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1. The Chagos Archipelago's vast no-take marine protected area (MPA,
640,000 km?) provides refuge for elasmobranchs facing unsustainable depletion

by fisheries. Nonetheless, illegal, unreported and unregulated (IUU) fishing poses
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of local extinction. Therefore, the species' long-term movements and habitat use
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must be identified to help prioritize current enforcement activity and inform

2. Passive acoustic telemetry and modelled environmental data were used to
investigate variations in 42 tagged M. alfredi utilization of a meso-scale
aggregation hotspot, Egmont Atoll, between 2019 and 2022.

3. Mobula alfredi displayed the highest levels of residency ever reported (77%), with
prolonged absences (>2 months) limited to seven individuals. Egmont atoll was
used year-round, with activity peaks during the southeast monsoon (April -
November), particularly at sites on the southwest, while sites on the northwest
were predominately frequented in the northwest monsoon (December-March).
Tags were most likely to be detected when the Indian Ocean Dipole (IOD) was in
a positive phase with a greater mixed layer depth, associated with a depression of
chlorophyll « levels in the Indian Ocean. Thus, M. alfredi may be particularly reliant
on Egmont Atoll, where they are predominantly observed feeding, when prey
resources are limited elsewhere.

4. In aregion where the threat of fisheries is of increasing concern, the identification
of crucial M. alfredi habitats is essential for conservation management planning.
Given the significant role of Egmont Atoll for the local population, regular ITUU
enforcement patrols are crucial, particularly during the southeast monsoon. Any
future changes to the MPA should prioritize preserving and actively enforcing no-

take regulations at Egmont Atoll.
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1 | INTRODUCTION

The marine environment is under unprecedented pressure from ever-
increasing exploitation (Crowder et al., 2008; Silber et al., 2017), with
many marine species being driven towards extinction. Of particular
concern are those whose recovery is hindered by their conservative
life-history traits, including slow growth, late maturation and low
fecundity, such as elasmobranchs (Collins, Nuno, Benaragama,
et al, 2021; Collins, Nuno, Broderick, et al., 2021; Dulvy, Fowler,
et al., 2014; Fernando & Stewart, 2021; Stevens, 2016; Ward-Paige
et al., 2013). Many species are also under pressure from a multitude
of other anthropogenic threats, including human-induced climate
change, unregulated tourism, development and habitat degradation
(Carpenter et al., 2023; Harris et al, 2020; Murray et al., 2019;
Rohner et al., 2013; Stevens & Froman, 2018; Venables et al., 2016).

In the Chagos Archipelago, elasmobranchs are legally protected
from both targeted fisheries and most other anthropogenic threats as
the region is predominantly undeveloped and encompassed by a vast
(640,000 km?) no-take marine protected area (MPA) with on-site
enforcement (Hays et al., 2020; Sheppard et al., 2012). Nonetheless,
illegal, unreported, and unregulated (IUU) fishing is a common issue,
particularly for sharks and rays that are heavily targeted (Clark
et al., 2015; Collins, Nuno, Broderick, et al., 2021; Curnick et al., 2021;
Hays et al., 2020; Tickler et al., 2019). Estimates suggest up to 15,000
individual sharks are illegally caught per year across the Chagos
Archipelago (Ferretti et al., 2018). Data on rays is currently limited to
a single study that reviewed IUU photographic archives and found an
estimated 20 tonnes of mobulid rays on just seven illegal fishing
vessels (Harris & Stevens, in review). However, as only around 10% of
IUU in the MPA is detected (Jacoby et al., 2020; Price et al., 2010)
and due to the lack of systematic reporting and species-specific data
(Collins, Nuno, Broderick, et al., 2021; Ferretti et al., 2018; Harris
et al., in review), this is likely a vast underestimation (Harris & Stevens,
in review).

Despite 1UU, the current level of protection in the Chagos
Archipelago provides essential refuge for many species (Andrzejaczek
et al, 2020; Carlisle et al, 2019; Harris, 2019). However, the
establishment of this MPA has faced legal challenges from the
Mauritian government amid an ongoing sovereignty dispute with the
UK government over the archipelago (Strating, 2023). Mauritius
contends that the MPA encroaches upon their fishing rights, thereby
violating international law, and asserts that it should be revoked and
replaced with a new agreement that includes an MPA that is spatially
planned by Mauritius (Strating, 2023). Any changes to the MPA could
increase the susceptibility of elasmobranchs to target and non-
targeted fisheries throughout the region as well as other pressures
that threaten the species throughout the Indian Ocean. For example,

boat strikes and propeller injuries if there is an increase in boat traffic

(Strike et al., 2022) and damage from anthropogenic activities that
degrade habitats, such as anchoring on coral reefs or their intentional
destruction to allow boat access (Harris et al., 2020). One such
species is the reef manta ray (Mobula alfredi), a zooplanktivorous
elasmobranch species of the monogeneric Mobulidae family
(mobulids) (Hosegood et al., 2020; Marshall et al., 2009; Notarbartolo
di Sciara et al, 2020; White et al., 2017). Reported M. alfredi
populations throughout their Indo-West Pacific range are small
(typically a few hundred), geographically fragmented and often
isolated (Couturier et al., 2012; Hosegood et al., 2020; Humble
et al,, 2023; Kashiwagi et al., 2011; Whitney et al., 2023). Many of
these populations have faced declines, predominantly driven by
targeted and non-targeted fisheries (Rohner et al., 2013; Rohner et al.,
2017; Ward-Paige et al., 2013). As one of the least fecund of all
elasmobranchs, with the lowest intrinsic rate of population increase
(Dulvy et al., 2017), this declining trend will likely lead to local
extinctions (Dulvy, Pardo, et al., 2014; Marshall et al., 2022). To
mitigate the risk of fishing pressure in the Chagos Archipelago it is
essential to understand how M. dlfredi utilizes the marine environment
on multiple spatial scales to help prioritize current enforcement
activity and inform future spatial planning.

