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Abstract

Understanding the aggregation and habitat use patterns of a species can aid the formulation and improved design of man-
agement strategies aiming to conserve vulnerable populations. We used photo-identification techniques and a novel remote
underwater camera system to examine the population sizes, patterns of residency and habitat use of oceanic (Mobula birostris)
and reef (Mobula alfredi) manta rays in Seychelles (5.42°S; 53.30°E) between July 2006 and December 2018. Sightings
of M. birostris were infrequent (n=35), suggesting that if aggregation areas for this species exist, they occur outside of the
boundary of our study. A total of 236 individual M. alfredi were identified across all surveys, 66.5% of which were sighted
at D’Arros Island (Amirante Group) and 22.5% at St. Francois Atoll (Alphonse Group). Males and females were evenly
represented within the identified population. M. alfredi visited a cleaning station at D’Arros Island less frequently during
dawn and dusk than at midday, likely due to the adoption of a crepuscular foraging strategy. The remote and isolated nature
of the Amirante and Alphonse Group aggregation areas, coupled with the lack of a targeted mobulid fishery in Seychelles,
suggests that with appropriate regulations and monitoring, the marine protected areas gazetted within these two groups will
benefit the conservation of M. alfredi in Seychelles.
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Introduction

Mobulid rays (family Mobulidae; Couturier et al. 2012;
Hosegood et al. 2020) are medium-to-large (1.1-6.8 m disc
widths; White et al. 2018) filter-feeding elasmobranchs that
often predictably aggregate in coastal waters or at oceanic
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islands and seamounts in tropical and temperate locations
around the world (Couturier et al. 2012; Stevens et al. 2019).
There is a general consensus that populations of mobulids
are now declining on a global scale (Croll et al. 2016; Law-
son et al. 2017; Stewart et al. 2018; Strike et al. 2022). Fish-
eries targeting mobulids that supply their gill plates to the
market for traditional Asian medicines have hastened this
trend (Croll et al. 2016; O’Malley et al. 2017; Rohner et al.
2017), although bycatch, accidental entanglement and boat
strikes are also sources of mortality (Croll et al. 2016; Ger-
manov et al. 2019; McGregor et al. 2019). The conservative
life history strategy of these species, including low fecun-
dity, late maturation and long gestation periods (Couturier
et al. 2012), prolongs the period of time required for popula-
tions to recover from the loss of individuals. This highlights
the need to identify and understand the role that critical
habitats play in the life history of mobulid rays (Stewart
et al. 2018).

Manta rays are the largest of the mobulids (Stewart et al.
2018; Stevens et al. 2019). The oceanic manta ray (Mobula
birostris) attains a maximum disc width of 6.8 m and is often
observed at oceanic islands and along tropical and temperate
coastlines, whereas reef manta rays (Mobula alfredi) have
smaller disc widths (maximum 5.5 m) and frequently aggre-
gate along tropical coastlines and at coral atolls (Marshall
et al. 2009; Kashiwagi et al. 2011; Armstrong et al. 2020;
Fonseca-Ponce et al. 2022). Oceanic and reef manta rays are,
respectively, listed as ‘Endangered’ and ‘Vulnerable’ on the
International Union for the Convention of Nature’s Red List
(Marshall et al. 2018, 2022), on Appendix II of the Conven-
tion on International Trade in Endangered Species, and on
Appendices I and II of the Convention on the Conservation
of Migratory Species.

Aggregations of manta rays are thought to be driven by
food availability (Couturier et al. 2012) and the presence of
cleaning stations (Couturier et al. 2018; Peel et al. 2020)
that provide an opportunity for individuals to have external
parasites removed from their bodies by resident reef fishes
(Potts 1973; Armstrong et al. 2021). Cleaning stations also
facilitate social interactions between individuals, including
courtship and mating behaviours (Deakos et al. 2011; Ste-
vens et al. 2018). The significance of these stations is further
demonstrated by the repeat visits of the same individuals
over prolonged periods of time (years), despite their abil-
ity to routinely travel large distances (10s—100s km; Ger-
manov and Marshall 2014; Couturier et al. 2018; Andrze-
jaczek et al. 2020). Sighting predictability of manta rays at
these aggregation sites has greatly benefited global efforts
to determine the drivers of their behaviour and movement in
recent decades, as sampling can take advantage of aggrega-
tion events (Deakos et al. 2011; Jaine et al. 2012; Peel et al.
2019a). The information collected during targeted surveys is
particularly valuable in dispersed, archipelagic reef systems
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such as Seychelles, where it can be challenging to obtain
continuous access to remote study sites throughout the year
due to environmental (e.g. monsoonal seasons) and logisti-
cal (e.g. limited or lack of infrastructure on islands) factors.

The presence of unique patterns of pigmentation on the
ventral surface of individual manta rays allows photo-iden-
tification for the differentiation of individuals to be used to
assess the size and distributions of populations at aggrega-
tion sites (Deakos et al. 2011; Marshall et al. 2011; Ste-
vens et al. 2018; Germanov et al. 2019) over long periods
of time (> 20 years; Marshall and Pierce 2012; Couturier
et al. 2014; Stevens 2016; Marie 2022). Environmental data
can also be collected simultaneously with sighting records
to determine potential drivers of movements (O’Shea et al.
2010; Rohner et al. 2013; Couturier et al. 2018; Harris and
Stevens 2021). In addition, photo-identification photographs
can be collected by citizen scientists to facilitate sampling
across large spatial scales (Town et al. 2013; Couturier et al.
2014; Germanov and Marshall 2014; Armstrong et al. 2019),
providing insight into the broader (> 100 km) patterns of
movement of individuals and their habitat range. Collec-
tively, these data can expand our understanding of manta
ray populations and inform conservation and management
strategies aimed at protecting them (Nicholson-Jack et al.
2021; Strike et al. 2022).

Despite facing increasing pressures from targeted and
small-scale fisheries in the Western Indian Ocean (Temple
et al. 2019), little is currently known about manta ray popu-
lations in Seychelles, which aggregate around remote islands
within the archipelago. Such isolated aggregations present
an opportunity to not only examine the biology and ecology
of manta rays in the absence of significant human impact,
but also inform management and conservation decisions
in a proactive, rather than reactive, manner. Considering
this, we used photo-identification techniques and a remote
underwater monitoring system to examine population size
and the patterns and potential drivers of residency for M.
birostris and M. alfredi in Seychelles. Primary efforts were
focussed on the two aggregation areas identified for M.
alfredi at D’Arros Island and St. Joseph Atoll (collectively
referred to as D’Arros Island) and an aggregation area at
St. Francois Atoll. Specifically, we aimed to (1) use photo-
identification data collected opportunistically throughout
Seychelles, and during targeted surveys at D’Arros Island
and St. Francois Atoll, to examine the patterns of residency
and movement of manta rays throughout the archipelago;
(2) assess the population composition (i.e. sex and life stage
ratios) and habitat use patterns of manta rays at these aggre-
gation areas and (3) use a novel remote underwater cam-
era system and environmental data to investigate the influ-
ence of environmental and temporal factors on patterns on
visits to a cleaning station located to the north of D’Arros
Island. Finally, we aimed to examine the significance of the
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aggregation sites at D’Arros Island and St. Frangois Atoll to
these globally “Vulnerable’ species.

