2014). The density and biomass of
zooplankton emerging from the sediment around
coral reefs can be higher in lower light conditions
(Alldredge & King 1980). This may explain the
greater presence of reef manta rays around the
island during the darker night-time conditions, as

individuals may feed on the more abundant zoo-
plankton resource available.

Tidal phase had a weak effect on reef manta ray
presence at LEI and the main consistent pattern that
was observed indicated that reef manta rays were
more likely to be present during ebb and high tides
at sunrise. Despite having little statistical power,
this finding appears to fit with those of Armstrong et
al. (2016), Jaine et al. (2012) and O’Shea et al.
(2010). Armstrong et al. (2016) found an increase in
both zooplankton biomass and reef manta ray feed-
ing activities during ebb tides. Similarly, Jaine et al.
(2012) showed that tides had a significant effect on
the abundance of reef manta rays observed cleaning
and foraging, with more individuals recorded at
cleaning stations during the peak of the high tidal
phase and feeding primarily during ebb tides.
O’Shea et al. (2010) found that reef manta rays were
more likely to be observed engaged in cleaning
activities during ebb tides based on daytime remote
video recording at Osprey Reef, Coral Sea. These
studies suggest that tidal cycle has an effect on reef
manta ray habitat use of LEI but not on their proba-
bility of presence. Our acoustic telemetry data can-
not clearly discriminate between behaviours per-
formed across each receiver site (e.g. cleaning vs.
feeding vs. cruising), which could mask the impor-
tance of tidal cycle on the habitat use of reef manta
rays at LEI. The differences in findings may also be
linked to the inherent caveats associated with each
study. Jaine et al. (2012) and Armstrong et al. (2016)
relied on visual sightings during daylight hours with
varying sampling effort across days and sites which
may have biased results (e.g. cleaning behaviour
was mostly observed during dives by Jaine et al.
(2012), which mostly took place twice daily [~2 to 3
h d−1] and were restricted to a relatively small area).
However, the relatively small sample size (n = 33) in
the current study, combined with the limited study
period considered in the models, may have limited
the ability of the models to detect any significant
effect of the tidal phase on reef manta ray occur-
rence patterns. Better understanding of the tidal
cycle effect may be addressed by increasing the
number of tagged individuals within the same
period and further analysing occupation patterns at
each receiver site around the island. Deployment of
acoustic transmitters equipped with a pressure sen-
sor on reef manta rays would also provide data on
individual depth occupancy around each receiver.
This information could then used as a proxy for
common manta ray behaviours observed at LEI such
as cleaning and feeding.
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Wind direction and speed

Westerly winds negatively affected the presence of
reef manta rays at LEI. Comparison of the number of
detections per receiver showed that reef manta rays
tended to prefer the shallow (8 to 25 m depth) western
side of the island. This is also the area where individu-
als are mostly sighted at cleaning stations and feeding
near the surface around the island (Jaine et al. 2012,
Armstrong et al. 2016). Reef manta rays might prefer-
entially use the western side of the island as it is usu-
ally more sheltered from the prevailing south-easterly
trade winds along the east coast of Australia. Ex po -
sure to westerly winds creates higher surge and wave
activity on the usually sheltered side of the island that
may disturb the feeding and cleaning activities of reef
manta rays. The models also showed that reef manta
rays were less likely to be present around LEI when
winds exceeded 20 knots, presumably related to big-
ger seas in the waters adjacent to the island. Despite
contrasting sampling methods, our results support the
findings of Jaine et al. (2012), who found similar
effects of wind speed and direction on reef manta ray
abundance at this site. Zebra sharks in eastern Aus-
tralia are also less likely to be present around their
shallow aggregation site off North Stradbroke Island
during bigger seas, as sub-surface surging water mo-
tion makes it difficult for individuals to rest on the sea
bottom (Dudgeon et al. 2013). The actual reason(s)
why reef manta rays seem to avoid rough surface
 waters is, however, unknown but could be linked to
decreased visibility, decreased prey concentration
through dispersal and/or increased predation risk. Al-
ternatively, the lack of detections during strong wind/
weather events may be an artefact of the acoustic
telemetry technology itself (see ‘Caveats associated
with acoustic telemetry’ below).

Caveats associated with acoustic telemetry

Acoustic telemetry is a valuable tool for examining
habitat use of a species, particularly for species that
remain within the same area or species that return to
the same location. Photo-ID studies have previously
established that reef manta rays exhibit site affinity
(Deakos et al. 2011, Couturier et al. 2014), which
makes the species a good candidate for acoustic
studies. There are, however, several constraints asso-
ciated with the use of this technique (Heupel et al.
2005, Welsh et al. 2012, Dance et al. 2016). Acoustic
studies are limited to areas where receivers are
deployed, which may represent a relatively small

proportion of the home range of the species. It is not
possible to distinguish whether the non-detection of
a tagged individual is due to (1) a large-scale move-
ment away from the study area, (2) movement just
beyond the detection range of the acoustic array, or
(3) tag failure or loss. Environmental noise in coral
reefs, generated by organisms and bubbles in the
water from breaking waves and strong currents, can
limit the detection performance of receivers (Welsh
et al. 2012, Cagua et al. 2013, Mathies et al. 2014).

