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The globally endangered oceanic manta rayMobula birostris is believed to spend

significantly more time in the open ocean than in coastal areas. Nonetheless,

the Bird’s Head Seascape (BHS) in eastern Indonesia hosts a large population

of this species (over 850 individuals), frequently sighted at coral reef cleaning

stations and forming a vital asset for marine tourism in the region. Despite this,

detailed understanding of the movements and habitat use of this wide-ranging

specieswithin shallow (<30m) coral reef ecosystems remains limited. Addressing

this knowledge gap is urgently required for the sustainable management of

oceanic manta ray-focused tourism in the region. Here, we report the results

of an initial passive acoustic telemetry study investigating the use of coral

reef cleaning stations by oceanic manta rays. Forty-one rays were acoustically

tracked from February 2016 to August 2019 in an array of 28 acoustic receivers

deployed at known cleaning stations and hypothesized transit points across

the BHS (including the regions of Raja Ampat, Fakfak, and Kaimana). A total

of 5,822 detections were recorded by 16 of the 28 receivers from all tagged

individuals, and 421 visitation events were documented from 37 out of the

41 tagged individuals, providing valuable insights into their visitation patterns

at cleaning stations. Tagged individuals were detected at receiver stations for

durations ranging from 0.2 to 427.0min (mean ± SD = 48 ± 64min). Notably,

94% of detections were recorded during daylight hours (reaching a peak at

noon), underscoring an apparent diurnal pattern in time spent around cleaning

stations. The study documented frequent short-range movements between

adjacent receivers (5–12 km apart), with two-thirds of all 191 trackedmovements

occurring between neighboring stations in southern Raja Ampat. Notably, tagged

individuals were detected repeatedly at three cleaning stations which were

previously only known for hosting reef manta rays, suggesting oceanic manta

rays likely also utilize these cleaning stations. Our study provides important

insights into the visitations and local movements of oceanic manta rays between

coral reef cleaning stations, which will inform e�ective oceanic manta ray

conservation e�orts and tourism management in the BHS.
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1 Introduction

A comprehensive understanding of the movements and habitat
use of marine megafauna is critical to the success of efforts
to conserve and manage them (1, 2). The oceanic manta ray
Mobula birostris (Walbaum, 1792), which was recently uplisted to
Endangered (EN) on the IUCN Red List of Threatened Species, is
distributed circumglobally in tropical to temperate waters (3). This
wide-ranging species is considered highly migratory and is known
to undertake long-distance movements of up to 1,500 km in the
eastern tropical Pacific (4) and southwestern Pacific (5). Despite
this, a multidisciplinary study using satellite telemetry, genetic
analysis, and stable isotopes suggested that at three sites in the
Indo-Pacific (Sri Lanka,Mexico, and Raja Ampat in Indonesia), this
species exhibits restricted movements and fine-scale population
structure (6).

The majority of studies on the movement ecology of manta
rays, particularly those utilizing satellite and acoustic telemetry,
have focused on the reef manta ray (M. alfredi), which was only
removed from taxonomic synonymy with M. birostris in 2009
(7). The oceanic manta ray tends to spend more time in oceanic
environments, including offshore islands and seamounts (8, 9),
making telemetry studies more logistically challenging. Although
oceanic manta rays are generally thought to have less reliance
on shallow coastal ecosystems than reef manta rays, both species
are known to use coral reef cleaning stations (10–13), in some
cases in full microsympatry (14). At cleaning stations, manta rays
hover over reef patches and interact with cleaner fish species (e.g.,
Chaetodon kleinii, Thalassoma lunare, Labroides bicolor, and L.

dimidiatus) that feed not only on ectoparasites on their bodies but
may also feed on their mucus and skin, particularly around wounds
(15–17). Most studies on the use of manta ray cleaning stations
have focused on reef manta rays, which are known to frequent
cleaning stations for a number of purposes, including removing
parasites from their bodies and for social/courtship interactions to
seek mating opportunities (10, 18, 19).

The Bird’s Head Seascape (BHS) in West Papua (eastern
Indonesia) is home to large populations of both manta ray species
(11, 14), with aggregation sites distributed throughout the seascape.
The majority of the known manta ray sites are located within
the Raja Ampat archipelago (14), which is also known as the
global epicenter of tropical marine biodiversity (20–22). Given
these factors, marine tourism in the BHS has increased significantly
in the last two decades (23). In Raja Ampat, the high abundance
and frequent aggregations of manta rays, particularly at cleaning
stations, is a major attraction for most diving tourists vising the
region (24, 25). Despite the value of manta ray-based tourism being
one of the primary factors leading to the protection of manta rays
in Raja Ampat, controlling the rapid growth of tourism has also
become one of the key challenges in manta ray conservation and
management in the region (25).

Passive acoustic telemetry has been widely used across various
regions to study the residency, movement patterns, and site
fidelity of various marine megafauna, including hawksbill turtles
Eretmochelys imbricata (26), tiger sharks Galeocerdo cuvier (27),
and whale sharks Rhincodon typus (28). To date, the majority
of acoustic telemetry studies on manta rays have focused on

reef manta rays [e.g., (29–31)], with only one study investigating
oceanic manta rays (32).

While extensive studies have been conducted on the population
dynamics and movement of manta rays within the BHS,
particularly in the Raja Ampat region (33), only two studies
have specifically targeted oceanic manta rays. These studies have
employed photographic identification (11) and satellite telemetry
(6) to investigate population structure and spatial movements,
respectively. There is a need for more detailed knowledge of the
utilization of cleaning stations by oceanic manta rays to better
understand the ecological services provided by shallow coastal
ecosystems for this species. In Mexico, Domínguez-Sánchez et al.
(32) demonstrated the effectiveness of passive acoustic telemetry
in tracking the occupancy of oceanic manta rays. In Raja Ampat,
oceanic manta rays are frequently observed aggregating in groups
at cleaning stations on coral reefs and photo-identified individuals
exhibited a robust resighting rate of 28% (11, 14). Given these
considerations, we hypothesized that passive acoustic telemetry
could enable us to monitor the presence and movements of
oceanic manta rays throughout the Bird’s Head Seascape in eastern
Indonesia, especially at cleaning stations.

The primary aim of this study was to elucidate the residency
and site fidelity of oceanic manta rays at cleaning stations situated
on coral reefs, utilizing passive acoustic telemetry. Furthermore,
we explored the movement patterns of oceanic manta rays and
assessed the spatial connectivity among these cleaning stations.
The objective was to generate insights to guide the development
of effective management strategies for oceanic manta ray-focused
tourism within the Raja Ampat region and the broader BHS.

2 Materials and methods

2.1 Study region

The Bird’s Head Seascape (BHS) in eastern Indonesia,
recognized as an important tropical marine biodiversity hotspot, is
safeguarded by 26 marine protected areas (MPAs) (25). This region
is home to large populations of both manta ray species, which are
reported to be in a healthy state (11, 34). Importantly, the seascape
encompasses over 100 manta ray sites (e.g., cleaning stations and
feeding areas), where both species have been observed in varying
size of aggregations or as solitary individuals (14). In the BHS, our
research specifically targeted three regions: Raja Ampat, Fakfak,
and Kaimana (Figure 1), where oceanic manta rays have been
frequently sighted in aggregations, primarily at cleaning stations on
coral reefs, or occasionally observed in the open sea (14).