Methods
Study site

Located in the Western Indian Ocean, Seychelles is a remote
archipelago comprised of 115 tropical islands (Fig. 1A).
These islands cover a total land mass of approximately
452 km?, which encompasses just 0.03% of the Exclusive
Economic Zone of the country. The islands of Seychelles
form six island groups (Aldabra, Alphonse, Amirante, Far-
quhar, Inner and Southern Coral) based on their geography
and geological composition. The populous Inner Island
Group includes 41 granitic islands that are situated upon the
Mahé Plateau. All remaining islands constitute the coralline

Seychelles

Outer Islands and are further grouped based on their loca-
tion and proximity to one another. Confirmed and incidental
sightings of manta rays have been recorded throughout the
archipelago; however, only two reliable aggregation areas
have been identified to date; the first, at D’Arros Island
(Amirate Group; Fig. 1B) and the second at St. Frangois
Atoll (Alphonse Group; Fig. 1D). These areas represent the
focal survey areas within the wider Seychelles study area,
with the cleaning station at D’Arros Island (Fig. 1C) selected
for a targeted investigation into the patterns driving the
repeated visitation to such aggregation sites by M. alfredi.

Data collection

Photographs of the unique pigmentation patterns on the ven-
tral surface of manta rays were used to identify individuals
throughout Seychelles (Marshall et al. 2011; Marshall and
Pierce 2012). A sighting for an individual manta ray was

INNER ISLANDS

Fig.1 The six Island Groups of Seychelles (A; EEZ in the top left
inset). D’Arros Island and St. Joseph Atoll (St. J; B) are located
within the Amirante Group. Manta ray photo-identification surveys
conducted at D’Arros Island (C) targeted nine sites during surface-
based searches (white circles), while dive-based searches were con-

Mahé Plateau

X

0 m e
-

St. Francois
Atoll

ducted at the manta ray cleaning station to the north of the island
(black diamond). Manta ray surveys were also conducted at St.
Frangois Atoll (D). X, position of the Victoria Fish Market on Mahé
Island. Drone images of D’Arros and St. J courtesy and copyright of
Drone Adventures for the Save Our Seas Foundation
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defined as a confirmed photo-identification of that individual
on a given day at a single location, and, as such, all sighting
records included a clear identification photograph, location
and GPS position (where possible), as well as date and time
information. Species identification was based on the physi-
cal characteristics described by Marshall et al. (2009), typi-
cally by the distribution and density of pigmentation on the
ventral surface, the colouration of the pectoral fin margin
and the shape of the dorsal shoulder patches. Assignment of
individuals to a colour morph type—common (i.e. chevron),
black (i.e. melanistic) or white (i.e. leucistic)—also followed
Marshall et al. (2009). Where possible, the presence (male)
or absence (female) of claspers was used to determine the
sex of individuals (Marshall and Bennett 2010). The disc
width (DW; m) of each individual was estimated visually by
experienced field staff to the nearest 0.1 m (m) and used as
a proxy to assess the maturity status of M. alfredi based on
the following metrics: juvenile (<2.4 m), sub-adult (male,
2.5-2.8 m; female, 2.5-3.1 m) or adult (male,>2.9 m;
female, > 3.2 m) (Stevens 2016). Disc width estimates were
initially made independently in-water by the field team
before a final estimate was agreed upon during image pro-
cessing. The presence of mating scars, fresh mating wounds
and pregnancy bulges on females, and the degree of calcifi-
cation of the claspers of males, were also considered during
the assignment of maturity status, as these characteristics
are indicative of sexually active individuals (Marshall and
Bennett 2010; Stevens et al. 2018). In addition, the size of
pregnancy bulges in females was used to estimate stage of
gestation (Marshall and Bennett 2010). Physical injuries
were also noted during sightings, but were not used as a
primary characteristic to identify individuals given the rapid
healing rates of manta rays (McGregor et al. 2019). Likely
sources of injuries were categorised as natural (e.g. shark
bite to a pectoral fin) or anthropogenic (e.g. fishing line scar-
ring around a cephalic fin; Fig. 2), where possible.

The behaviour of individuals during sighting events was
noted wherever possible. Four primary behaviours were rec-
ognised: feeding, courtship, cleaning and cruising. Feeding
occurred when individual manta rays had unfurled cephalic
fins, while swimming with the mouth open. When feeding,
individuals often formed ‘chains’, where individuals swam
in a single file one behind another. They also occasionally
performed backward somersaults through the water col-
umn when feeding (Stevens et al. 2019), and this behaviour
was noted when observed. The movements of individu-
als involved in courtship were notably faster than those
involved in feeding. Courtship was characterised by one
or more males actively pursuing a single female, while not
engaged in feeding, cleaning or cruising behaviours (Stevens
et al. 2018). Cleaning behaviour occurred when manta rays
reduced their speed to linger over sections of reef, where
cleaner fishes removed external parasites from their skin.
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Individuals often unfurled their cephalic fins during this
process. Behaviour was classified as cruising when manta
rays swam through the water column with their cephalic fins
furled and their mouths closed. Where multiple behaviours
occurred during a sighting, the behaviour that was observed
to occupy the majority of the encounter was reported.

Survey frequency

Identification photographs of manta rays were collected
across three spatio-temporal scales in Seychelles. First,
sighting records of manta rays were collected opportunis-
tically by the authors, collaborators and citizens through-
out the archipelago between 2006 and 2018 to identify key
aggregation areas for these species and to assess the range of
individual movements among islands and reefs. Opportunis-
tic records were sourced either from archival photographs or
newly captured images submitted to the authors by citizens
aware of the Seychelles Manta Ray Project (https://www.
mantatrust.org/seychelles).

Second, intensive surveying was conducted at the two
identified aggregation areas for reef manta rays. Three inten-
sive surveying periods were conducted at D’Arros Island by
the authors from the Save Our Seas Foundation—D’Arros
Research Centre and the Manta Trust during November
2013, 2016 and 2017 (Table 1). Surveys were conducted
at all times during the day (range 07:13-18:00) by between
two and five people, with surface-based searches averag-
ing 85 min (range 15-260 min), and manta dives averaging
56 min (range 16-162 min). Collected photo-identification
data were used to examine the number of unique individuals
visiting the area and their level of residency at this location.
Observations of manta behaviour were also recorded at ten
sites around D’Arros Island (Fig. 1C) during surface-based
and dive-based searches to examine patterns of habitat use.
A week-long pilot study was also completed by the authors
from the Island Conservation Society and the Manta Trust at
St. Francois Atoll (2-9 December 2017; Fig. 1D; Table 1) to
investigate the occurrence of manta rays at this location and
to examine their use of the lagoon within the Atoll. These
latter surveys were conducted by teams of two to five people
throughout the day (range 07:05-16:45), with surface-based
searches averaging 414 min (range 105-563 min) and manta
dives averaging 38 min (range 20-58 min).

Finally, a remote underwater camera system (hereafter,
MantaCam; described below) was used to continuously
monitor manta ray visits to a cleaning station at D’Arros
Island over a 2-month period (29 September to 27 November
2017). Data collected by MantaCam were used to identify
individuals visiting the cleaning station, monitor the fre-
quency of manta visits and examine the behaviour of indi-
viduals at this site.
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Fig. 2 Injury types recorded on reef manta rays (Mobula alfredi) in Seychelles. C: cephalic fin injury, D dorsal fin injury, G gill infection, P pec-
toral fin injury, 7 tail injury

Table 1 Location, year and

. Survey location (Island Group) Year Field days Surface Manta dives Approx.
duration of targeted manta ray searches search hrs
field surveys in Seychelles

D’Arros Island/ St. Joseph Atoll (Am.) 2013 20 24 24 47.2
2016 26 29 24 76.0
2017 28 28 35 70.3
St. Frangois Atoll (Alp.) 2017 8 6 8 53.5

Effort is summarised by the number of surface-based searches, number of dive-based searches (i.e. manta
dives) and hours spent conducting searches. Am. Amirante Group, Alp. Alphonse Group