Investigation into the broadscale (>100 km) movements of
M. alfredi in the region using acoustic and satellite telemetry has
shown that the species migrate widely throughout the archipelago but
remain within the boundary of the MPA (Andrzejaczek et al., 2020;
Harris, 2019). Stable isotope analysis supports these findings and
indicates that individuals make frequent migrations between the atolls
(Harris et al., 2023). However, these studies do not provide sufficient
evidence for targeted management, for example, locations that should
be prioritized for enforcement patrols. Conversely, while a study of
fine-scale (<1 km) of M. dlfredi habitat, Manta Alley, Egmont Atoll,
helped to identify when aggregations were likely to occur (Harris
et al., 2021), which could be used for targeted management, it does not
take into account the potential network of important habitats that
likely exist nearby, similar to other M. alfredi populations (Harris &
Stevens, 2021). Based on the regularity that M. alfredi utilizes Egmont
Atoll in the southwest of the Chagos Archipelago, the atoll has been
identified as a key habitat for the species (Harris, 2019; Harris
et al., 2021). This meso-scale (30 km?) atoll has the highest documented
M. alfredi activity in the region (Harris et al., 2023). Therefore, there is
an urgent need for a more detailed understanding of the spatial and
temporal dynamics of M. alfredi utilization of this habitat to inform and
develop current and future protection strategies.

Here, passive acoustic telemetry and modelled environmental data
were used to investigate M. dlfredi use of Egmont Atoll to identify
annual and seasonal variations in visitation patterns and the intensity at
which the location is utilized and assess the environmental factors that

influence visitation patterns. This knowledge will enhance our current
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understanding of the M. alfredi population's ecology and movements in
the Chagos Archipelago and highlight areas of particular concern that
should be prioritized for current enforcement activity or future spatial

planning should the MPA be repurposed.

2 | METHODS

21 | Study location

Egmont Atoll, situated in the southwest of the Chagos Archipelago
(Figure 1), has an interior lagoon system that is partially separated
from the open ocean by reef crests and flats, with narrow connecting
channel systems (Harris et al., 2021). Multiple M. alfredi aggregation
sites are located around the atoll (Table 1), which include foraging

hotspots and cleaning stations (Harris et al., 2021).
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2.2 | Season classification

The Chagos Archipelago has two seasons, which can be characterized
by the reversal of southeast and northwest winds [hereafter, the
southeast (SE) monsoon and northwest (NW) monsoon, respectively].
However, the months these monsoons occur vary in the literature
(e.g., Bovalo & Barthe, 2012; Sheppard et al., 1999; Williamson
et al., 2020). Therefore, in the current study, the seasons were broadly
identified following Harris et al. (2020) and Anderson et al. (2011) using
hourly wind direction data (2010-2020) obtained from Meteoblue AG,
Basel, Switzerland (www.meteoblue.com). These data were used to
calculate the monthly wind direction as the percentage of days in a
month that the wind direction was predominantly south-easterly
(SE monsoon; 101.3-168.8°) and north-westerly (NW monsoon;
281.3-348.8°). Each month was then classified as either SE or NW

monsoon based on the highest monthly percentage of each direction.
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FIGURE 1 The Central Indian Ocean with the Chagos Archipelago vast (640,000 km?) no-take marine protected area indicated within the red
line (left inset). The Chagos Archipelago with Egmont Atoll indicated within the red circle (left). Egmont Atoll acoustic receiver locations (red dots)
during the northwest monsoon (top right), and the southeast monsoon (bottom right). The size of the red dots corresponds to the daily mean
number of detections per tagged reef manta ray (Mobula alfredi) that occurred at each location during each season calculated from the total
number of detections that occurred each day/the total number of active tags each day from which a seasonal mean was calculated.
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(Continued)

TABLE 1

No. times absent
from the array
(>1 day)

Max no.

No.

No.

Residency
index (Ig)

Max consecutive
days of absence

consecutive

detection
days

tracking
days

Date of last
detection

Date of first
detection

Deployment

date

Tag
ID

detection days

Maturity

Sex

Manta ID

89.2%

11/03/2020  11/03/2020 19/07/2020 130 116 72

Juvenile

M

57697

CG-MA-

0080
CG-MA-

HARRIS ET AL

97.2%

12/03/2020  12/03/2020 12/11/2020 246 239 193

Juvenile

F

57698

0054
CG-MA-

97.7%

175 171 64

04/09/2020

13/03/2020  13/03/2020

Juvenile

F

57699

0170
CG-MA-

100.0%

12/03/2020  26/03/2020 15 15 15

12/03/2020

F Adult

57700

0037
CG-MA-

100.0%

30 29

30

12/03/2020  12/03/2020  11/04/2020

Juvenile

F

57702

0167
CG-MA-

100.0%

13/03/2020  13/03/2020 31/08/2020 171 171 91

Juvenile

F

57703

0169

2.3 | Acoustic telemetry

Between November 2019 and March 2022, VR2W-69 kHz
omnidirectional acoustic receivers [InnovaSea Systems, Inc. (Vemco
Inc.)] were deployed at a total of 16 sites (Figure 1 and Table 2). The
utility function of each site (cleaning station or feeding area) was
determined by the predominant (250%) M. dlfredi activity observed
during in-water observations at the location (Table 2). Feeding and
cleaning behaviour were identified based on feeding or cleaning
activities as described by Stevens (2016). The initial acoustic array
was established in November 2019 and consisted of five acoustic
receivers (Harris et al., 2021). In March 2020, the array was extended
to 14 receivers at a mean spatial interval of 2 km around the outer rim
of Egmont Atoll. All receivers were deployed at depths ranging from
2 to 48 m above the seabed in waters between 10 and 65 m on the
reef flat close to the reef slope. The data was downloaded, and
the array was serviced in April 2021. Due to logistical constraints, the
receivers at East Lagoon Passage and Manta Alley had to be relocated
approximately 200 m shoreward; these locations were named East
Lagoon and West Lagoon, respectively. The data from all receivers
were downloaded again in March 2022. The receiver at lle Sudest and
lle Sipaille North could not be recovered, and the receiver at lle
Lubine stopped recording in October 2021. Acoustic tags were
detected  within
mean = 162 + 31 m (SD, n = 14) as determined by range testing

approximately 160 m of the receivers:
(Harris et al., 2021). Due to the remoteness of Egmont Atoll and the
logistical challenges of working in the region, range testing could not
be compared under different environmental conditions.