2.2 Passive acoustic telemetry

2.2.1 Acoustic receiver deployments
Passive acoustic telemetry involves three main components: the

target animals, acoustic receivers, and acoustic transmitters (35).
For this study, we utilized an array of acoustic receivers that was
already in place for a previous acoustic telemetry study on Raja
Ampat reef manta rays (30), and augmented the array by deploying

Frontiers in Fish Science 02 frontiersin.org

https://doi.org/10.3389/frish.2024.1432244
https://www.frontiersin.org/journals/fish-science
https://www.frontiersin.org


Setyawan et al. 10.3389/frish.2024.1432244

FIGURE 1

Locations of 28 VR2W acoustic receivers deployed in Raja Ampat, Fakfak, and Kaimana regions in the Bird’s Head Seascape, eastern Indonesia. (a)

Bird’s Head Seascape, including three study regions: Fakfak (in green); Kaimana (in blue), and Raja Ampat (in yellow), which consisted of three

subregions: northern (NRA), central (CRA), and southern Raja Ampat (SRA). Receiver locations are indicated by blue symbols in NRA, red symbols in

CRA, green symbols in SRA, yellow symbols in Fakfak, and white symbols in Kaimana. Diamond symbols indicate receiver deployed at a known

oceanic manta ray cleaning station; triangular symbols indicate receiver deployed at a known reef manta ray cleaning station with no prior

observation of oceanic manta rays, and circular symbols indicate receiver deployed at a strategic transit point for manta rays. Blue polygons denote

marine protected areas (MPAs) within the BHS MPA network; (b) Expanded view of 13 acoustic receiver stations in NRA and CRA; and (c) Expanded

view of seven acoustic receiver stations in SRA.
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additional acoustic receivers in the Fakfak and Kaimana regions, as
well as at two known oceanic manta ray cleaning stations in Raja
Ampat. In total, the acoustic array for this study was comprised of
28 VR2W acoustic receivers (Innovasea, Halifax, Canada) deployed
across three regions in the BHS: Fakfak, Kaimana, and Raja Ampat
(Figure 1). For the purposes of analysis, we further subdivided the
large Raja Ampat archipelago into three subregions of northern
Raja Ampat (NRA), central Raja Ampat (CRA), and southern
Raja Ampat (SRA; Figure 1). The acoustic receivers were divided
across (sub)regions as follows: NRA (n = 5); CRA (n = 11);
SRA (n = 7); Fakfak (FAK; n = 3); and Kaimana (KAI; n = 2).
Importantly, the receivers were deployed at all 11 known oceanic
manta ray cleaning stations in the BHS (nine of which also function
as cleaning stations for reef manta rays), as well as at four reef
manta ray cleaning stations (but where oceanic manta rays had
not been previously observed) and at 13 strategic transit points
where manta rays (especially reef manta rays) had been frequently
observed swimming past prominent geological features, such as
promontories or reef points exposed to strong currents.

The 28 acoustic receivers were deployed at depths ranging
from 10 to 40m and operated throughout the study period from
February 2016 to August 2019 (∼3.5 years), adhering to the
methodologies detailed by Setyawan et al. (30) and Setyawan
et al. (36). Each of these acoustic receivers, deployed ∼2m above
the substrate, was secured with cable ties to a buoyed mooring
that was attached to the substrate with mooring lines. The 15
receivers deployed at known manta ray cleaning stations were
each strategically placed within 20m of the actual cleaning station.
The acoustic receivers were periodically cleaned to remove any
fouling and the acoustic data were downloaded every 6 months.
The batteries of each receiver, which had an approximate lifespan of
15 months, were replaced every 12 months. To ensure the acoustic
transmitters were detectable by the receivers within a practical
range, a range test was conducted, revealing an estimated detection
radius of 150m, as reported by Setyawan et al. (30). Technically,
a transmitter was positioned in the water alongside a drifting
boat, carried by the tidal current. A handheld GPS was used to
record the timestamp and location of the boat. This data was then
synchronized with detections recorded by the receiver in Yefnabi
Kecil (Figure 1), and the distance to the receiver from the last
recorded detection was measured.

2.2.2 Acoustic transmitter deployments
To monitor the movement and residency of oceanic manta

rays, 41 individuals were equipped with Innovasea V16 acoustic
transmitters, which have an expected battery life of 1,358 days.
The deployment of these transmitters followedmethodologies from
previous studies that utilized the same type of acoustic transmitters
in this region (30, 36). Each transmitter, coated with ablative

silicone-based coating Propspeed
TM

to prevent marine fouling and
attached to a titanium dart tip with a 12-cm stainless steel tether,
was deployed while SCUBA diving using a pole spear to insert the
dart tip into the dorsal musculature between one pectoral fin and
the body cavity of the animal. The transmitters were deployed on
manta rays encountered at six oceanic manta ray cleaning stations:
Karang Bata (n = 6) and Blue Magic (n = 3) in CRA; Magic

Mountain (n = 22), Eagle’s Nest (n = 7); and Devil’s Kitchen (n
= 2) in SRA; and Mommon seamount (n = 1) in Fakfak region
(Supplementary Table 1).

Before the deployment of transmitters, identification photos
were taken of each individual when feasible, the sex of the
individuals was determined, and their disc width (DW) was
visually estimated (14). Sex determination relied on the presence
(in males) or absence (in females) of claspers. Mature males
were identified by large, calcified claspers protruding beyond the
posterior edge of the pelvic fins, while mature females were
recognized by the presence of mating scars or a pregnancy
bulge (10).

2.3 Data analyses

2.3.1 Visitations and movements of oceanic
manta rays

Acoustic detection data from all tagged oceanic manta
rays were downloaded and extracted using VUE software
(Innovasea, Halifax, Canada) for each acoustic receiver. The
dataset included transmitter IDs, timestamps of detections,
and metadata from the acoustic receivers (e.g., site name),
along with transmitter metadata (i.e., deployment time and
location, as well as sex and estimated disc width (DW)
of the animals) and additional receiver metadata (e.g.,
geographic coordinates).

The data were subsequently imported into the R statistical
environment (37) for further processing, which involved
formatting, filtering, and analysis. To ensure accuracy, the acoustic
detection data were filtered to exclude false-positive detections,
retaining only those from transmitters deployed for this study.
Detections logged by receivers before transmitter deployments
were also removed. To assess differences in the hourly mean
number of acoustic detections between daytime (06.00–18.00)
and night-time (18.00–06.00) across receiver stations recording
acoustic detections, we first conducted a Shapiro-Wilk normality
test to evaluate the distribution of the data, followed by an
F-test to assess the homogeneity of variances. Subsequently, an
unpaired two-sample Wilcoxon test was applied to determine
statistical significances.