The total combined count of identified individuals = MantaCam
across the three spatio-temporal scales of this study was
used to provide a minimum estimate of population size for =~ MantaCam was used to continuously monitor manta
manta rays in Seychelles. ray activity at a cleaning station located to the north of

@ Springer
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Fig.3 MantaCam (A; black arrows) was deployed on the northern edge of the manta ray cleaning station (B; white arrow) at D’Arros Island,
Seychelles, to remotely monitor manta ray visits to this location and to capture identification photographs. N north, S south

D’Arros Island (Figs. 1, 3) and to collect identification
photographs at this site in the absence of human pres-
ence (i.e. divers). The camera system consisted of a single
GoPro Hero4 (GoPro, California, US) with a Blink time-
lapse controller, which was attached by a USB splitter
cable to two Voltaic LiPo 44 Wh batteries with an ‘always-
on’ feature. The camera and batteries were housed within a
17 %29-cm PVC cylinder, which was sealed with a 2.3-cm-
thick acrylic lid with an O-ring and metal latches. The
time lapse for the GoPro was set to take an image every
10 s, allowing for deployment periods of approximately
48 h prior to battery depletion. Constant monitoring of the
cleaning station was made possible using two MantaCam
systems, whereby one camera was deployed as the other
was retrieved. This cycle was repeated during October and
November 2017.

MantaCam was deployed on the northern edge of the
cleaning station facing southwards (Fig. 3). The camera
was positioned at an upward angle from the sea floor
(~35°) to capture an image of the water directly above
the cleaning station and towards the surface of the water
column. All images captured during daylight hours were
analysed, and the number of photographs containing any
part of a manta ray was counted and used to record vis-
its. The frequency and duration of manta ray visits to the
cleaning station were measured using the timestamps on
collected photographs. A visit was deemed to begin with
the appearance of any part of a manta ray in a photograph,
and end 10 min after the last photograph of any part of a
manta ray was captured and all individuals were assumed
to have left the vicinity of the station. When MantaCam
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was able to capture an image of the ventral surface of a
manta ray, the individual was identified, and the sighting
recorded alongside those from the other surveys of this
study.

A current meter and a CTD probe (Valeport; Devon,
United Kingdom) were deployed approximately 15 m to
the north of the cleaning station at D’Arros Island and
within 10 m of MantaCam at a depth of approximately
20 m to examine possible environmental drivers of manta
ray visits to this site. Current speed (m s~!) and tempera-
ture (°C) records were collected every 15 min while the
logger was deployed (07-12 October, and 02—-28 Novem-
ber 2017) and data averaged over each hour of MantaCam
deployment. Tidal data were also collected at D’Arros
Island and used to calculate tidal range (m) and time rela-
tive to high tide (hours; h) at the cleaning station. Meas-
ures of tidal height were calculated using a tidal model
built with the Oregon State University Tidal Model Driver
(Egbert and Erofeeva 2002; J. Lea, pers. comm.). The
tidal model was based on the tidal harmonics recorded
at St. Joseph Atoll, and ground-truthed using in situ tidal
measurements using a U20-001 Water Level Data Logger
(Hobo, Bourne, MA). The model predicted tidal height
in metres every 10 min, and these data were also aver-
aged over each hour that MantaCam was deployed. All
aforementioned environmental and temporal variables
have been shown to influence manta ray visitation rates
and/or movement patterns in previous studies (Jaine et al.
2012; Rohner et al. 2013; Couturier et al. 2018) and were
included here to facilitate inter-population comparisons.
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Statistical analyses
Sighting frequency

Photo-identification and sighting data were managed using
an online database, through which summary statistics relat-
ing to individual sighting counts were derived. All other
analyses used R (version 3.4.1; R Core Team 2017). Chi-
squared tests were used to determine whether the propor-
tion of males and females, and/or the three maturity classes,
differed significantly across the three spatio-temporal scales
considered in this study.

Visits to the cleaning station

A generalised additive mixed model (GAMM) with a bino-
mial error structure was constructed using the package
mgcv (Wood and Wood 2015) to examine the influence of
current speed, water temperature, hour of day, tidal range
and time to high tide on the occurrence of manta ray visits
to the cleaning station (Table 2). Manta ray visits were
analysed on an hourly basis across MantaCam deploy-
ments over 26 survey days (02—27 November 2017). Each
hour per day (05:00-18:00) was assigned either a ‘1’ for
a visit occurring or a ‘0’ for no recorded visit, generating
a binomial dataset that was used as the response variable
within the GAMM. Given the restriction of MantaCam
data collection to daylight hours and the relatively short
(< 1 month) monitoring period of this study, a tensor prod-
uct smooth was fitted for hour of day and survey day num-
ber (numbered from 1 to 26) to consider potential interac-
tions occurring between the two. Hourly environmental

Table 2 Description of variables used included in binomial general-
ised additive mixed models (GAMMSs) considering the drivers of reef
manta ray occurrence (1 =present, 0=absent) at a cleaning station at
D’Arros Island, Seychelles

Variable Unit Average (min—max)

Hour (h)

*Survey day number Number

N/A (05:00~18:00)
N/A (1-26)
0.15 (0.02-0.43)

*Hour of day

Current speed Metres per second

(ms™)
Water temperature ~ Degrees Celsius ('C) 27.02 (23.54-28.55)
Tidal range Metres (m) 0.12 (0.46-1.88)
Time to high tide Hourly (h) relative to N/A (- 6.0-7.0)

most recent or next high
tide

A tensor product smooth (*) was fitted for hour of day and survey day
number to consider potential interactions occurring between the two,
the remainder of the continuous variables were fitted with a thin plate
spline (k=5). All models included an AR(l) correlation structure.
N/A represents variables where values are predetermined based on
the time of observation; averages are therefore not provided

data were then aligned with hourly visit data, where pos-
sible, and fitted into GAMMSs using thin plate splines
(k=35). This produced a dataset of 277 complete observa-
tions of the full suite of variables that were included in
the final GAMM. No strong correlation was found to be
present between any tested predictors (< 0.8; Sleeman
et al. 2010), and an AR(1) correlation structure was used
to account for temporal autocorrelation occurring in the
data (Zuur et al. 2009).

All potential combinations of predictor variables were
considered during the model selection process. Akaike’s
information criterion corrected for sample size (AICc) and
AICc weight (wAICc) were used to select the highest-
ranking model. The values of wAICc were able to vary
from O (no support) to 1 (complete support) for each model
(Ferreira et al. 2017). Models within 2 AICc units of each
other were considered to be equally ranked. When the
model with the highest support was equally ranked with
other candidate models, the model containing the lowest
number of explanatory variables (i.e. the most parsimoni-
ous) was selected to be most appropriate for the data. The
percentage of deviance explained by models (%DE) was
used as a measure of goodness of fit. The function ‘vis.
gam’ from the package mgcv was used to visualise the
summed effects of the tensor product smooth included in
the final GAMM. Contour values within this plot indicated
the predicted magnitude of the effect of the combined vari-
ables on manta ray visits to the cleaning station. Summed
effect plots were then compared to cumulative histograms
of manta ray visits to the cleaning station throughout the
full monitoring period (29 September to 27 November
2017) for further examination of visitation patterns.