During the same period, a total of 42 Innovasea (Vemco) V16-4x
acoustic transmitter tags [InnovaSea Systems, Inc. (Vemco Inc.)] were
deployed on 26 females (adults = 9, juvenile = 17) and 16 males
(adults = 7, juvenile = 9) M. alfredi (Table 1) using a modified
Hawaiian hand sling while freediving. All tags were tethered to a
titanium anchor (Wildlife Computers) with a small diameter stainless
steel cable and programmed to transmit a unique acoustic signal at
random intervals between 30 and 90 s at 69 kHz. Before being
tagged, each individual's unique ventral spot pattern was
photographed for identification, and their sex and visually estimated
size class, which acts as a proxy for maturity, were recorded. Sex and
maturity in males were determined by the presence of claspers, which
are not present in females (Stevens, 2016). Males with completely
calcified claspers that extended past the pelvic fins were deemed
mature (Stevens, 2016). Females were deemed mature if they were
visibly pregnant, if they had mating wounds or scars or if they had a
disc width greater than 320 cm (Stevens, 2016). All activities were
approved by the University of Plymouth Animals in Science Ethics
Committee under permits ETHICS-24-2019 and ETHICS-37-2020.

24 | Acoustic data analysis

All tag detection data were imported into VUE software (version

2.8.1) and filtered for active tags. The false detection analyser was
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(Continued)

TABLE 2

Max

Mean

No. days

No. days
recording

(NW

resident
event
(min)

No. of resident

tags

recording

(SE

Total no.
days

Predominant site

event (mean
min £ SD)

Retrieved

Deployed
(start date)

function and % of

observation

Seasonality
(monsoon)

SE

HARRIS ET AL

detected

monsoon)
494

recording  monsoon)
347

841

(end date)

Site description

Site Name

323

39

07/03/2022

Feeding area 19/11/2019

Shallow (< 15 m) reef

lle Sipaille*

(99%, n = 67)

flat close to drop-off

227

25

253

142

395

11/04/2021

Feeding area 11/03/2020

Shallow (< 15 m) reef

SE

lle Sipaille

(99%, n = 37)

flat close to drop-off
Shallow (<10 m) reef

North
lle des Rats*

195

483 36

246

729

12/03/2022

11/03/2020

Feeding area

SE

(98%, n = 51)

flat close to drop-off

Note: Total recording duration (days) is followed by the number of days each acoustic receiver was recording during the NW and SE monsoons, as identified in the current study. Site names followed by an
asterisk (*) indicate those that were active throughout Period 2 (11 March 2020 to 11 April 2021) and Period 3 (12 April 2021 to 14 March 2022). Predominant site function shows the function of the site

followed by the percentage of in-water observations where this behaviour was recorded in parentheses.

then applied to identify false detections, using a ratio of short
(<30 min) and long (>12 h) periods between detections calculated
from the time between detections on each receiver (Harris
et al., 2021; Simpfendorfer et al., 2015). All detections that appeared
to be false were removed from further analysis.

Overall residency of individuals to Egmont Atoll, a residency
index (Ir), was calculated using the following formula (Afonso
et al., 2008; Harris & Stevens, 2021), modified to begin the detection
period from the date of deployment rather than the date of the first
detection. Results range from 0% (no residency) and 100% (absolute
residency). While there are other formulas that can be used to
calculate residency, this one was chosen as it allowed comparison
with other studies that used the same approach (Appert et al., 2023).
To reduce bias associated with a low number of tracking days, tags

with track lengths <7 days were excluded from Ig analysis.

Number of days detected

= 100
Number of days from deployment to last detection + 1 x

Ir

Variations in visitation patterns were investigated in terms of tag
detections and resident events [Vtrack R package (Campbell
et al.,, 2012) in R 4.2.2 (R Core Team, 2023)]. A resident event was
identified when two or more consecutive detections occurred within
60 minutes at a single receiver and concluded at the time of the last
detection when no further detections occurred in that timeframe or
when the tag was detected by another receiver (Harris et al., 2021).
When a tag was not detected on the acoustic array for >1 day, the
individual was considered absent from Egmont Atoll. The total
number and duration of absences for each tagged M. alfredi was
calculated. Absences were classified as extended if they were above
the average duration for all individuals.

To reduce bias that may arise from the fluctuating number of
active tags due to staggered deployment and various tag retention
times, subsequent analysis was based on the daily number of active
tags, including those with track lengths <7 days (Table 1). The daily
number of active tags was calculated from the cumulative daily number
of tags deployed minus the cumulative daily number of tags lost. A tag
was considered active from the date of deployment and lost after the
last recorded detection as of the most recent data download (March
2022). The last recorded detection is a conservative estimate of tag
retention time as M. alfredi sometimes emigrate away from areas for
long periods. For example, at Egmont Atoll, a tag that was thought to
have failed as no detections occurred between its deployment in
November 2019 and when data were downloaded in March 2020
(Harris et al., 2021) was subsequently detected 169 days later (Table 1).