To analyze the visitations andmovements of acoustically tagged
oceanic manta rays at receiver stations, the filtered data were
processed using the RunResidenceExtraction function from the
“VTrack” R package version 2.11 (38). From this analysis, two
metrics were extracted: residence events (visitation events) and
non-residence events (movement events). A visitation event, or
visit, was characterized by the detectability of an acoustically tagged
oceanicmanta ray within the detection range of an acoustic receiver
at a receiver station. This event commenced when at least two
acoustic detections from a tagged oceanic manta ray were recorded
by a receiver, concluding when the ray was not detected by the
receiver for a duration of 60min, or if it was detected at another
receiver station. Conversely, a movement event was identified by
the detectability of an acoustically tagged oceanic manta ray at two
acoustic receivers positioned at different sites, occurring when a
tagged ray was detected at one receiver station and subsequently
detected at another.
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To evaluate the level of visitation by each acoustically tagged
oceanic manta ray to and around receiver stations, the visitation
index (VI), also commonly known as the Residency Index [e.g.,
(36)], was calculated using the following formula:

VI =
No. of days a transmitter was detected by acoustic receiver array

No. days between tagging date and last detection
x 100

VI (in %) provides a quantitative measure of how frequently a
tagged oceanic manta ray visited areas in the vicinity of the receiver
stations, offering insights into their residency patterns within the
study area. In our study, we opted not to use the term “Residency
Index,” as this metric typically measures the residency of animals
within a specific area. Given the wide-ranging, oceanic nature of
the species in question, we deemed the term inappropriate for
describing their patterns of movement. Instead, we used the term
VI to describe this metric, as the oceanic manta rays are more
appropriately described as visiting the area rather than residing
within it.

We,moreover, used aDetection Index (DI; in %) tomeasure the
detectability level and relative prevalence of each acoustic receiver
within our array in recording detections from the tagged oceanic
manta rays. This index indicated the frequency of use for each
acoustic receiver by the tagged oceanic manta rays, showing how
often it recorded detections compared to others in the array. It
was calculated using the following formula as detailed in Setyawan
et al. (36):

DI =
The number of days a receiver recorded detections from transmitters

Receiver active monitoring period (days)
x 100

The “active monitoring period” of each receiver was defined
as the timeframe from the initial deployment date of the receiver
until 31 August 2019, or until the receiver was retrieved, if
earlier. Importantly, this period excludes any durations when
receivers at sites were inactive. Due to logistical challenges, such
as replacing stolen or damaged receivers in remote locations,
the deployment periods of acoustic receivers varied between
sites, resulting in intermittent gaps in the monitoring periods
(Supplementary Figure 1).

2.3.2 Movement network of oceanic manta rays
To analyze the movements and spatial connectivity among

receiver stations of acoustically tracked oceanic manta rays,
we constructed a movement network and visualized it using
the “igraph” R package (39). The network comprised nodes,
representing sites where VR2W receivers were deployed (receiver
stations), and edges, indicating the movements of the tagged
oceanic manta rays recorded between these sites (40). Edges were
weighted according to the proportion of movements recorded
during the tracking period, following the approach outlined by
Setyawan et al. (31).

To elucidate the network’s structure, we calculated metrics
at two levels: network level and node level, as described in
Setyawan et al. (31). Network level metrics assessed the connectivity
pattern among nodes and edges (41). These metrics included seven

measures: (1) the total number of nodes within the network, (2) the
number of connected nodes, (3) the number of edges between two
nodes, (4) the number of oceanic manta ray movements between
two nodes, (5) average path length (APL), (6) edge density, and (7)
network diameter. Edge density refers to the proportion of actual
edges out of the total possible edges in the network (42), APL
represents the average length of the shortest paths connecting all
nodes in the network (41), and network diameter is the longest path
between any two nodes, indicating the size of the network (43).
Node level metrics, which are also known as centrality measures,
detailed the relative importance and influence of individual nodes
within the network’s overall structure (44). These included: (1) in-
degree centrality, (2) out-degree centrality, (3) degree centrality, (4)
betweenness, (5) closeness, and (6) eigenvector, following Setyawan
et al. (31). The in-degree and out-degree centrality represents
the number of neighboring nodes connected by incoming and
outgoing edges, respectively (45). Degree centrality depicts the
number of nodes connected to a node, which include both the
in-degree and out-degree (46). Betweenness indicates the number
of shortest paths passing through a node, reflecting the extent
to which a receiver station was involved in the movements of
oceanic manta rays (47). Closeness measures the average distance
from a node to others, indicating its centrality within the network.
Eigenvector centrality assesses a node’s importance by considering
the centrality of nodes it is connected to (46). Both network and
node level metrics were calculated using functions available in the
“igraph” package.

3 Results

3.1 Passive acoustic tracking

The 41 tagged oceanic manta rays comprised 12 males (29%)
and 29 females (71%; Supplementary Table 1), all of which were
adults. The estimated DW of these individuals ranged from 3.2
to 5.5m (mean ± SD = 4.0 ± 0.4). Females (mean ± SD =

4.1 ± 0.4m) were slightly larger than males (mean ± SD = 3.8
± 0.4m). Between February 2016 and August 2019, a total of
5,822 acoustic detections were recorded by 16 of the 28 receivers
deployed across the Bird’s Head Seascape (BHS). These included
11 of the receivers deployed at known oceanic manta ray cleaning
stations, three receivers deployed at known reef manta ray cleaning
stations, and two receivers deployed at strategic transit points
(Figure 1). The majority of these detections (93.5%) occurred at
four sites (MagicMountain, Eagle’s Nest, Devil’s Kitchen, Southwest
Batbitim) around southeast Misool in the southern Raja Ampat
(SRA) and at one site (Blue Magic) in the central Raja Ampat
(CRA; Table 1, Figure 1). All the 41 deployed transmitters were
successfully detected by the receiver array (Supplementary Table 1)
and the number of days each of these oceanic manta rays was
detected ranged from 1 to 47 days (mean ± SD: 10 ± 9). The
tracking periods for the tagged manta rays ranged from 1 to 1,169
days (mean ± SD: 281 ± 299). Notably, 11 individuals (∼27% of
all tagged individuals) had transmitter retention times of at least 1
year, including two individuals tracked for more than 1,000 days
(Supplementary Table 1).
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TABLE 1 Summary of acoustic detections and visitation by tagged oceanic manta rays recorded between February 2016 and August 2019.

No. Receiver
site

Region N

detections
N

tags
N days
detected

Receiver
active
days

N visits Mean
visit

duration
(mins)

Max
visit

duration
(mins)

Detection
Index
(DI)

1 Magic
Mountain

SRA 1,726 28 107 831 39 46.9 344.7 12.88

2 Eagle’s Nest SRA 1,646 24 110 1,272 36 55.7 426.6 8.65

3 Devil’s Kitchen SRA 1,187 18 37 886 17 67.8 310.2 4.18

4 Southwest
Batbitim

SRA 515 10 21 959 15 74.7 248.7 2.19

5 Blue Magic CRA 369 15 44 1,094 16 27.1 159.5 4.02

6 Yefnabi Kecil1 CRA 92 4 10 1,305 5 31.3 101.8 0.77

7 Pelee’s
Playground

SRA 71 6 9 1,214 9 37.9 151 0.74

8 Mommon FAK 57 2 11 868 8 21.7 57 1.27

9 Karang Bata CRA 49 10 10 1,021 5 20.5 85.8 0.98

10 Fish Mount SRA 38 5 8 1,215 8 30.8 151.8 0.66

11 Pisang FAK 22 1 1 960 1 46.8 46.8 0.10

12 Rats Reef SRA 21 5 6 662 4 7.4 21.4 0.91

13 Wai1 CRA 18 5 8 763 5 3.4 5.1 1.05

14 Dayan1 CRA 6 1 3 742 2 1.4 1.7 0.40

15 Bambu• CRA 4 1 1 1,305 1 5.2 5.2 0.08

16 South Batanta• CRA 1 1 1 1,306 – – – 0.08

The acoustic detections were recorded by 16 of 28 acoustic receivers deployed in the Bird’s Head Seascape, eastern Indonesia.
1Indicates receiver stations at reef manta ray cleaning stations at which oceanic manta rays had not been previously sighted.
•Indicates non-cleaning station receivers that were placed at strategic sites to detect individual manta rays transiting through the Raja Ampat and Fakfak regions. All other receivers listed above

were deployed at known oceanic manta ray cleaning stations.