Results
Overview

A total of 1582 sightings of 241 individual manta rays
were reported throughout Seychelles between July 2006
and December 2018 across the three spatio-temporal
scales of this study. Of these 241, only five individuals
were M. birostris (Fig. S1) and the remaining 236 were
M. alfredi (Table 3; Fig. 4). No melanistic or leucistic
individuals of either species were sighted. Given the dis-
proportionate amount of survey effort at D’Arros Island
(total =193.5 h) relative to the remainder of Seychelles
(St. Francois Atoll =53.5 h; rest of Republic = opportun-
istic sightings only), sightings are hereafter discussed
separately at the ‘Alphonse and other Island Group’ and
‘D’Arros Island’ scales.
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Table 3 Distribution of reef manta ray (M. alfredi) sightings recorded in Seychelles across three spatio-temporal scales and using varying survey

techniques (effort types)

Scale Effort type

Time frame and survey dates No. of sightings (% total)

No. of individuals
(no. of resighted)

Wider Seychelles Opportunistic +

1 x Survey (St. F)
Opportunistic +
3 X% Surveys

D’Arros Island

2006-2018

Survey (St. F): Dec 2017
2013-2018

Surveys: Nov 2013, 2016, 2017

160 (10.2%)

1076 (68.2%)

98 (46)

151 (114)

Cleaning station MantaCam

(D’Arros Island)
All records

29-Sep-2017 to 27-Nov-2017

341 (21.6%) 83 (51)

1577 (100%) 236 (157)

St. F St. Frangois Atoll

Fig.4 Discovery curve of reef

manta ray (M. alfredi) sightings

across all of Seychelles (green

circles), at D’Arros Island and 200
St. Joseph Atoll (Amirante
Group; blue diamonds) and at
St. Francois Atoll (Alphonse
Group; orange triangles). Light
blue shading indicates timing
of three November surveys at
D’Arros Island. Orange shading
indicates timing of the single
survey at St. Frangois Atoll
(survey details in Table 1) (col-
our figure online)

150

100

Number of Individuals

N
o

0f o

,,,,,,,,,,,,,,,,,,,,,,,, ®3-

2006 2008

Alphonse and other Island Groups
Oceanic manta rays

Only five sightings of M. birostris were recorded throughout
the study period (0.3% of total). All sightings of M. birostris
were reported in the Inner Island Group of Seychelles, and
none of the five identified individuals (three female, one
male and one unknown sex) that were cruising at the time
of each encounter were resighted (Fig. 5).

Reef manta rays

Sighting summary Excluding data from D’Arros Island,
a total of 160 sightings of 98 individual M. alfredi were
recorded across Seychelles, with the Southern Coral Group
being the only Island Group where no sightings were
reported (Fig. 5). Sightings of M. alfredi within the Aldabra
and Farquhar Groups comprised just 1.7% and 2.1% of the
identified population, respectively, and none of the indi-
viduals (n=4 and 5, respectively) in either region were
resighted. Of the 11 (4.7%) individuals sighted in the Inner
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Island Group, only one was resighted and this occurred
within 24 h of the first encounter. Excluding those manta
rays recorded at D’Arros Island, an additional 22 sight-
ings of M. alfredi were reported in the Amirante Group
at Desroches and Poivre Islands. The remaining sighting
records for 53 (22.5%) individuals were collected at St.
Francois Atoll (Alphonse Group), of which 33 (62.3%) were
resighted. Collectively, the 236 individual M. alfredi identi-
fied throughout Seychelles serve as a minimum estimate for
the total population size of this archipelago as of December
2018.

The largest aggregation of M. alfredi occurred at St.
Francois Atoll (Alphonse Group) on 19 December 2018,
where approximately 40 individuals were observed feed-
ing at the surface. The second largest event occurred at
D’Arros Island (Amirante Group) on 4 November 2017
when a group of 25 individuals were observed. The pilot
study conducted within the Alphonse Group in December
2017 over 8 field days contributed 43 confirmed sight-
ings of 29 individual M. alfredi to the Seychelles records.
Eighteen of these individuals were new to the database
at the time of the encounters (Fig. 4). In addition, three
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Fig.5 Summary of the distribu-
tion of oceanic (Mobula biro-
stris; white values) and reef (M.
alfredi; black values) manta ray
sightings throughout the Island
Groups of Seychelles. For M.
birostris, value indicates both
number of individuals and num-
ber of sightings recorded during
this study at the two Inner
Island locations. For M. alfred;,
bold value indicates number of
individuals sighted, and value in
parentheses indicates the num-
ber of sightings recorded during
this study. ‘x’ symbol is the
position of the main study site;
D’Arros Island and St. Joseph
Atoll. ‘"’ symbol indicates the
position of St. Frangois Atoll
(St. F)

M. birostris

ALDABRA:
4(4)

incidental sightings of M. alfredi within the St. Francois
Atoll lagoon system were noted. Poor water visibility
(< 0.5 m) prohibited the collection of in-water identifica-
tion images from this location, where observations of up
to 15 large M. alfredi (DW > 2.5 m) swimming in the main
lagoon channel and a small individual (DW ~ 1 m) feeding
within the northernmost lagoon were reported from the
field team onboard the survey vessel. The discovery curves
for the Alphonse Group, D’Arros Island and Seychelles as
a whole, have not yet reached an asymptote.

Sex and maturity Male and female M. alfredi sighted at
locations other than D’Arros Island were encountered at
similar frequencies (n=73 and 79 sightings, respectively;
7$=024, df=1, P=0.63). They also remained almost
equally represented within the identified population (n=43
and 48 individuals, respectively: )(2 =0.27,df=1, P=0.60).
Seven individuals (3.8%) were unable to be assigned a sex
based on the available photographs (Fig. S2). Mature (n =36,
36.8%) and sub-adult (n =40, 40.8%) individuals continued
to account for most of the identified M. alfredi population,
with a significantly lower proportion of juveniles (n=16,
16.3%) reported (;(2=10.78, df=2, P=0.005). The same
was true when males (n=43), whose maturity status is esti-
mated based on the length of the claspers, were considered
alone, with juvenile males (n=5; 11.6%) accounting for less
of the identified M. alfredi population (y*=11.35, df=2,
P=0.003) than sub-adult (n=15; 34.9%) or adult (n=23;
53.5%) males. Maturity status could not be assigned to six
individuals (6.1%).

INNER ISLANDS:
11(12)

3 Inter-Group
Movements

{f:;f/ D'Arros *
|

ALPHONSE:
56 (117)

Sighting frequencies for all individuals throughout
Seychelles varied from a single sighting to a maximum
of 61 re-sightings of an adult male between July 2012 and
November 2018 at D’Arros Island (Fig. S3; Table S1). The
most frequently sighted female was a sub-adult sighted
47 times between December 2015 and November 2017 at
D’Arros Island. Of the top 10 most re-sighted individuals
in this study, seven were males (Fig. S3; Table S1). The
longest time between two sightings of the same individual
was 2808 days (7.75 years), where a juvenile male was
first sighted at D’Arros Island on 9 August 2010 and next
resighted on 17 April 2018 at Poivre Island of the Amirante
Group. An updated maturity status was not determined dur-
ing the latter sighting.

Behaviour For M. alfredi sightings recorded away from
D’Arros Island (n=160), surface-feeding behaviour was
reported most frequently (n=135, 84.4%). Only five obser-
vations of somersault feeding were recorded, all of which
occurred at St. Francois Atoll (Alphonse Group; 3.1%),
including within the large feeding aggregation of 40 indi-
viduals sighted in December 2018. In addition, up to 15
individual M. alfredi were observed to surface-feed within
the narrow (<100 m wide), main channel of the St. Fran-
cois Lagoon on multiple occasions. On both rising and
falling tides, individuals were noted to orient themselves
against the prevailing current direction and maintained
their position in the fast-flowing water. Cruising behaviour
was observed during 17 of the 160 sightings (10.6%), and
cleaning behaviour was reported eight times (5.0%). As
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of December 2018, no records of courtship behaviour (i.e.
males pursuing females) currently exist for M. alfredi out-
side of the Amirante Group (described below).