A Welch's ANOVA was used to investigate whether the daily mean
number of detections and daily mean resident event duration per
tagged M. dlfredi (number of detections a day or total daily resident
event duration a day/the number of active tags on that day) varied for
the whole of Egmont Atoll and/or at each individual site by
demographics, seasons and years. To investigate whether resident
events varied by demographics at each site, a Welch's ANOVA was
used to compare overall mean resident event duration at each of the
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16 locations by sex and maturity. For seasonal analysis, the daily mean
number of detections and daily mean resident event durations per
tagged M. dlfredi between the SE and NW monsoon (daily mean
number of detections or daily mean resident event durations per tagged
M. alfredi / total number of days in SE or NW monsoon) were
compared. For annual analysis, detection data were divided into three
periods: Period 1 = 19 November 2019 to 10 March 2020, Period
2 = 11 March 2020 to 11 April 2021 and Period 3 = 12 April 2021 to
14 March 2022, due to the variation in number and locations of
acoustic receivers (Table 2). The daily mean number of detections per
tagged M. alfredi and the daily mean resident event durations were then
compared between Periods 2 and 3 [daily mean number of detections
or daily mean resident event durations per tagged M. dlfredi/total
number of days in Period 2 or 3 (Period 1 was excluded as only five
acoustic receivers were active for 4 months)]. A Welch's ANOVA was
applied to only the detections recorded by acoustic receivers that were

continuously active during both periods (n = 9, Table 1).

2.5 | Boosted regression trees

The relationship between environmental variables and visitation
patterns of tagged M. alfredi to Egmont Atoll was investigated using
boosted regression trees (BRT). BRT is an advanced machine learning
technique that constructs and combines numerous relatively simple
decision trees in succession to fit the residuals from each preceding
tree (Elith et al, 2008). This modelling technique circumvents

autocorrelation by randomly selecting (without replacement) a
proportion of the data at each iteration and has several other
advantages, such as being able to fit complex, nonlinear relationships,
model interactions between response variables and not requiring
assumptions about the residuals of the model (Derville et al., 2016;
Elith et al., 2008).

Model results provide the relative importance of predictor
variables calculated by averaging the frequency with which a variable
is selected for splitting and the squared improvement resulting from
these splits (Elith et al., 2008), which is then scaled 100% across all
the variables (Elith et al., 2008). Predictor variables with higher
percentages suggest a greater effect on the response variable (Elith
et al,, 2008).

The response variable was the daily mean number of detections
per tagged M. adlfredi recorded by all acoustic receivers from
11 March 2020 to 11 March 2021 (365 days), which had the most
comprehensive spatial coverage of the atoll. Six predictor variables
(Table 3) that have been suggested to influence M. alfredi
occurrence in the region were included: moon phase, ocean current
direction and speed, sea surface temperature (SST), mixed layer
depth (MLD) and the Indian Ocean Dipole (IOD) (Harris, 2019;
Harris et al., 2023, 2021; Harris & Stevens, 2021; Robinson
et al,, 2023; Stevens, 2016).

Daily fraction of the moon that was illuminated was obtained from
the United States Naval Observatory (https://aa.usno.navy.mil/data/
MoonPhases). Daily current direction, current speed, SST and MLD

were obtained for Egmont Atoll from Copernicus Marine Service's

TABLE 3 Description of predictor variables included in boosted regression trees analysis of the daily mean number of detections per tagged
Mobula alfredi recorded by all acoustic receivers at Egmont from 11 March 2020 to 11 March 2021 (365 days) are described.

Predictor No.

1 Mixed layer depth m 19.7

2 Moon phase % 0.5

3 Current speed m.s~ 0.24

4 Current direction °(N) 182.10

5 Temperature °C 28.40

6 Dipole Mode Index (DMI) °C 0.02

Predictor Unit Mean

Description

Depth at which the density increases by 0.1 kg m® (0.2°C)
relative to 10 m below the surface extracted from
Copernicus Marine Service's MyOcean Viewer (https://
marine.copernicus.eu/access-data/myocean-viewer).

Daily fraction of the moon that was illuminated obtained from
the United States Naval Observatory (https://aa.usno.navy.
mil/data/MoonPhases).

Daily depth-mean (50 m) calculated eastward (u) and
northward (v) components extracted from Copernicus
Marine Service's MyOcean Viewer (https://marine.
copernicus.eu/access-data/myocean-viewer).

Daily depth mean (50 m) calculated eastward (u) and
northward (v) components extracted from Copernicus
Marine Service's MyOcean Viewer (https://marine.
copernicus.eu/access-data/myocean-viewer).

Daily depth-mean (50 m) calculated from data extracted from
Copernicus Marine Service's MyOcean Viewer (https://
marine.copernicus.eu/access-data/myocean-viewer).

Weekly difference between the southeastern and western
tropical Indian Ocean SST anomalies (Saji &
Vinayachandran, 1999) obtained from the Bureau of
Meteorology, Australia [Climate monitoring graphs (bom.
gov.au)] and linearly interpolated into a daily time scale.

Note: Mean values are those that are maintained for partial dependency and interaction plots.
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MyOcean Viewer (https://marine.copernicus.eu/access-data/myocean-
viewer). For ocean current data, eastward (u) and northward (v)
components were extracted, and a depth mean was calculated for the
top 65 m of the water column, corresponding to the maximum MLD
observed, and then converted to current direction (°) and current speed
(m-s~1). SST was also calculated as a 65 m depth mean. Daily MLD was
estimated as the depth at which the density increases by 0.1 kg m®
(0.2°C) relative to 10 m below the surface. This is a highly conservative
modelling method leading to shallow MLD estimates due to weak
stratification in the mixed layer; therefore, it was validated by manually
establishing the depth of the thermocline using binned temperature
profiles whereby the depth bin at which the temperature was 1°C lower
than the temperature at 10 m depth was considered the thermocline.
The 1°C threshold was chosen based on in situ CTD profiles acquired
during multiple research expeditions under a range of environmental
conditions. The model and manual estimates of MLD were highly
correlated (rho = 0.74, p < 0.001); therefore, modelled data were
deemed to accurately reflect temporal changes in MLD and sufficient
for further analysis. The IOD [an ocean-atmosphere interaction, which
cycles through active (positive and negative) and neutral phases] is
measured by the dipole mode index (DMI) expressed as the difference
between the southeastern and western tropical Indian Ocean SST
anomalies (Saji & Vinayachandran, 1999). Weekly DMI data were
obtained from the Bureau of Meteorology, Australia [Climate
monitoring graphs (bom.gov.au)], and interpolated into a daily time scale.