3.2 Visitations and site fidelity to cleaning
stations

The analysis of visitation events made by the tagged oceanic
manta rays resulted in a total of 421 visitation events from
37 of the 41 tagged individuals (Supplementary Table 1). It
also revealed a wide range of visitation durations at receiver
stations, from as brief as 0.2min to as long as 426.6min
(∼7 h; Figure 2), with an average visitation duration of 48.1
± 63.9min. That longest single visitation was recorded from
an individual ID#21575 at Eagle’s Nest in May 2019. On an
individual basis, the tagged oceanic manta rays visited receiver
stations up to 50 times (by a male individual ID#55478),
averaging 11 ± 11 visits, and were detected by as many
as nine different receiver stations with an average of three
stations (SD = 2; Supplementary Table 1). The mean duration
of these visitations to receiver stations by each individual varied
significantly, from 5.2min (by ID#55469) to 121.1min (by
ID#55482; Supplementary Table 1).

The VI for the 41 tagged oceanic manta rays spanned a
broad range, from 0.4 to 100% (Supplementary Table 1). Notably,
VIs of 100% were observed from six individuals tracked only
from 1 to 4 days. For individuals tracked for more than 1 day
(n = 37 individuals), the mean VI was 13.8% (SD = 24.2). In

contrast, for those tracked for over 1 year (n = 11 individuals),
the mean VI was only 2.05% (SD = 1.15). In addition to their
visitation patterns, the tagged individuals demonstrated site fidelity
to specific receiver stations (Figure 2). For example, ID#55478,
tagged at Magic Mountain in May 2016, was last detected in
July 2019, more than 3 years later. This individual periodically
returned and was detected 49 times by six receivers in southeast
Misool, southern Raja Ampat, showcasing a consistent pattern of
site fidelity.

The Detection Index (DI) for acoustic receivers across various
sites within the BHS demonstrated substantial variability (mean

± SD = 2.4 ± 3.6%; Table 1). Among the receivers recording
detections from tagged oceanic manta rays, the station at Magic

Mountain in SRA exhibited the highest DI, reaching 12.89%.

This was closely followed by Eagle’s Nest, also in southern Raja
Ampat, with a DI of 8.65%; both of these receiver stations were
placed at known cleaning stations for oceanic and reef manta
rays. In contrast, the receiver stations at South Batanta and
Bambu, both situated in central Raja Ampat, and both chosen
as strategic transit points (rather than known cleaning stations),
registered the lowest DI, each with only 0.08%. Within the
CRA region, the Blue Magic receiver station (a known oceanic
manta ray cleaning station) recorded the highest DI, accounting
for 4.02%.
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FIGURE 2

Visitation events of each tagged oceanic manta rays (n = 37) recorded at 15 of 28 receivers deployed across the BHS between February 2016 and

August 2019. South Batanta receiver station was excluded from this figure given only one detection recorded during the study period, which was

insu�cient to calculate a visitation event. (A) Visitation events recorded by each receiver for each individual, and the size of the bubbles indicates the

duration of visitation events; (B) visitation events recorded for each individual at each receiver station, and the size of the bubbles indicates the

duration of visitation events at the stations. In (A), bubble colors correspond to receiver stations as shown in the legend, and black vertical lines

represent deployment dates of each transmitter.
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Visitation metrics, including the number of transmitters
detected, the number of visitations, the number of detections, and
DI, identified Magic Mountain, Eagle’s Nest, Devil’s Kitchen, and
Southwest Batbitim as the most frequented sites in southern Raja
Ampat. Blue Magic emerged as the primary site in CRA visited
by the tagged oceanic manta rays (Table 1). The average visitation
duration at these sites varied, with the shortest mean time being
27.1min at Blue Magic and the longest being 74.7min at Southwest
Batbitim. Across all receiver stations, the average duration of visits
to known oceanic manta ray cleaning stations (49.3 ± 64.6min; n
= 405 visits) was substantially longer than to known reef manta
ray cleaning stations (18.0 ± 29.3min; n = 15 visits) and strategic
transit points (5.2min; n = 1 visit). Importantly, the acoustic
receivers placed at three cleaning stations previously known to host
only reef manta rays (Dayan, Wai, and Yefnabi Kecil) recorded a
total of 116 detections of tagged oceanic manta rays, with mean
visit durations of 1.4, 3.4, and 31.3min, respectively (Table 1). Both
Dayan and Wai were visited each by one tagged manta ray, while
Yefnabi Kecil was visited by four different oceanic manta rays.

3.3 Seasonal visitation and diel pattern

Throughout the study period, the majority of visitation events
took place within the 14 months following the deployment
of transmitters, particularly between May 2016 and July
2017 (Figure 2). During this period, five receivers (Magic
Mountain, Eagle’s Nest, Devil’s Kitchen, and Southwest Batbitim
in southeast Misool in SRA, and Blue Magic in the Dampier
Strait in CRA) recorded a substantial amount of acoustic
detections from 24 oceanic manta rays tagged in May-June 2016
(Supplementary Figure 2). Just over two-third of these manta
rays frequently visited multiple receivers in SRA. Among them,
five individuals subsequently visited the Blue Magic receiver
station in CRA in December 2016–April 2017, following their
initial visitations to receivers in SRA. In May 2017, two of these
five individuals were subsequently detected by the receiver in
Southwest Batbitim in SRA.

Throughout the year, the number of detections recorded
by all receivers was the highest in May (36.2% of all
detections; Supplementary Figure 3A). Seasonal patterns
of visitation were discernable among the top five receivers
(Supplementary Figure 3B) as well as between two subregions in
Raja Ampat (Table 1, Supplementary Figure 4). In SRA, visitations
to receiver stations predominantly took place from April to
December, accounting for 96.0% of all visitation events recorded
throughout the season in this southern region of Raja Ampat. In
CRA, visitation events generally occurred from December to April,
accounting for 82.3% of all visitation events recorded during the
season in this region. However, the number of visitation events
recorded in CRA (n = 62) was 82% lower than that in SRA (n =

350) during the study period.
The majority (94.2%) of detections across the study sites were

recorded during daytime hours. To assess the differences between
day and nighttime detections, we employed an unpaired two-
sample Wilcoxon test. A Shapiro-Wilk test indicated a normal
distribution of the data (p > 0.05), and an F-test revealed a

significant difference in variance between daytime and nighttime
detections (p < 0.05). Subsequently, the unpaired two-sample
Wilcoxon test demonstrated a significant disparity in the mean
hourly number of acoustic detections between daytime (mean ±

SD = 456.8 ± 241.5) and nighttime (mean ± SD = 28.3 ± 8.1),
with a p-value of <0.001.

During daytime, detections began increasing from 07:00,
peaked at noon, and then declined until 17:00 (Figure 3A). At
the site level, hourly detection patterns varied among the five
sites with the highest number of detections (Magic Mountain,
Eagle’s Nest, Devil’s Kitchen, Southwest Batbitim in SRA, and Blue
Magic in CRA). Specifically, Blue Magic experienced a surge in
detections (35% of all detections recorded at this site) early in
the morning (07:00–09:00); Devil’s Kitchen saw heightened activity
(42% of detections) from 11:00 to 14:00; Magic Mountain had
increased detections (59% of detections) from 10:00 to 15:00; both
Eagle’s Nest and Southwest Batbitim showed the highest number
of detections from 09:00 to 15:00 with 75 and 63% of detections,
respectively (Figure 3B).