Movements between Island Groups Three individuals were
recorded to move from the Amirante Group to the Alphonse
Group. All three of these individuals travelled a minimum
of 198+2 km from D’Arros Island to St. Francois Atoll
(straight line distance between sites), over time frames of
14-1624 days (Fig. 5). Return journeys were not observed
in any of these cases, and no additional movements of indi-
viduals between other Island Groups were recorded in this
study.

Injuries and anthropogenic impacts Thirty-eight (37.8%)
of the 98 individual M. alfredi sighted elsewhere than
D’Arros Island displayed an injury to their body. Males
(n=20, 47%) and females (n=16, 33.3%) displayed simi-
lar extents of injury. More adults (17 of 36 individuals,
47.2%) and sub-adults (15 of 40 individuals, 16.7%) dis-
played injuries than those of juveniles (10 of 35 individu-
als, 28.6%) (*=8.17,df =1, P=0.017 and y*=8.05, df =1,
P=0.005, respectively). There was no significant difference
in injury rates between sub-adults and adults (y*=0.125,
df=1, P=0.724). The occurrence and cause (i.e. natural
or anthropogenic) of injuries reported for these M. alfredi
were similar to those reported for individuals at D’Arros
Island (described below; Table S2). Injuries to the pectoral
fins were most common (present on 32.7% of individuals
sighted away from D’Arros), with the majority (75.7% of
affected individuals) being natural in cause. Anthropogenic
impacts were most frequently associated with cephalic fin
injuries (5.4% of injured individuals).

Four deceased M. alfredi were reported in the Victoria
Fish Market on Mahé Island (Inner Island Group) by col-
laborators during this study (Fig. 6). Landings occurred in
2015 (n=2), 2016 (n=1) and 2018 (n=1) and included
either finned individuals (n=2) or pieces of pectoral fin
(n=2). In addition, two lethal entanglements of M. alfredi
were reported from the Inner Islands: one involving a dis-
carded fishing line (March 2009), and the other, a mooring
line (December 2017).

D’Arros Island

Population size and composition

Collective survey efforts at D’Arros Island identified a total
of 157 individual M. alfredi. Of these individuals, 150 were
first sighted at this location (63.6% of Seychelles total) and

122 (78.0% of D’Arros total) have been resighted on at least
one occasion.
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Fig.6 Landings (top; © John Nevill) and lethal entanglements (bot-
tom; © Marco Christensen) of reef manta rays (M. alfredi) have been
reported in the Inner Island Group of Seychelles

Male M. alfredi were sighted more frequently than
females across surveys conducted at D’Arros Island (n =824
and 591, respectively; y*=38.37, df=1, P <0.001). Male
(n=179, 50.3%) and female (n=76, 48.4%) individuals
were almost equally represented within the population
(¥*,=0.06, df =1, P=0.81), and only two individuals (1.3%)
were unable to be assigned a sex (Fig. S2). Mature (n=75,
47.8%) and sub-adult (n=62, 39.5%) individuals repre-
sented the majority of the M. alfredi sightings recorded at
D’Arros Island, with a significantly lower number of juve-
niles (n=20, 12.7%) identified by all survey methods at this
location (;(2= 31.58, df=2, P<0.001). The same was true
when males (n=79) were considered alone, with juvenile
males (n=28; 10.1%) accounting for less of the identified
M. alfredi population (y>=22.35, df=2, P<0.001) than
sub-adult (n=29; 36.7%) or adult (n=42; 53.2%) males.
All individuals at D’Arros Island were assigned a maturity
status.

The relative abundance of different maturity classes
(juvenile, sub-adult and adult) did not differ by sex at
D’Arros Island (;(2, P> 0.05). In addition, there was no
significant difference in resighting rates between identified
males (n=66, 83.5%) or females (n="76, 73.7%; y*=0.04,
df=1, P> 0.43), or among juveniles (n=12, 66.7%), sub-
adults (n=47, 75.8%) and adults (n=63, 81.8%;)(z= 1.55,
df=2, P>0.46).
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Size distribution

Almost half (44.6%) of the M. alfredi identified at D’Arros
Island had disc widths of 2.5-3.0 m, with an average disc
width of 2.9+0.5 m (Fig. S4). Six individuals had disc
widths <2 m, the majority of them being males (n=4,
66.7%).The smallest individual, whose sex could not be
determined, was estimated to have a disc width of 1.5 m.
Females had a mean disc width significantly larger than that
of males (mean=3.06 and 2.82 m, respectively; t=—13.52,
df=121.71, P<0.001). A mature female was the only indi-
vidual to exceed a disc width of 4.0 m.

Patterns of habitat use

Surface-feeding accounted for 53.6% of the 1391 behav-
ioural observations of M. alfredi at D’Arros Island and
was recorded at all sites (Fig. 7). Feeding behaviour was
observed most frequently at sites towards the northeast of
D’Arros Island, with surface-feeding observed during 96.7,
97 and 100% of sightings of M. alfredi at the northern, north-
eastern and eastern sites, respectively. Courtship behaviour
was observed 22 times at the cleaning station to the north of

D’Arros Island, accounting for 3.7% of the total behavioural
observations recorded at this site. Cleaning behaviours were
observed 545 times (39.7%) along the northern shoreline
of D’Arros Island, most frequently at the cleaning station
(n=534). Cleaning behaviour was only reported once at
Airstrip North and eight times at Jetty (Fig. 7). Cruising
behaviour constituted 5.1% (n="70) of all behavioural obser-
vations at D’Arros Island and was most frequently observed
along the western and southern coastlines (range 2.5-16.7%
of records across sites).

Injuries and anthropogenic impacts

Almost half (n="76; 48.4%) of the individual M. alfredi
sighted at D’Arros Island had an injury to their body. Males
(n=35, 44.0%) and females (n=40, 52.6%) displayed simi-
lar extents of injury. Adults (41 of 75 individuals, 54.7%)
were more frequently injured than juveniles (6 of 20 indi-
viduals, 30.0%; ;(2=7.15, df=1, P=0.01), but there was
no significant difference in injury rates between sub-adults
(29 of 62 individuals, 46.8%) and either juveniles or adults
(#*=3.68,df=1, P=0.06 and y*=0.60, df=1, P=0.44,
respectively).

”\
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South

Cleaning
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Recorded Behaviours (%)

Cleaning

Fig.7 Proportion of occurrence and distribution of feeding, court-
ship, cleaning and cruising behaviour by reef manta rays (M. alfredi)
at 10 sites around D’Arros Island, Seychelles. Values within pie
charts indicate the total number of behavioural records collected at
each site. Eastern survey sites located within the channel between

D’Arros Island and St. Joseph Atoll (St. J). Colour allocations to
behaviours are described in figure legend. Drone images of D’Arros
and St. J courtesy and copyright of Drone Adventures for the Save
Our Seas Foundation
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Injuries to pectoral fins were most common, followed
by injuries to the tail and/or dorsal fin, gills and cephalic
fins (43.3%, 13.4%, 5.1% and 3.8% of those injured, respec-
tively; Table 4). Natural causes were responsible for most
injuries to these individuals (76.3%), with anthropogenic
threats (namely, damage caused by fishing line) accounting
for 3.9% of injuries. Injuries from a combination of natural
and anthropogenic causes were observed in four individuals
(5.3%), whereas the likely causes of injury were unknown
in 11 individuals (14.5%). Anthropogenic causes were most
frequently associated with injuries to cephalic fins.

Cleaning station
Sighting summary

MantaCam captured 203,277 photographs during the 599.5 h
that it was deployed and active at the D’Arros cleaning sta-
tion, of which 3146 (1.5%) contained images of M. alfredi.
These latter images contributed 341 confirmed sightings of
83 individuals to the Seychelles database (21.6% of total),
of which seven were new. No M. birostris were recorded at
the cleaning station by MantaCam. The largest number of
photographs containing M. alfredi collected during a single
day was 174 on 10 November 2017. The maximum number
of individuals estimated to be photographed by MantaCam
in a single day was 18 (27 November 2017). Of these, 15
were individually identified and three were unidentifiable.