All data were randomly divided into a training and testing (hold-
out) dataset that contained 75% and 25% of the data, respectively,
using the sample.ssplit() function of the ‘caTools’ R package
(Tuszynski, 2022). The BRT models were initially fitted to the training
dataset with Gaussian distribution using the gbm.step() function of
the dismo R package (Elith et al., 2008). The function requires the
configuration of parameters including tree complexity (tc) that
specifies the number of interactions between predictor variables;
learning rate (Ir), which facilitates the contribution of each tree to the
growing model; bag fraction (bf) that regulates stochasticity by
randomly selecting without replacement a specified proportion of the
data at each iteration; and step size (ss), which controls the number of
trees added at each iteration (Elith et al., 2008). The optimal values
were identified by testing multiple parameter combinations (tc = 1-5,
Ir = 0.01, 0.005, 0.001, bf = 0.5, 0.7, 0.9 and ss = 25 and 50),
resulting in 90 models (Table S1).

Model performance was assessed by testing their ability to
predict the number of daily number of detections per tagged
M. alfredi given the daily values of the predictor variables in the hold-
out dataset. Predictions were generated using the predict.gbm()
function of the ‘gbm’ R package (Greenwell et al., 2019). Their
accuracy was evaluated using Spearman's rank correlation to compare
the observed and predicted daily mean number of detections per
tagged M. dlfredi and the root-mean-square error (RMSE). The model
with the highest correlation coefficient and lowest RMSE was
selected for further interpretation via partial dependency and
interaction plots. The final model was fitted with tc = 5, Ir = 0.01,
bf = 0.5 and ss = 25 (Table S1).

Partial dependency plots represent the effect of a predictor
variable after accounting for the mean effects of all other variables
(Hastie et al., 2009). These were generated with confidence intervals
(95%) obtained from 1000 bootstrap replicates (Jouffray et al., 2019)
and plotted with the ggPD_boot() function of the ‘ggBRT’ R Package
(Jouffray, 2019). For interaction plots, the residual variation between
paired model predictions with and without interactions was used to
quantify the relative interaction strengths between predictor variables
while maintaining the respective means of all other variables (Elith
et al., 2008). To determine whether the interactions were significant,
100 bootstrap resampling was performed using the gglnteract_boot()
function of the ggBRT R package (Jouffray, 2019), which randomly
sampled the daily mean number of M. alfredi detections at Egmont
Atoll before re-fitting the BRT models. A distribution under the null
hypothesis of no interaction among predictors was then generated
based on the size of the interaction recorded (Jouffray et al., 2019).
The pseudo-determination coefficient percentage of deviance
explained (D?) by the final model was calculated using the following
formula (Nieto & Mélin, 2017).

D? = 1 — (Residual deviance/Total deviance)

3 | RESULTS

3.1 | Season classification

Based on the highest percentage of days each month that the wind
direction was predominantly south-easterly (SE monsoon; 101.3°-
168.8°) and north-westerly (NW monsoon; 281.3°-348.8°), December
to March was classified as the NW monsoon and April to November as
the SE monsoon (Figure 2), although April and November are consistent

with transitional months between the monsoons.

100.00

80.00

60.00

40.00

20.00

0.00 N AN

2000 | Decilan:|Feb|Mar|-Apr'May Jun Jul Aug Sep Oct Nov
-40.00 k
-60.00 —
-80.00

-100.00

% of SE Monsoon winds (101.3- 168.8°) 0% of NW Monsoon (281.3 - 348.8°)

FIGURE 2 Mean monthly wind direction percentage (2010-2020)
using south-easterly (SE monsoon; 101.3°-168.8°) and north-westerly
(NW monsoon; 281.3°-348.8°). Northwest monsoon wind percentage
is transformed (x* — 1) to clearly show the monthly variations.
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3.2 | Detection summary and residency

For all the 42 tags deployed, there were a total of 205,856 detections
between November 2019 and March 2022 (Table 1). The mean (+SD)
duration between tag deployment and the last detection as of the
most recent data download in March 2022 was 257 + 204 days
(range, 2-844).

Excluding tags with track lengths <7 days, the maximum number
of consecutive days that each M. dlfredi was detected on the array
ranged from 8 to 319 days (mean = 87 + 73 days), with the
maximum number of days being an adult male (Manta ID: CG-MA-
0163). The majority of M. alfredi (72%, n = 29) had multiple (>3)
absences from the array, but extended absences (>2 months) were
limited to only seven individuals. Tagged individuals had between
0 and 96 (mean = 15 + 18 days) absences from the array lasting
>1 day. The maximum number of consecutive days that each manta
was absent was 0-543 days (mean 39 + 96 days), with the longest
duration being a juvenile female (Manta ID: CG-MA-0128).

Residency indices (Table 1, excluding tags with track lengths
<7 days) show that individuals were detected on the Egmont Atoll
array for a mean of 77.2 + 26.1% of the days they were tracked (g
range 10-100%), with 45% (n = 18) of individuals being detected on
the array for >90% of their tracking days. Adults and juveniles had
similar mean Ig (78.3 + 28.2% and 76.3 + 25.3%, respectively). Adult
females had the highest mean Iz (83.2 + 259%, n = 9), and
adult males had the lowest (72.1 + 31.8%,n = 7).