3.4 Movement network and critical
aggregation sites

The movement network of oceanic manta rays was constructed
from 14 nodes and 52 edges, representing 191 movement events
made by the tagged oceanic manta rays between these nodes
(Figure 4). Only those receivers that were connected through
movement events made by the oceanic manta rays were used
to construct the movement network. This led to the exclusion
of Bambu and South Batanta in constructing a network with 14
nodes (Table 2). The average path length of the network was 2.027,
indicating the mean number of steps along the shortest paths for all
possible pairs of network nodes. The edge density, which measures
the relative density of connectivity in the network, was determined
to be 0.069. Furthermore, the network’s diameter—the longest of
all the calculated shortest paths in the network—was 4, suggesting
a moderate degree of separation between the furthest nodes.

The network exhibited varying degrees of centrality across
all nodes. Centrality measures at the node level identified five
critical sites within the movement network. In southeast Misool
(SRA), three receiver stations (Eagle’s Nest, Southwest Batbitim,
and Magic Mountain) were recognized as key nodes. Additionally,
in the Dampier Strait area of CRA, two receiver stations (Blue
Magic and Karang Bata) emerged as significant sites. These
nodes exhibited considerably higher values of degree centrality,
betweenness, closeness, and eigenvector compared to other nodes
in the study regions, indicating their pivotal roles in the network
(Table 2, Figure 4).

Movement events between receiver stations were recorded for
30 of the 37 oceanic manta rays that visited acoustic receivers
(Supplementary Table 1; the other seven manta rays only visited
a single station). The frequency of these movement events varied
significantly among the individuals. Manta ID#55478, a male
tagged at Magic Mountain in SRA, exhibited the highest activity
with 22 recorded movements, distinguishing this male individual
as the most mobile individual among those tagged. Furthermore,
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FIGURE 3

Detection records of oceanic manta rays at receiver stations by detection hour, between February 2016 and August 2019. Detections colored by

daytime (06.00–18.00h local time) and night-time periods (18.00–06.00h local time). (A) Total detections of all receivers by detection hour; (B) total

detections at the five sites which recorded the highest numbers of detections by detection hour. These sites included Magic Mountain, Eagle’s Nest,

Devil’s Kitchen, and Southwest Batbitim in southeast Misool (southern Raja Ampat) and Blue Magic in Dampier Strait (central Raja Ampat).
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FIGURE 4

Movement networks of oceanic manta rays acoustically tagged in the Bird’s Head Seascape between February 2016 and August 2019. Dots represent

receiver stations and are colored by region and subregion within the region: northern Raja Ampat (NRA, blue), central Raja Ampat (CRA, red);

southern Raja Ampat (SRA, green); Fakfak (FAK, yellow). Lines represent the movement of tagged oceanic manta rays between receiver stations.

Arrow heads on lines show the direction of movements between two receiver stations. (A) Geographic coordinate layout; (B) multidimensional scale

layout, showing only connected receiver stations (nodes). The size of nodes in (B) represent the degree centrality of each node (Table 2).

the distribution of movements across the acoustic receivers was
not uniform, revealing a tendency toward local movements,
particularly in SRA, where 157 movements (82.2%) were recorded.
Specifically, 64% (n = 122) of all recorded movements occurred
between neighboring acoustic receiver stations situated 5–12 km
apart within SRA. Within CRA, only 14 movements (7.3%
of all movements) were recorded among receivers in this
subregion. In the Raja Ampat region, only 15 movements
(7.9% of all movements) were recorded between receivers in
CRA and SRA.

In addition to local and regional movements in Raja Ampat,
the study also documented several long-distance movements in
the BHS. Notably, two female oceanic manta rays, ID#55464 and
ID#55479, tagged at Mommon seamount and Magic Mountain
respectively, undertook substantial journeys between Mommon
seamount in Fakfak and Blue Magic in CRA. These sites, both
recognized as cleaning stations for oceanic manta rays, are
separated by∼500 km over water (Figure 4).

4 Discussion

This is the first study to provide insight into the visitation and
movement patterns of oceanic manta rays at cleaning stations on
shallow coral reefs using passive acoustic telemetry in the BHS. The

results show that our hypothesis, that passive acoustic telemetry can
be used to track the presence and movements of oceanic manta
rays in this region, can be accepted. Our preliminary study serves
as a baseline for future research on the movement and residency
patterns of this species, not only in this region, but potentially in
other regions throughout its range. During ∼3.5 years of passive
acoustic tracking, we found that the average time spent by the
tagged oceanic manta rays around receiver stations was similar
to that by acoustically tracked reef manta rays in Raja Ampat,
with visitation durations of 48min (±64 SD) and 45min (±5 SD),
respectively (30). This indicates that in Raja Ampat, oceanic manta
rays used cleaning stations as intensively as reef manta rays.

4.1 Visitations and site fidelity to cleaning
stations

We found that the visitation index (VI= 13.8%) of acoustically
tracked oceanic manta rays in Raja Ampat and Fakfak, which is
similar to residency index (RI) in other studies, was markedly lower
than the RI of 21% reported for reef manta rays in northern Raja
Ampat (30). Our findings also revealed that the VI for oceanic
manta rays in our study region, based on individuals tracked
for more than 1 day (n = 35), is substantially lower than the
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TABLE 2 Centrality measures (node level metrics) of tagged oceanic manta ray movement network in the Bird’s Head Seascape between February 2016

and August 2019.

No. Node (Sub)
region

In degree Out
degree

Degree
centrality

Betweenness Closeness Eigenvector

1 Eagle’s Nest� SRA 6 10 16 0.290 0.067 1.000

2 Southwest
Batbitim�

SRA 8 5 13 0.149 0.059 0.906

3 Blue Magic� CRA 8 4 12 0.140 0.056 0.762

4 Magic Mountain� SRA 6 6 12 0.170 0.056 0.836

5 Karang Bata� CRA 4 4 8 0.109 0.048 0.458

6 Fish Mount� SRA 4 3 7 0.027 0.050 0.566

7 Wai1 CRA 3 3 6 0.006 0.045 0.466

8 Devil’s Kitchen� SRA 2 4 6 0.003 0.043 0.551

9 Pelee’s
Playground�

SRA 2 4 6 0.066 0.045 0.505

10 Rats Reef� SRA 3 2 5 0.007 0.042 0.469

11 Yefnabi Kecil1 CRA 2 3 5 0.051 0.048 0.352

12 Dayan1 CRA 2 2 4 0.007 0.040 0.233

13 Pisang� FAK 1 1 2 0.000 0.038 0.197

14 Mommon� FAK 1 1 2 0.002 0.036 0.136

The receiver sites are ordered by degree centrality (high to low).