Males (n=217, 63.6%) were sighted more frequently at
the cleaning station than females (n= 124, 36.4%; ;(2 =254,
df=1, P<0.001). In addition, the cleaning station was more
frequently visited by adult and sub-adult individuals, than by
juveniles (53.1%, 38.7% and 8.2%, respectively; y>=31.5,
df=2, P<0.001).

Visits of M. alfredi to the cleaning station lasted an aver-
age of 4.92+6.84 (S.D.) min, although visits lasting 1 min
occurred most frequently. MantaCam recorded a total of 392
visits by M. alfredi to the cleaning station during the full
deployment period (Fig. S5). The largest number of indi-
viduals recorded at the cleaning station at the same time was
seven (26 November 2017), and the highest number of visits

that were recorded in a single day was 14 by 13 individuals
(17 November 2017).

Behaviour at the cleaning station

Cleaning dominated behavioural records at the station
(90.7% of observations), although feeding, courtship and
cruising were also reported (3.1%, 3.7% and 2.5%, respec-
tively). Courtship had not been observed at this site prior
to the deployment of MantaCam in 2017. Images collected
by MantaCam were used to contribute 12 additional court-
ship events to the existing database of records at D’Arros
Island (Fig. S6), where only four observations of courtship
had been recorded during previous years. In some instances,
identification images were captured during courtship events
(Fig. S6A), allowing identification of participants. The larg-
est number of individuals observed engaging with each other
in a single courtship event was four (Fig. S6B), although
events involving only two (n=9) or three (n =2) individuals
were more common.

MantaCam captured images of one pregnant female
(DW =3.6 m) on 12 October 2017 (Fig. S6C). It is estimated
that this individual was in the fourth trimester of a 12-month
pregnancy based on the extent of the ventral stomach bulge
(Stevens 2016). In total, four pregnant females were identi-
fied throughout Seychelles during this study, and an addi-
tional 16 individuals were seen with mating scars on the tip
of their left pectoral fin. These individuals accounted for
17.4% of the population of female M. alfredi identified in
Seychelles as of December 2018.

Patterns of visits

The top-ranked GAMM explained 14.8% of the variation
in the visitation data and included only the tensor product
spline of time of day and day of survey as a driver of manta
visits to the cleaning station (Table 5). Current speed, water
temperature, tidal range and time to high tide did not have
a significant effect on the frequency of visits. Visits by M.
alfredi to the cleaning station varied significantly with the
hour of the day and were more likely to occur during the

Table 4 Distribution of injury
types throughout the reef manta
ray (M. alfredi) population

Suspected cause of injury
(no. of individuals affected, % of population)

identified at D’Arros Island, Damaged region No. of individu-  Anthro.  Natural Anthro. and natural Unknown cause
Seychelles, resulting from als (% popula-
anthropogenic (Anthro.), natural tion)
and unknown causes
Pectoral fin/s 68 (43.3) 2(1.6%) 53(41.7%) 4(3.1%) 7(7.1%)
Cephalic fin/s 6 (3.8) 2(1.6%) 2(1.6%) 2 (1.6%) 0 (0%)
Tail and/or dorsal fin 21 (13.4) 2(1.6%) 14 (11.0%) 0(0%) 53.9%)
Gill/s 8(5.1) 0 (0%) 6 (4.7%) 1 (0.8%) 1 (0.8%)
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Table 5 Top ten highest-ranked GAMMs for the influence of hour of
day and day of survey (h and 1-26, respectively; HID), current speed
(m s~!; C), temperature ('C; M), tidal range (m; R) and time to high
tide (h; T) on visits of manta rays to a cleaning station at D’Arros
Island, Seychelles

Model df AlCc AAICc  wAICc DE (%)
~HID+M 1521 32461 0.00 0.21 14.81
~HID 1343 32481 0.20 0.19 14.76
~HID+R 18.68  326.19 1.58 0.09 14.40
~HD+M+T 1638 326.67 2.06 0.07 14.27
~HD+C+M 1612 32681 220 0.07 14.24
~HID+T 1476 326.84 2.22 0.07 14.23
~HID+C 1432 32689 2.28 0.07 14.22
~HD+M+R 1993 32696 235 0.06 14.20
~HID+R+T 19.77 32821  3.60 0.03 13.87
~HID+C+R 19.61 32847 3.86 0.03 13.80

df degrees of freedom, AICc Akaike’s information criterion corrected
for sample size, AAICc change in AICc in comparison to the model
with lowest AICc, wAICc relative AICc weight, DE (%) percent devi-
ance explained by model. Bold text indicates selected top model

middle of the day (10:00-15:00) than in the hours following
dawn or preceding dusk (Fig. 8A). This pattern of visitation
was most consistent during the first 2 weeks of November
2017, with a greater amount of variation observed in the
visit times recorded during the last 2 weeks of the month
(Fig. 8A). The same pattern was also observed when M.
alfredi visits were considered cumulatively per hour over
all MantaCam deployments (29 September to 27 November
2017), where the majority of visits occurred between 10:00
and 14:00 (Fig. 7B).

Discussion

Sightings of manta rays in Seychelles recorded using photo-
identification techniques between 2006 and 2018 were domi-
nated by a relatively small, semi-resident, population of 236
individual M. alfredi. Only five M. birostris were sighted,
and always within the Inner Island group of Seychelles. The
combination of systematic survey efforts and opportunis-
tic capture of photo-identification photographs by citizen
scientists used in this study allowed for the first descrip-
tion of the population sizes of manta rays in Seychelles, the
connectivity of individuals between Island Groups of the
archipelago and examination of residency and habitat use of
M. alfredi at and around key aggregation areas. In addition,
the use of a remote underwater monitoring system combined
with environmental data allowed us to examine the driv-
ers of visits by M. alfredi to a cleaning station at D’Arros
Island. This study highlights the value in combining data
captured opportunistically by citizen scientists with that of
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Fig.8 Frequency of visits by reef manta rays (M. alfredi) to a clean-
ing station at D’Arros Island, Seychelles, recorded using a remote
camera system (‘MantaCam’), relative to time of day (h) and survey
day (2-27 November 2017; numbered 1-26; A). Contour lines and
associated values indicate the magnitude of summed effects of both
variables on the occurrence of manta rays at this site, ranging from
low (red), to average (yellow), to high (white). Cumulative number
of manta visits to the cleaning station across all MantaCam deploy-
ments are also presented (29 September (yellow) to 27 November
2017 (purple); B)

routine surveys—particularly across vast and remote study
areas—and provides important information regarding the
conservation needs of these globally threatened species in a
remote region of the Western Indian Ocean.