A total of 28,198 resident events (i.e., two or more consecutive
detections within 60 min at a single receiver) were identified for the
42 M. alfredi between November 2019 and March 2022. Overall,
the longest resident event occurred at Manta Alley, lasting 586 mins
(Table 2) by a juvenile male (CG-MA-0080). The overall daily mean
resident event duration per tagged M. alfredi at Egmont Atoll ranged
from <10 to 234 min. By location (Figure 3 and Table 2), the
maximum daily mean duration occurred at Manta Alley (30 + 51 min,
n = 2922 events) and minimum at lle Tattamucca North (13 + 25 min,
n = 1686 events).

3.3 | Demographic, annual and seasonal variations

3.3.1 | Whole of Egmont Atoll
Combining all sites that were monitored throughout Periods 2 and
3 (Period 1 was excluded as only five acoustic receivers were active
for 4 months), the daily mean number of detections in Period
2 (21.7 + 11.5) was significantly higher than in Period 3 (8.3 * 6.3) as
was the daily mean resident duration per tagged M. alfredi: Period
2 = 62 + 36.6 and Period 3 = 27 + 253 (Welch's ANOVA,
F1630 = 3944, p < 0.01 and F1 700 = 230.9, p < 0.01, respectively;
Figure 4).

Including all sites, the daily mean number of detections in the SE

monsoon (17 + 12.1) was significantly higher than the NE monsoon
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FIGURE 3 Overall mean resident event duration (mins) per tagged Mobula alfredi at each location indicated by point size and acoustic
receiver deployment date and retrieval date, shown with a red triangle and red cross, respectively. Blue shading and no shading highlight the SE
and NW monsoon, respectively. The three Periods in which the data were divided for analysis are indicated at the bottom of the plot (Period

1 = 19 November 2019 to 10 March 2020, Period 2 = 11 March 2020 to 11 April 2021 and Period 3 = 12 April 2021 to 14 March 2022).
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FIGURE 4 Comparison of the daily mean number of detections per tagged Mobula alfredi and daily mean resident event duration (mins)
between Periods 2 (11 March 2020 to 11 April 2021) and 3 (12 April 2021 to 14 March 2022) including only the detections recorded by acoustic
receivers that were continuously active during both periods (n = 9, Table 2) and comparison of the daily mean number of detections per tagged
M. dlfredi and daily mean resident event duration (min) between seasons identified in the current study (NW monsoon = December to March and
SE monsoon = April to November, Figure 2) for all locations (tse) calculated using only detections that occurred when each location had an active

acoustic receiver (Table 2).

(11 £ 9.9) as was the daily mean resident duration per tagged
M. alfredi: SE monsoon = 50.7 + 38.5 and NE monsoon = 31.2 + 30.1
(Welch's ANOVA, F1‘813 = 604, p < 0.01 and F1y325 = 66.4,p < 0.01,

respectively; Figure 4).

3.3.2 | Individual locations at Egmont Atoll

Seasonal variations in visitation patterns and resident events were
compared for all locations. There was a significant difference in the
daily mean number of tag detections between the NW and SE
monsoon at 12 of the 16 locations (Figure 5 and Table S2). Nine of
these locations had a significantly higher number during the SE
monsoon (Manta Alley North, lle Sudest, lle Tattamucca South, lle
Tattamucca North, Carre Pate, lle Lubine, lle Sipaille, lle Sipaille North
and lle des Rats). Apart from Manta Alley North and lle Sudest, all
these locations are situated on the SW face of the atoll. Three
locations were higher in the NW monsoon (Mid-Manta Alley, East
Lagoon Passage and South Manta Alley), all of which are on the NE

face of the atoll. There was no significant difference between seasons
at North IdR Cleaning Station, Manta Alley, West Lagoon or East
Lagoon.

Daily mean resident event duration per tagged M. alfredi was
significantly different between the NW and SE monsoon at 12 of the
16 locations (Figure 5 and Table S2), with longer resident events at
nine of these locations during the SE monsoon (Manta Alley North, lle
Sudest, lle Tattamucca South, lle Tattamucca North, Carre Pate, lle
Lubine, lle Sipaille, lle Sipaille North and lle des Rats). Daily mean
resident event duration at Mid-Manta Alley, East Lagoon Passage and
South Manta Alley on the NE face of the atoll was significantly longer
during the NW monsoon, while there was no significant difference
between seasons at four locations (North IdR Cleaning Station, Manta
Alley, West Lagoon and East Lagoon).

Resident events were compared by sex and maturity for all
locations. Females had significantly longer daily mean resident event
durations than males at five of the 16 locations (North IdR Cleaning
Station, Mid-Manta Alley, East Lagoon Passage, East Lagoon and lle
Lubine; Figure 6 and Table S3), while males had significantly longer
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FIGURE 5 Comparison of the daily mean number of Mobula alfredi tag detections and daily mean resident event duration (mins) per tagged
M. dlfredi between the seasons identified in the current study (NW monsoon = December to March and SE monsoon = April to November,
Figures 1 and 2) for all locations (tse) calculated using detections that occurred when each location had an active acoustic receiver (Table 2).
Table 2 depicts the number of days in each season that acoustic receivers were active. An asterisk after the location name indicates there was a
significant difference between seasons (Welch's ANOVA, p < 0.05; Table S2).
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FIGURE 6 Comparison of the overall mean resident event duration by sex and maturity. An asterisk after the location name indicates a
significant difference between males and females or adults and juveniles (Welch's ANOVA, p < 0.05; Table S3).