Abbreviations in column “(Sub)region” represent central Raja Ampat (CRA), southern Raja Ampat (SRA), and Fakfak (FAK).
�Represents known oceanic manta ray cleaning station.
1Represents known reef manta ray cleaning station.

indices recorded for reef manta rays across various regions in the
Red Sea (39%) (48), Seychelle (61.9%) (49), British Indian Ocean
Territory (40%) (50), and the Maldives (29.3%) (51). However,
it was comparable to those recorded in southern Mozambique
(14.5%) (52) and Lady Elliot Island (15.3%) (53). Comparing within
the same species, the mean VI for tagged oceanic manta rays in the
BHS was slightly lower than that observed in Bahia de Banderas,
Mexico, which stood at 17.6% (32).

The observed low VI among tagged oceanic manta rays in
our study is likely attributable to the inherent natural behavior
of this species, which is characterized by a predominantly pelagic
distribution, in contrast to the more residential reef manta rays.
Oceanic manta rays are less residential and exhibit a larger home
range than reef manta rays (18). Moreover, oceanic manta rays,
being larger in size, have been documented to undertake longer
distance movements (4) compared to reef manta rays (54).

The pattern of visitations of oceanic manta rays to aggregation
sites in Raja Ampat and the broader BHS appears to be seasonal,
likely aligned with the regional monsoon cycles. In southern Raja
Ampat, the majority of detections coincided with the southeast
monsoon period from June to October, whereas in central Raja
Ampat, detections peaked during the northwest monsoon from
November to April (23). The reef manta rays throughout the Raja
Ampat archipelago showed localized movements and limited long-
distance movements based on a 5-year passive acoustic tracking
(31). In central and northern Raja Ampat, they displayed seasonal
and local movements between Dampier Strait and the western area
of Waigeo, where acoustic detections reached a peak in December-
April (during the northwest monsoon) and June-October (during

the southeast monsoon), respectively (30). All these suggest that
unlike reef manta rays that are residents to and can be found
throughout the year in Raja Ampat, the oceanic manta rays may
spend considerable periods in more pelagic zones, such as the
Seram Trough in the southeast of Seram Island (6), than coastal
areas, when they were not detected by our receiver array.

The seasonal nature of oceanic manta ray visitations implies
that they may not be permanent residents of Raja Ampat
or the broader BHS, frequenting the region primarily under
favorable environmental conditions. Notably, the number of
oceanic manta ray sightings in Raja Ampat, as recorded through
photo-identification, surged during the El Niño events of 2015–
2016 (11), and then dropped off. This pattern is consistent with
findings that both survival and per capita recruitment rates of
reef manta rays in Raja Ampat were significantly influenced by
the ENSO, particularly during El Niño phases (34). Comparable
effects of ENSO on oceanic manta ray presence were reported by
Fonseca-Ponce et al. (55) and Domínguez-Sánchez et al. (32) in
Bahia de Banderas, Mexico, where photo-identification and passive
acoustic tracking data indicated increased sightings of oceanic
manta rays during La Niña phases. Conversely, in the Revillagigedo
National Park, the apparent survival rate of oceanic manta rays
as estimated through POPAN mark recapture models was lower
during La Niña than that during El Niño in the eastern Tropical
Pacific (56). Additionally, oceanic manta rays in the BHS are likely
to use areas beyond the acoustic receivers’ detection range. For
instance, direct observations in the January–February timeframe in
the Dampier Strait revealed oceanic manta rays visiting cleaning
stations on coral reefs that do not have acoustic receivers. They were
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also observed foraging in locations distant from known cleaning
stations, further underscoring the species’ highly mobile nature (ES
pers. obs.).

For highly oceanic species, a low VI threshold might be
appropriate for indicating site fidelity. Our findings reveal that,
despite a low VI, the oceanic manta rays monitored via passive
acoustic telemetry in our study exhibited notable site fidelity
to specific receiver stations, predominantly located at cleaning
stations in both SRA and CRA, particularly within the Dampier
Strait (Figure 1). This pattern of return visits, especially evident in
oceanic manta rays whose transmitters were retained for over a
year, underscores the importance of these sites. For example, two
individuals (ID#55477 and ID#55478), with transmitter retention
times exceeding 1,000 days, demonstrated return visits to the same
or nearby cleaning stations in subsequent years (Figure 2A).

Site fidelity is a common behavior observed in both manta
ray species [e.g., (10)]. It is often shown to cleaning stations and
foraging areas [e.g., (30)], two critical habitats for the survival of
manta rays. In the case of oceanic manta rays that were photo-
identified in Misool (SRA), a resighting rate of 28% and an average
resighting span of 285 days (11) further indicate their site fidelity
to primary cleaning stations, such as Magic Mountain, where
our acoustic receivers were placed. Similarly, in Isla de La Plata,
Ecuador, oceanic manta rays displayed a 12.9% resighting rate,
indicating fidelity to cleaning stations in the island (12).

Tagged oceanic manta rays were detected repeatedly at three
cleaning stations (Wai, Dayan, and Yefnabi Kecil) in CRA which
were previously only known for hosting only reef manta rays
(14). This suggests that oceanic manta rays likely also utilize these
cleaning stations, and in the case of Dayan, one of us (CB, pers.
obs.) was able to confirm this with an observation of an oceanic
manta ray cleaning on the site, subsequent to our study. Indeed, a
number of the manta ray cleaning stations in Misool (e.g., Magic
Mountain, Southwest Batbitim, Devil’s Kitchen, Fish Mount, and
Eagle’s Nest) are known to host both species (14). Based upon the
current finding, at least eight manta ray cleaning stations in Raja
Ampat are utilized by both oceanic and reef manta rays.

4.2 Diel pattern at receiver stations

The predominance of daylight visitations to receiver stations by
oceanic manta rays tagged in Raja Ampat aligns with observations
from Bahia de Banderas, Mexico (32). The high number of
detections recorded during daytime could be attributed to the
activity of cleaner fish inhabiting cleaning stations, where the
overwhelming majority of acoustic detections were recorded (5,817
of 5,822 detections were from 14 acoustic receivers installed at
known cleaning stations). This diel pattern of daytime activity is
consistent with findings on reef manta rays in northern Raja Ampat
(30) and across the Indo-Pacific region (29, 48–53, 57).

This diel pattern of activity at cleaning station receivers might
also reflect a transition from shallow coastal waters during the
day to deeper or offshore waters at night to feed on vertically
migrating mesopelagic zooplankton. A study on satellite-tracked
oceanic manta rays in Peru by Andrzejaczek et al. (58) highlighted a
reverse diel vertical migration pattern, with individuals remaining

in coastal surface waters during the day and moving to deeper
waters at night. Oceanic manta rays were observed feeding in deep
waters in Revillagigedo archipelago, Mexico (59) and similarly in
Isla de La Plata, Ecuador, stable isotope analysis demonstrated that
oceanic manta rays’ main source of prey came from mesopelagic
habitats (60), further supporting the notion that deep-water
feeding, particularly on mesopelagic prey, is a common nocturnal
activity for this species. Isla de La Plata is located near the
continental shelf edge (with depths exceeding 3,000m within a
few kilometers of shore, facilitating the combination of deep-water
nighttime feeding and day time cleaning station visits (12).

The bathymetric conditions of the primary oceanic manta ray
cleaning stations in the BHS are similar. In SRA, the oceanic manta
ray cleaning stations are situated only 25 km from the Seram Sea,
which reaches depths of ∼2,000m (Figure 1). Additionally, the
Mommon seamount in Fakfak, located on the Seram Trough’s
edge, further exemplifies the strategic location of shallow cleaning
stations adjacent to deep waters. In CRA, the Blue Magic cleaning
station is similarly located close to the mouth of the Dampier Strait,
which plunges to over 1,000m deep. This proximity to deep waters
across various sites in the BHS likely facilitates the oceanic manta
rays’ access to off-shelf feeding grounds during nighttime.