Amirante, Alphonse and other Island Groups

The population of M. alfredi identified across the islands of
Seychelles as of December 2018 is relatively small at 236
individuals, with the majority sighted within the Amirante
and Alphonse Groups (n=216, 91.5%), at D’Arros Island
and St. Francois Atoll, respectively. Similar population sizes
for M. alfredi have been observed in the archipelagic waters
of Hawai‘i and the Yaeyama Islands of Japan (290 and 300
individuals, respectively; Homma et al. 1999; Deakos et al.
2011). In contrast, a population of 4247 individuals has been
identified in the Maldives, located 2200 km to the north-
east of Seychelles (Stevens et al. 2018). To a large extent,
these differences in population size likely reflect the variable
spread of human populations (i.e. observers) and available
monitoring resources within Seychelles and the Maldives.
In the former, many Island Groups are remote and difficult
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to access (e.g. Aldabra), whereas in the latter, all atolls have
human settlements. In addition, there has been a targeted
manta research programme operating within the Maldives
year-round for over a decade and the economy of the country
is based, in large part, on marine ecotourism (Zimmerhackel
et al. 2018, 2019), creating an incentive to locate aggrega-
tions of manta rays (Anderson et al. 2011; O’Malley et al.
2013; Ward-Paige et al. 2013; Harris et al. 2020). The lack of
human access to other remote Island Groups in Seychelles,
where manta rays are known to occur, and the connectivity
documented between the D’Arros Island and St. Francois
Atoll aggregation sites, mean that our study has recorded
only a fraction of the population of M. alfredi likely to exist
in the Seychelles archipelago as a whole. It is also likely
that the aggregations in the Amirante and Alphonse Groups,
where our sampling effort was focussed, are larger than esti-
mated here, as discovery curves did not reach an asymptote
(Couturier et al. 2011; Deakos et al. 2011).

The few sightings of M. birostris in comparison to M.
alfredi is similar to other localities, including Hawai‘i,
French Polynesia, Australia and Fiji (Clark 2010; Carpen-
tier et al. 2019; Armstrong et al. 2020; Gordon and Vierus
2022). This could be due to the preference of M. birostris
to frequent oceanic environments and their transient use of
tropical coral reefs throughout much of their range (Carpen-
tier et al. 2019; Armstrong et al. 2020; Gordon and Vierus
2022). Conversely, these coral reef habitats are where M.
alfredi tend to aggregate and display high levels of site fidel-
ity (including in Seychelles); sites where increased numbers
of human observers also tend to be present (Couturier et al.
2012; Stewart et al. 2016, 2018; Armstrong et al. 2019; Peel
et al. 2019a). For the most part in Seychelles, sightings of M.
birostris appear to be serendipitous events, where observers
crossed paths with animals transiting coastal environments,
as was the case with all M. birostris sightings reported here.
Should aggregation areas for the species exist in Seychelles,
they likely occur outside of the boundary of our study.

Individual M. alfredi moved occasionally between
the Amirante and Alphonse Groups (~200 km) and not
between any other Island Groups in Seychelles (distances
ranging ~ 150-1100 km). Although our study was limited
by the small size of the photo-identification database from
Alphonse, this conclusion was supported by the results of
passive acoustic (Peel et al. 2020) and satellite telemetry
(Peel et al. 2019a) studies, which also indicate that this spe-
cies displays restricted patterns of movement within Sey-
chelles as a whole. Deep water (> 1000 m) occurs between
the Island Groups of Seychelles and is thought to act as a
barrier to the movements of M. alfredi (Deakos et al. 2011),
despite individuals displaying the ability to undertake large-
scale movements in locations including Japan, Indonesia and
eastern Australia (> 300 km; Homma et al. 1999; Germanov
and Marshall 2014; Jaine et al. 2014; Armstrong et al. 2019).
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It has been hypothesised that deep water may increase the
threat of predation (Marshall and Bennett 2010; Deakos
et al. 2011) and reduce the likelihood of encountering prey
in offshore locations (Gove et al. 2016). It is also possible,
however, that sufficient food availability and mating oppor-
tunities afforded to M. alfredi within these Island Groups
reduce the need for animals to transit the relatively large
distances between aggregation sites (Couturier et al. 2018),
resulting in the site fidelity observed here. Equally, for the
neighbouring Amirante and Alphonse Groups, the shallow
waters of the Amirantes Bank (<40 m) may temper the bar-
rier imposed by the deep water associated with their final
stage of transit to the Alphonse Group from D’Arros Island,
reducing the distance spent in potentially riskier waters from
200 km to < 100 km and increasing resource availability for
individuals visiting these two sites. Continued monitoring
of M. alfredi aggregations across the archipelago via photo-
identification, satellite telemetry and genetic analyses will be
required to confirm the full extent of population connectivity
exhibited among the Island Groups of Seychelles.

D’Arros Island

The resighting of 78% of individuals identified at D’Arros
Island on at least one occasion and the maximum resight-
ing frequency of 61 occasions reflect their fidelity to this
aggregation site and demonstrate the continued significance
of this location to M. alfredi in Seychelles. D’Arros Island
may provide critical habitat to M. alfredi on the shallow
Amirantes Bank (<40 m; Stoddart et al. 1979) and as well
as refuge for individuals across the extensive reef flats (Cou-
turier et al. 2014; McCauley et al. 2014; Germanov et al.
2019; Peel et al. 2019a). In addition, the presence of the
cleaning station may facilitate important social interactions
among individuals at this location (Deakos et al. 2011; Ste-
vens et al. 2018; Germanov et al. 2019). It is also possible
that the unique bathymetry of the relatively deep St. Joseph
Channel (60 m; Stoddart et al. 1979) between D’Arros Island
and St. Joseph Atoll enhances zooplankton aggregation at
this location, allowing for cost-efficient foraging (Anderson
et al. 2011; Armstrong et al. 2016). Regardless of the mecha-
nisms driving the observed residency patterns, the prolonged
and frequent visits of M. alfredi to this location highlight its
significance to this population.

Females and males were almost equally represented at
D’Arros Island. Equal sex ratios have been reported for
M. alfredi populations in Japan, Hawai‘i and the Maldives
(Homma et al. 1999; Deakos et al. 2011; Stevens et al.
2018), although higher proportions of males are observed
in Indonesia (1.42:1; Germanov et al. 2019) and higher
proportions of females are observed at Lady Elliot Island
on the Great Barrier Reef (1.32:1; Couturier et al. 2011).
The largest female bias has been reported in Mozambique
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(3.55:1; Marshall et al. 2011); however, it is likely that these
differences in demographic ratios are being driven by varied
survey methodologies and timing across manta aggregation
areas. For example, in the Maldives, male and female M.
alfredi were represented equally across the whole popula-
tion; however, a female bias was reported when only sight-
ings at cleaning stations were considered (Stevens 2016).
During periods of courtship and mating, this shifted towards
a male bias (Stevens 2016). In addition, while there was
no sex bias in the number of male and female M. alfredi
reported at Maldivian feeding areas overall, female individu-
als were sighted more frequently and tended to be bolder
than males, increasing the likelihood of missed sighting
opportunities for males during feeding aggregations given
their lower likelihood of returning to the site (Stevens 2016).
Collectively, these findings emphasise the importance of
year-round, multi-site sampling for studies of M. alfredi pop-
ulation dynamics and highlight the value of remote systems
such as MantaCam in capturing the sighting data required
to fully resolve the composition and habitat use patterns of
populations.

Adult and sub-adult M. alfredi comprised the majority
of the population at D’Arros Island and St. Joseph Atoll.
Juveniles were observed infrequently throughout the
wider region of Seychelles, with the smallest individual
(DW ~ 1.5 m) being sighted within the lagoon of the St.
Francois Atoll. Although this is a single sighting, lagoon
habitats are thought to provide refuges and food sources for
young M. alfredi (McCauley et al. 2014; Andrzejaczek et al.
2020), so this region may function as a pupping area for the
species in the Alphonse Group. In addition, the observation
of large numbers of individual M. alfredi feeding within the
main channel of the St Frangois Atoll lagoon suggests that
this locality may provide significant foraging opportunities
to individuals in the Alphonse Group. Further sampling at
St. Francois Atoll will be required to confirm or refute the
hypothesis that this location serves as a nursery area for M.
alfredi and to quantify the importance of the lagoon system
to the foraging ecology of the species.