The detection range of receivers may vary with
water temperature, tidal current speed and season,
and between day and night (Mathies et al. 2014).
However, we were unable to explicitly test these
effects as the current methods used to undertake
comprehensive range testing are logistically chal-
lenging and extremely time consuming (e.g. Cagua
et al. 2013). Nevertheless, we were able to success-
fully overcome this limitation by integrating sentinel
tag data to examine whether detections of this tag
was influenced by the environmental variables
tested. The models showed a slight effect, suggesting
that to some extent, the detection capacity of the
receiver was affected by environmental variables. It
is possible, however, to distinguish between the
effect of environmental variables and reef manta ray
absence. Field observations showed that the major
areas used by reef manta rays around the island dur-
ing daytime are located within 50 to 100 m of one of
the receivers. In addition, data from all receivers on
the western side of the island were pooled. With the
close proximity of receiver stations, environmental
conditions at the different receiver locations on that
part of LEI are considered to be consistent across
locations. Thus, variation in detection ranges among
receivers was unlikely to affect our interpretation
and it appears reasonable to presume that if no
detections were recorded on any receivers, the indi-
vidual was not present around the island, even if
detection ranges were moderately reduced. Biofoul-
ing can also affect receiver performance (Heupel et
al. 2008), but was not considered an issue in this
study as all receivers were serviced and refurbished
3 times a year and any biofouling was removed. One
reef manta ray was observed with a heavily fouled
tag, yet detections from this transmitter were re -
corded by several receivers on the day it was sighted.
Although biofouling may have attenuated the
acoustic signal of the transmitter, it was not blocked.

A major limitation in this study was tag retention.
On average, transmitters were detectable for 5 mo,
and several individuals were sighted that were miss-
ing their tags only 3 mo after deployment, which lim-
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ited interpretation of individual behaviours and long-
term visitation patterns. There is a need for more
testing to examine optimum tag deployment on mar-
ine species in general, and reef manta rays in partic-
ular. Testing should consider the body shape of the
species and consider anchor types, length and tow-
ing tether material, as well as hydrodynamics of the
externally deployed set up.

Broader implications

LEI adjacent waters are a key daytime aggregation
site for a large part of the reef manta ray population
in eastern Australia (Couturier et al. 2014). Despite
low probabilities of hourly reef manta ray presence,
the strong site fidelity and long residency periods
displayed by several individuals in this study high-
light the importance of LEI as a critical habitat for
reef manta rays in eastern Australia. Our observation
that reef manta rays generally leave the island at
night, in conjunction with evidence that reef manta
rays at the island derive much of their food from
deeper zooplankton and that the shelf edge region of
the Capricorn Eddy area is highly productive (Weeks
et al. 2015), strongly suggest that LEI habitat is
paired with an important offshore feeding site. Reef
manta rays may use LEI during daytime for cleaning
and social activities and move offshore at night-time
to feed in productive waters. Opportunistic feeding
still occurs during daytime at LEI when a certain
threshold of zooplankton biomass is reached (Arm-
strong et al. 2016), but reef manta rays leave the
island nightly, presumably to feed on high densities
of large zooplankton such as euphausiids, which
swarm in shelf-edge regions and provide a nutritious
food source for fish (Nicol 1984, Gibbons 1995,
Rohner et al. 2017). Similar observations off Hawai’i
and Komodo suggest that reef manta ray occupancy
of shallow aggregation sites is linked to the occur-
rence of a larger feeding site in neighbouring off-
shore waters (Dewar et al. 2008, Clark 2010). The
presence and high use of cleaning stations at these
shallow aggregation sites also highlights the ecolog-
ical importance of cleaning activities for reef manta
rays. Dewar et al. (2008) and Clark (2010) also found
that reef manta rays habitat use and visitation pat-
terns at shallow inshore aggregation sites were influ-
enced by other factors including time of year, tidal
phase and moon illumination. This suggests that vis-
itation and occupancy patterns at aggregation sites
by different subpopulations of reef manta rays are
influenced similarly by environmental parameters. It

would be informative to conduct further studies at
several aggregation sites within the same region (e.g.
east Australia) to determine whether similar environ-
mental variables do in fact influence the movements
and residency of reef manta rays.

Reef manta rays represent an important ecotourism
resource worldwide (O’Malley et al. 2013, Ward-
Paige et al. 2013). As site fidelity appears to be rea-
sonably strong at shallow coastal aggregation sites, it
is important to ensure that ecotourism does not nega-
tively impact the cleaning, mating and feeding be -
haviours of reef manta rays and that these habitats
are relatively free from pollution and habitat degra-
dation (e.g. coral reefs provide refuges for some dem-
ersal zooplankton). There were similarities in find-
ings between our study and that of Jaine et al. (2012)
(e.g. effect of time of year and wind on presence of
reef manta rays) which provide validation of the data
quality collected through long-term citizen-science
logbook data. Such methods of data collection pres-
ent an important low-cost monitoring solution to
stakeholders with limited financial means (Dickinson
et al. 2010). These types of data can identify critical
habitats for reef manta rays and the potential effects
of different anthropogenic activities on reef manta
ray habitat use. This would in turn inform manage-
ment measures for key aggregation sites. LEI is clas-
sified as a ‘Green Zone’ in the Great Barrier Reef
Marine Park, a ‘no take’ area where fishing, collect-
ing or anchoring are not permitted without permis-
sion. Considering site fidelity and residency pattern
of reef manta rays at this site, the protection of LEI
coral reef habitat is likely to directly benefit the reef
manta ray population of eastern Australia. As indi-
viduals regularly revisit this site, the long-term pro-
tection plan of LEI likely benefits the reef manta ray
population over several generations. It is hoped that
increased knowledge of the patterns of occurrence of
reef manta rays at key aggregation sites will assist in
management decisions in relation to coastal and
inshore waters that include these aggregations.
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