4.3 Movements, critical habitats, and
spatial connectivity

The movement analysis revealed that the acoustically tracked
oceanic manta rays in our study exhibited both local and regional
movements between receiver stations (sites) across the BHS, with
the majority of movements recorded between cleaning stations in
SRA and CRA (Figures 1, 4). In SRA, the tracked oceanic manta
rays navigated among seven key sites: Magic Mountain, Eagle’s
Nest, Southwest Batbitim, Fish Mount, Rat’s Reef, Devil’s Kitchen,
and Pelee’s Playground. These sites, located within∼50 km distance
over water, are each recognized for their importance as cleaning
station aggregation sites.

Similarly, in CRA, local movements were observed among five
sites: Blue Magic, Karang Bata, Wai, Dayan, and Yefnabi Kecil,
underscoring a pattern of localized movement between cleaning
stations within both central and southern subregions in Raja
Ampat. This localized movement pattern is similar to findings from
a previous study by Setyawan et al. (31) on reef manta rays that also
utilized the same acoustic array, indicating a shared use of these
critical habitats by both species of manta ray. This connectivity
underscores the ecological significance of these cleaning station
sites as hubs of manta rays’ survival and health in Raja Ampat.

In our study, the greatest distance recorded between two
acoustic receiver stations for oceanic manta rays in the BHS
was ∼500 km. This surpassed the furthest distance recorded for
movement by a photo-identified reef manta ray in the BHS, which
was between two sighting sites separated by 297 km within the
Raja Ampat archipelago (14). It is important to note that the
maximum movement distance observed for oceanic manta rays
in our research was constrained by the spatial arrangement of
our acoustic receiver array in the BHS. In other global locales,
oceanic manta rays have been documented undertaking significant
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migrations. For instance, one individual traveled up to 1,500 km in
the eastern Pacific Ocean (4), while another journeyed ∼2,000 km
from the waters of New Zealand to Fiji (5). Furthermore, a juvenile
oceanic manta ray in the Red Sea was identified traveling a distance
of at least 525 km, as determined through photo-identification (61).

The movement network of acoustically tagged oceanic manta
rays showed high connectivity among cleaning station aggregation
sites, particularly those located close to each other in SRA.
However, connectivity between two subregions in Raja Ampat
was comparable to connectivity within CRA, as indicated by the
similar number of movements between these subregions (Figure 4).
This pattern of connectivity contrasts with the movement network
observed for reef manta rays in Raja Ampat, which displayed
distinct clusters between Misool (SRA) and the Dampier Strait
(CRA) with infrequent movements between these two subregions,
suggesting differing spatial dynamics between the two species (31).

The observed connectivity among habitats in Raja Ampat
and the broader BHS region implies the existence of a single,
interconnected population across the BHS. In fact, genetic analyses
of samples collected from across the species’ range have found no
evidence of population structuring, indicating a globally panmictic
population (62). At the site level, several cleaning station sites in
SRA (Eagle’s Nest, Southwest Batbitim, and Magic Mountain) and
northern Raja Ampat (BlueMagic and Karang Bata) were identified
as important nodes due to their high centrality measures as shown
by the high connectivity of these nodes to other nodes. This
indicates that these sites were highly influential and had central
roles in the local and regional movements of oceanic manta rays
in the Raja Ampat and the broader BHS. Some of these key sites
also correspond with receiver stations that exhibited the highest DI
among all monitored sites (Table 1).

Cleaning stations, situated on shallow coral reefs, are
ecologically important to the life cycle of manta rays, serving as
essential sites for parasite removal through symbiotic interactions
with cleaner fish (10). Cleaning stations are also pivotal for
facilitating social interactions, including courtship and mating
behaviors (13, 19, 63). Furthermore, access to warm waters when
visiting cleaning stations in shallow coastal areas is hypothesized to
enhance metabolic, digestive, and gestation rates, as observed for
other marine species such as leopard sharks (64) and stingrays (65).

4.4 Limitations of the study

Despite the ability to elucidate the use of particular habitats,
the use of passive acoustic telemetry only allows tracking of
animals that remain or return to the same area and within the
detection range of the acoustic receiver array (66). Consequently,
this methodology does not capture data on the movements of
acoustically tagged animals when they navigate between spatial
gaps unmonitored by our receiver array. Furthermore, the finite
and somewhat limited detection range of these receivers (measured
at 150m in our range test for this study) may compromise the
detectability of tagged oceanic manta rays. Additionally, the pattern
of detections recorded by our receivers could be affected by the
detection efficiency of the acoustic array. Detection efficiency
refers to the proportion of transmitted acoustic signals successfully

recorded by the receivers, and it can be influenced by various
factors, including environmental conditions, tag and receiver
specifications, and the physical characteristics of the study site
(67). In our study, the diel pattern of visitation to cleaning
stations by oceanic manta rays could be influenced by extreme
noise levels from coral reefs at night that dramatically reduced
the receiver performance (68), decreasing detection rates. Despite
this, the observed diurnal visitation pattern of oceanic manta rays
to receiver stations was sufficient to infer a primarily daytime
presence. This aligns with the reverse diel migration observed in the
Eastern Pacific, where oceanicmanta rays preferred surface habitats
during the day andmoved to deeper waters at night (58), suggesting
their presence at shallow coral reefs during the day.

Although the tagged oceanic manta rays were detected by
receivers deployed at cleaning stations, we are unable to say with
certainty if the rays were cleaning or just transiting near the receiver
when they were detected, as the acoustic transmitters used in
our study do not have the ability to detect manta ray behaviors.
However, the duration of visits, which was 48min on average at
known oceanic manta ray cleaning stations and only 5min at
strategic transit points, would strongly suggest that the manta rays
were indeed cleaning. Indeed, all 41 oceanic manta rays tagged for
this study were tagged at cleaning stations while they were engaged
in cleaning behavior.

The scope of this study is constrained by the nature of oceanic
manta ray interactions with coastal resources, which represent
only a fraction of their broader life history. Although we have
identified several cleaning stations, it is probable that other cleaning
stations frequented by oceanic manta rays remain undiscovered.
This limitation suggests that our findings may not fully describe
the species’ patterns of coastal area use in the BHS. Furthermore,
the subset of oceanic manta rays tracked using passive acoustic
telemetry in this study is significantly smaller than the total
number of individuals documented in the Raja Ampat region (11).
Consequently, the observed visitation and movement patterns may
not fully reflect the broader behavioral trends of the species in
the BHS.

In addition to limitation in spatial coverage, the variability in
deployment durations and periods of the acoustic receivers across
different cleaning stations introduces another layer of limitation.
This variability may hinder our ability to consistently monitor
and compare the movements and residency patterns of oceanic
manta rays across all identified stations over uniform periods
for a long period. The only period when all receivers, except
for the one at Magic Mountain, were active simultaneously was
between mid-February 2017 and mid-September 2017, ∼7 months
(Supplementary Figure 1). As such, the study’s insights into the
temporal dynamics of site fidelity and spatial usage by oceanic
manta rays should be interpreted with caution.