durations at Manta Alley and South Manta Alley. There was no longer daily mean resident event durations at six of the 16 locations
significant difference between sexes at eight of the 16 locations (Manta Alley, lle Tattamucca South, Carre Pate, lle Lubine, lle
(Manta Alley North, West Lagoon, lle Sudest, lle Tattamucca South, Sipaillie and lle des Rats). There was no significant difference in
lle Tattamucca North, Carre Pate, lle Sipaillie, lle Sipaillie North and daily mean resident event durations between adults and juveniles at

lle des Rats). Adults had significantly longer daily mean resident seven of the 16 locations (Manta Alley North, West Lagoon,
event durations than juveniles at East Lagoon Passage and East Mid-Manta Alley, South Manta Alley, lle Sudest, lle Tattamucca

Lagoon Figure 6 and Table S3), while juveniles had significantly North or lle Sipaille North).
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3.4 | Boosted regression trees
The final BRT model (Table S1) demonstrated good predictive
performance of the daily detections per tagged M. alfredi given the
daily values of the predictor variables of the hold-out dataset; there
was a significant correlation between the actual and predicted data
(r=0.72, p < 0.001, n = 92) and an RMSE of 6.9 daily detections per
tagged M. dlfredi corresponding to 34% of the mean number of
observations (range 9-288%). The estimated D? suggests that 74%
of the deviance was explained by the model.

Partial dependency plots (Figure 7) indicate that the probability of
a higher number of detections per tagged M. alfredi at Egmont Atoll
increased when the DMI showed the IOD was in a positive phase
(DM, 36.9%), with a greater (>25 m) MLD (17.6%). Probability was
higher when 50 m depth mean current direction (current direction,
17.5%) was S to SSW (approximately 180-190°), during a new moon
(moon phase, 9.9%), with 50 m depth mean temperature <27.5°C
(temperature, 9.9%), and with 50 m depth mean current speeds
<0.1 ms~! (current speed, 8.3%).

Significant pairwise interactions (p < 0.01) occurred between
current direction and DMI (Figure 8a), moon phase and DMI
(Figure 8b) and MLD and DMI (Figure 8c). These interactions may

occur separately or concurrently and may be influenced by other
factors; therefore, they should not be considered in isolation (Harris
et al, 2021). However, they provide insight into the estimated
influence of interrelated processes that can increase the daily mean
number of detections per tagged M. alfredi at Egmont Atoll. For
example, a higher daily mean number of tag detection occurred with S
to SSW current directions when the DMI indicated the IOD was in a
positive phase (Figure 8a) and with a moon phase of approximately
0.5 (50% illuminated) when the DMI indicated the IOD was in a
positive phase (Figure 8b). The interaction between MLD and DMI
indicates that a higher daily mean number of tag detection occurred
when the MLD was approximately 20 m, and the DMI indicated the
IOD was in a positive phase (Figure 8c).

4 | DISCUSSION

The Chagos Archipelago's no-take MPA supports many threatened
elasmobranchs [approx. 36 species (Dunn et al., 2022; Harris et al., in
review; Stevens, Fernando, et al, 2018; W.interbottom &
Anderson, 1997)] for which the current threat of IUU and any future

changes to the management of the MPA need to take into account.
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FIGURE 7 Partial dependency plots showing the effect of each predictor variable: (a) dipole mode index (DMI), (b) 50 m depth mean
temperature (°C), (c) current direction (°N), (d) moon phase (% illuminated), () mixed layer depth (m), (f) current speed (ms~2) on the occurrence of
tagged M. alfredi at Egmont Atoll while keeping all other variables at their mean. The red dashed line shows smoothed partial decency.
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FIGURE 8 Pairwise interactions between predictor variables while keeping all other variables at their respective mean showing the estimated
daily mean number of Mobula alfredi tag detections at Egmont Atoll; white to red colour gradient indicates lowest to highest. All interactions were

significant (p < 0.01).

One such species is M. alfredi, which aggregates in large numbers at
Egmont Atoll (Harris et al., 2021). The current study provides the first
insight into how this species utilizes this meso-scale habitat, which
hopefully will inform current enforcement patrols and assist future
spatial management that will also help to protect many co-occurring
elasmobranchs and other marine life.

Overall, M. dlfredi residency at Egmont Atoll, measured by the
residency indices (Ig) of M. alfredi with track lengths >7 days (n = 40),
was high (mean Iz = 77%), with 43% of these individuals spending
>90% of their tracking days within the range of the acoustic array
with extended absences limited to only a few individuals. Similar
residency patterns were displayed by adults and juveniles, which
supports previous observations at Egmont Atoll, indicating that the
location is an important habitat for all life stages (Harris et al., 2021).
While it is challenging to compare the level of activity observed
between meso-habitats in different regions due to differences in
spatial and temporal scales of the acoustic arrays and the number of
tagged M. alfredi (Appert et al., 2023), it appears that Egmont Atoll has
one of the highest levels of M. alfredi residency ever observed. For
example, compared to studies using the same method of quantifying
residency it is substantially higher than Komodo Marine Park,
Indonesia (mean Iz = 29%; Dewar et al., 2008), Baa and Lhaviyani
Atolls in the Maldives (mean Ir = 29%; Harris & Stevens, 2021), Lady
Elliot Island on the Great Barrier Reef [15.3%; residency calculated
using a similar method (residency index; Rl = number of days
detected/Number of days between first and last detection x 100;
Couturier et al., 2018)] and the Inhambane Province of Mozambique
(mean Rl = 15%; Venables et al., 2020). It is also higher than the
D'Arros Island and St. Joseph Atoll in Seychelles (mean Rl = 62%; Peel
etal, 2019).