Cleaning station

At the D’Arros Island cleaning station specifically, indi-
vidual M. alfredi were more likely to be sighted during the
middle hours of the day than that at dawn or dusk. A similar
visitation pattern has been reported for M. alfredi at clean-
ing stations at other locations around the world, including
eastern Australia, Indonesia, Mozambique and the Mal-
dives (Couturier et al. 2018; Setyawan et al. 2018; Venables
et al. 2020; Harris and Stevens 2021). This may be due to
the combined factors of cleaner fishes at cleaning stations
only being active during daylight hours (Potts 1973) and M.
alfredi having the ability to repeatedly, and significantly,

associate their space use with the distribution of blue-streak
cleaner wrasse (Labroides dimidiatus) and hard coral sub-
strate (Armstrong et al. 2021). In addition, such patterns of
visitation may be the result of the feeding behaviour of M.
alfredi. Stable isotope analyses have revealed that emergent
zooplankton comprises a large proportion of the diet of this
species at D’Arros Island (38%; Peel et al. 2019b) and in
eastern Australia (Couturier et al. 2013). The crepuscular
movement of these benthic zooplankton communities may
trigger foraging by M. alfredi at dawn and dusk (Armstrong
et al. 2016) and subsequently reduce the frequency of visits
by individuals to the cleaning station at D’Arros Island dur-
ing these times. Studies using passive acoustic telemetry
further support this hypothesis, with M. alfredi more likely
to be detected during the day than at night at D’Arros Island,
and elsewhere (Couturier et al. 2018; Setyawan et al. 2018;
Peel et al. 2019a). These telemetry data also overcome the
restriction of data collection by MantaCam to daylight hours,
providing insight into the patterns of movement of M. alfredi
throughout the full diel cycle.

Current speed, water temperature, tidal range and time
to high tide did not influence the frequency of M. alfredi
visits to the cleaning station at D’Arros Island. This was
unexpected given the importance of environmental driv-
ers at aggregation sites for M. alfredi on the Great Barrier
Reef (O’Shea et al. 2010; Jaine et al. 2012), in the coastal
waters of Mozambique (Rohner et al. 2013), in the Maldives
(Harris and Stevens 2021) and at D’Arros Island as a whole
(Peel et al. 2019a). In addition, in-water observations of M.
alfredi at the D’Arros Island cleaning station suggested that
current speed may influence how individuals visit this loca-
tion, with sightings frequently being reported at the onset
of, and during a slack tide under minimal current speeds
(L. Peel, pers. comm.). It seems likely, however, that the
relatively short (approximately 1 month) deployment period
of MantaCam contributed to our result. The fortnightly vari-
ation observed in M. alfredi visits during this study suggests
that tidal cycles may play a role in manta ray visitations to
cleaning sites; however, these patterns were unable to be
clearly resolved here. Furthermore, the ~85% of variance
yet to be explained by our model suggests that other factors
(e.g. prey distribution and availability) may also be playing a
role in how M. alfredi visit and use cleaning stations. Longer
MantaCam deployment times may be required to identify
important environmental drivers for M. alfredi occurring at
tidal and lunar scales (Couturier et al. 2018), to allow for
the variation occurring over these timeframes to be better
captured and understood.

Despite the short duration of sampling, the deployment
of MantaCam at the cleaning station to the north of D’Arros
Island quadrupled the number of courtship records for M.
alfredi at this location. Previously, courtship behaviour had
not been recorded at the D’Arros cleaning station, despite
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over 80 dive-based manta searches being completed at the
site and courtship often being recorded at cleaning sta-
tions for this species elsewhere (e.g. the Maldives, Hawai’i;
Deakos et al. 2011; Stevens et al. 2018). This finding sug-
gests that the significance of D’Arros Island to the courtship
and reproductive behaviours of M. alfredi were underesti-
mated by previous survey efforts. It also highlights the value
of using remote monitoring systems at key aggregation sites
for M. alfredi to examine patterns of habitat use (O’Shea
et al. 2010) and to increase the number of collected identi-
fication images. Despite only being deployed for 3 months,
sightings from MantaCam accounted for 22% of all sight-
ings in the database for Seychelles at the completion of this
study (December 2018). The ability of this camera system
to facilitate a rapid accumulation of data over a short time
frame underscores its value for establishing baseline popula-
tion estimates and documenting behaviours of manta rays in
remote locations.

Manta ray conservation in Seychelles

The current lack of a targeted mobulid fishery in Seychelles,
coupled with the remote nature of the archipelago and aggre-
gation areas, serves to protect local manta ray populations
from the pressures of increased human populations, develop-
ment and marine resource overexploitation that have resulted
in declining populations elsewhere (Lawson et al. 2017).
It remains important to recognise, however, that instances
of mobulid bycatch and entanglement do still occur, par-
ticularly around the populated Inner Islands where fishing
pressures are greatest, and that anecdotal records indicate
that manta rays were historically hunted for their meat in the
country (Keynes 1959). In addition, marine debris, including
fish aggregation devices and ghost nets, that pose an entan-
glement risk to manta rays may float into the Seychelles
EEZ from elsewhere in the Indian Ocean, further complicat-
ing the management of these populations (Weideman et al.
2023). Despite the increased human population, number of
water users (i.e. citizen scientists) and public awareness of
manta rays in the news and media in Seychelles (L. Peel,
pers. obs.), sightings of M. alfredi remain comparatively low
in the Inner Islands compared to those recorded across the
Outer Islands. Together with the entanglement and bycatch
observations presented here, this suggests that the M. alfredi
population may have been reduced within the Inner Islands,
emphasising the importance of conserving the aggregation
areas currently identified at D’Arros Island and St. Frangois
Atoll.

The isolated nature of the M. alfredi aggregations iden-
tified at the Amirante and Alphonse Groups provides an
important opportunity to both conserve manta rays in Sey-
chelles and gather important baseline information about
the biology and ecology of these animals in the absence of
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common anthropogenic disturbances. The increasing impact
of small fisheries in the Western Indian Ocean, however,
raises concerns about increasing anthropogenic threats to
M. alfredi aggregations at D’Arros Island and St. Francois
Atoll (Temple et al. 2019). Should demand for mobulid
products increase in the region, it is possible that these pre-
dictable aggregations could be readily and rapidly impacted
by targeted fisheries (Temple et al. 2019). With a relatively
small population in the tens of hundreds and for a species
with such a conservative life history, even small increases in
mortality from anthropogenic sources could quickly lead to
regional extinction (Couturier et al. 2012; Ward-Paige et al.
2013; Rohner et al. 2017).

This concern, alongside the findings presented here
for this small, semi-resident population, highlights the
importance of the Marine Spatial Plan announced by the
Government of Seychelles in 2020 (Government of Sey-
chelles 2020), which includes the designation of a Zone 1
(i.e. High Biodiversity Protection) Marine Protected Area
around D’Arros Island and St. Joseph Atoll and a Zone
2 (i.e. Medium Biodiversity Protection and Sustainable
Use) Marine Protected Area around St. Francois Atoll and
Alphonse Island. While the level of protection afforded to
manta rays within these areas will depend on the regula-
tions incorporated into their management, prohibiting their
capture and the implementation of safe ecotourism interac-
tion protocols (Venables et al. 2016; Murray et al. 2020)
would provide a significant improvement in conserving a
key manta aggregation area within the archipelago. Such
preemptive conservation measures would serve not only to
protect individuals of a globally vulnerable species from
future threat but also to prolong our ability to study this
population of M. alfredi, most notably within the other Outer
Island Groups in Seychelles, where similar significant, and
equally vulnerable, aggregations likely occur but have not
yet been surveyed. A better understanding of critical habitat
for M. alfredi in these areas could then be used to inform the
establishment of management strategies for aggregations of
M. alfredi occurring elsewhere in the Western Indian Ocean
and beyond.
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