4.5 Conservation and management
implications

The frequent visitations of oceanic manta rays to cleaning
stations are of significant interest for the management of oceanic
manta ray-focused diving tourism in the Raja Ampat and Fakfak
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regions within the BHS. Given the critical role of cleaning stations
in the lives of oceanic manta rays, strict regulation of their
use for tourism is crucial. The adoption of standard operational
procedures—for example, restricting the number of divers and
snorkelers to a maximum of 20 individuals per site at any given
time—coupled with the enforcement of a code of conduct for
interactions with manta rays (69), as has been implemented at the
“Manta Sandy” reef manta ray cleaning station in Raja Ampat (70),
appears to mitigate overcrowding and enhance tourist satisfaction
(25). Such regulatory measures and enforcement protocols should
be extended to other cleaning stations frequented by oceanic manta
rays. Notably, manta ray-focused diving activities have already led
to significant coral reef damage around some cleaning stations such
as at Blue Magic and Magic Mountain (RM, pers. obs.), making
enhanced management of these sites even more important. We
note that with the five cleaning stations highlighted by our study
to be critically important nodes in oceanic manta ray movements
in the BHS (Eagle’s Nest, Southwest Batbitim, and Magic Mountain
in SRA, and Blue Magic and Karang Bata in CRA), consideration
should be given to seasonally or permanently prohibiting diving on
at least one important cleaning station in each region to ensure
oceanic manta rays have a “safe haven” for cleaning as manta
tourism continues to grow.

Our research further revealed the movements of tagged oceanic
manta rays through areas beyond MPA boundaries, underscoring
the looming threat posed by gillnet fisheries that are still operating
outside the MPA network in the BHS (25). Bycatch from gillnet
fisheries has emerged as one of the foremost threats to manta ray
populations globally (71). Incidental observations of manta rays
with partial net entanglement within CRA and SRA (unpublished
data) serve as a reminder of the dangerous interaction between
this endangered species and fishing activities. Understanding the
seasonal and spatial movements of oceanic manta rays beyond
current MPA boundaries is essential for identifying critical areas,
including foraging grounds, outside the BHS. Additionally, detailed
data on fisheries operating in these areas, particularly those using
gillnets or other gear that pose a threat tomanta rays, is crucial. This
includes assessing bycatch rates and pinpointing specific locations
where interactions between oceanic manta rays and fisheries occur.

Despite being fully protected in Raja Ampat waters (72) and
subsequently across Indonesian waters (73), there is an urgent need
for enhanced management and conservation efforts to safeguard
this globally endangered species. Importantly, all 14 known oceanic
manta ray cleaning stations in Raja Ampat and Fakfak are
protected from fishing activities within the existing BHS MPA
network; however, a coordinated approach for oceanic manta ray
conservation andmanagement at the provincial level is nonetheless
imperative. Such collaboration should involve local government
entities in Raja Ampat, Fakfak, and Kaimana, in addition to
the West Papua and Southwest Papua provincial governments
and should be aimed at mitigating threats including tourism
pressure, bycatch, and illegal fishing practices that jeopardize this
highly migratory and wide-ranging species. Although none of the
acoustically tagged oceanic manta rays were detected by acoustic
receivers in Kaimana, the inclusion of this area in conservation
strategies remains critical, as oceanic manta rays continue to be

sighted sporadically in Kaimana and there are ongoing reports of
occasional bycatch of this endangered species.

4.6 Future research

Future investigations should prioritize the establishment of
a comprehensive survey and monitoring initiative aimed at
delineating the distribution of critical habitats, including cleaning
stations and foraging areas, for oceanic manta rays across Raja
Ampat and the broader BHS as initially described in Setyawan et al.
(14). This initiative must incorporate the continuous collection of
photo IDs and sighting records to develop a robust catalog of the
regional oceanic manta ray population in the BHS. Such data will
facilitate assessments of population dynamics, including changes in
population size and other key demographic parameters like survival
and resighting rates (11, 34).

Future studies should also leverage satellite telemetry to delve
into the spatial movement ecology of oceanic manta rays within
the BHS. Although Stewart et al. (6) provided estimates of oceanic
manta ray home ranges in Raja Ampat using data from 10 pop-
up satellite archival tags, further investigation is crucial to assess
potential risks associated with wide range movements beyond
marine protected area (MPA) boundaries. This research is vital for
evaluating the adequacy of the existing MPA network in the BHS,
which is predominantly coastal, with none of theseMPAs extending
into oceanic habitats (25, 74). Employing satellite tags equipped
with Fastloc GPS combined with state space models will facilitate
the exploration of area-restricted search behaviors. This approach
enables the identification of important areas where oceanic manta
rays predominantly engage in activities likely related to foraging,
shedding light on their behavioral ecology [e.g., (36)]. Observations
of oceanic manta rays engaging in somersault feeding at the sea
surface in Raja Ampat (Indonesia) andHauraki Gulf (New Zealand;
ES and ME, pers. obs.), along with the enhanced location accuracy
afforded by Fastloc GPS, suggest the potential of using this type
of satellite tag to identify significant near shore areas for oceanic
manta rays (e.g., foraging grounds), typically situated offshore for
this species.

Investigating the environmental factors influencing sightings
and aggregations of oceanic manta rays at cleaning stations and
foraging areas will elucidate the underlying mechanisms driving
their presence at these key locations (32, 51, 55, 56). Furthermore,
employing species distribution modeling approaches to predict
the spatiotemporal distribution and habitat preferences of oceanic
manta rays in eastern Indonesia is also essential. Such models,
similar to those employed by Putra et al. (75), Lezama-Ochoa et al.
(76), Ozaki (77), and Garzon et al. (2), will provide invaluable
insights into the spatiotemporal distribution and conservation
priorities for this species.

5 Conclusions

This study represents the first in the Indo-West Pacific
to provide insights into the visitations and use of shallow
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coastal waters on coral reefs by oceanic manta rays, which are
generally thought to spend the majority of their time in oceanic
environments and deep waters. It highlights the utility of passive
acoustic telemetry in tracking the presence and movements of
oceanic manta rays visiting cleaning stations on coral reefs in
the BHS, suggesting this methodology may also be useful in
other coral reef areas which oceanic manta rays are known to
frequent. The tagged oceanic manta rays exhibited site fidelity to
cleaning stations, particularly those located in central and southern
Raja Ampat, with acoustic detections at these stations occurring
predominantly during daylight hours. Although relatively brief,
these visitations and the demonstrated site fidelity to shallow coral
reef cleaning stations underscore the critical importance of these
cleaning stations to the health of oceanic manta rays. Furthermore,
our findings on the seasonal visitation, site fidelity, and long-
distance movements across areas not protected by MPAs provide
essential information for improving the conservation management
of oceanicmanta rays in the BHS. Our studymoreover revealed that
three cleaning stations previously only known to host reef manta
rays likely serve as cleaning stations for oceanic manta rays as well,
bringing the number of known oceanic manta cleaning stations in
the BHS to fourteen. Finally, our study underscores the significance
of several cleaning stations in southern Raja Ampat (i.e., Eagle’s
Nest, Southwest Batbitim, and Magic Mountain) and central Raja
Ampat within Dampier Strait (i.e., Blue Magic and Karang Bata)
as pivotal nodes within the oceanic manta ray movement network
in the Raja Ampat region, suggesting these are particularly critical
habitats for oceanic manta rays in the BHS. The information
supplied by this study will be important inmanaging oceanicmanta
diving tourism in the region and in increasing the protection of this
species, especially in areas beyond existing MPA boundaries.
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