Regional variations in residency have previously been suggested
to be associated with the seasonality of the study location, with higher
Iz (RI) occurring at locations where it is absent or limited (Harris &
Stevens, 2021). While overall, there was more activity at Egmont Atoll

during the SE monsoon, M. alfredi were detected in all months of the

year throughout the study period. These findings are similar to
observations in the Seychelles, where RI (Ig) was high relative to other
regions and seasonality was limited (Peel et al., 2019). However,
seasonality was also found to be limited in regions where residency
was relatively low, such as Komodo Marine Park and Lady Elliot Island
(Couturier et al., 2011; Couturier et al., 2018; Dewar et al., 2008).
Instead, lower Rl may be attributed to acoustic array design (Harris &
Stevens, 2021; Peel et al., 2019), which is consistent with the increase
in Iz (RI) here compared to that previously observed in a three-and-a-
half month (November-March) acoustic tag study at Egmont Atoll
(RI = 52%; Harris et al., 2021), when only five acoustic receivers were
in place. As well as the increased spatial coverage of the array at
Egmont Atoll, the seasonality of the five locations monitored during
the earlier study were found here to have either no seasonality or
were predominantly utilized during the NW monsoon, while in the
current study, nine of the 16 locations monitored were utilized
predominantly during the SE monsoon.

By site, all locations on the SW face were predominantly utilized
during the SE monsoon, while during the NW monsoon, peaks in
activity occur on the NE face, which is similar to the seasonal use of
different sides of the atoll (east and west) in the Maldives (Harris
et al., 2020). However, four locations on the NE face exhibited no
seasonality, which includes Manta Alley, a feeding aggregation site
that has been shown to provide temporally limited prey resources
influenced by the site's geomorphology, and fine-scale oceanographic
processes, including the tide, near-seabed temperature and
upwelling/downwelling (Harris et al., 2021; Robinson et al., 2023).
North IdR Cleaning Station was also found to be nonseasonal, which
is consistent with it being located close to the nonseasonal feeding
site, Manta Alley, as M. alfredi will typically frequent cleaning stations
that are close to feeding areas (Armstrong et al., 2021; Harris
et al., 2020; Stevens, 2016; Stevens, Hawkins & Roberts, 2018).

The intensity, measured by resident event duration, at which
M. alfredi utilizes different sites around the atoll varied between

demographics. Juveniles spent more time on the SW face of the atoll,
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while adults more intensively utilized the passageway at East Lagoon
Passage and East Lagoon. This passageway is one of the narrowest
observed along the Egmont Atoll's northeast rim and experiences
extremely strong currents (P. Hosegood and E. Robinson, unpublished
data) that likely transport zooplankton into the lagoon from the
thermocline, leading to peaks in prey biomass similar to Manta Alley
(Harris et al., 2021). However, water entering (or exiting) the lagoon
may become much more restricted than those flowing in at Manta
Alley, potentially leading to intense jet-like flows that may make it less
energetically efficient for juveniles forage due to the increased
hydrodynamical drag with smaller body size (Ngttestad et al., 1999).

There was a significant decline in the daily mean number of
detections and daily mean resident event duration per tagged M. alfredi
between Period 2 (March 2020-April 2021) and Period 3 (April 2021-
March 2022). While this decline could be associated with the exclusion
of some sites from the analysis, for example, the most active, non-
seasonal location, Manta Alley, they also coincide with a 19-fold
increase in number of IUU fishing vessels that occurred in the Chagos
Archipelago (Collins et al., 2023). Manta rays have been seized from
illegal fishers by enforcement authorities in the region's MPA (Collins,
Nuno, Broderick, et al., 2021), so this decline is of particular concern
and further research is required to assess the extent of this potential
threat. However, the decline could be associated with changes in
environmental conditions that may have reduced prey resources
(Harris et al, 2021). Here, an assessment of the environmental
influences of M. alfredi activity at Egmont Atoll via BRT modelling
highlighted various processes that appear to be associated with an
increase in the probability of detections. For example, a high
probability occurred when the 10D was in a positive phase and with a
greater MLD, which supports in situ observation of higher productivity
at Egmont Atoll under these conditions (Robinson et al., 2023). These
two variables also showed a significant interaction effect whereby a
positive |OD and deeper mixed layer increased the probability of
detections, which reflects the characteristic deepening of the
thermocline during a positive 10D phase (Du et al, 2020; Lee
et al, 2022; Ratna et al, 2021; Robinson et al, 2023; Shi &
Wang, 2021). The strongest positive IOD event of the 21st century
occurred in 2019, the effects of which led to a depression of chl-a
levels in the Indian Ocean that persisted until mid-2020 (Shi &
Wang, 2021). During this time, M. alfredi potentially relied more heavily
on the enhanced levels of prey associated with localized oceanographic
processes at Egmont Atoll (Harris et al., 2021; Harris et al., 2023;
Robinson et al., 2023), which could have led to the decline in activity
that occurred between 2020 and 2021 when reliance on the location
may have reduced with an increase in prey resources elsewhere.

The BRT model also suggests that an increased presence of
M. alfredi at Egmont Atoll was associated with ocean currents flowing
S to SSW. Winds influence the flow of ocean surface currents that
can lead to enhanced productivity on the leeward side of an atoll
through deep-water upwellings that carry nutrient-rich water into the
euphotic zone (Deik et al., 2017; Doty & Oguri, 1956; Sasamal, 2006).
In the Maldives, this process is linked to the biannual reversal of

winds and the seasonal east-west and west-east migration pattern of

M. alfredi (Anderson et al., 2011; Harris et al., 2020). Here, a higher
level of activity occurred on the SW face of the atoll during SE
monsoon when winds are likely to be driving ocean surface currents
SW, thus potentially enhancing productivity and prey availability on
this side of the atoll.

Mobula alfredi presence was also influenced by moon phase,
which has been associated with M. alfredi presence at other meso-
scale habitats, such as in the Maldives, where three acoustically
monitored sites were all frequented during different moon phases,
which was suggested to be associated with the lunar effect on tidal
intensity (Harris & Stevens, 2021). Tidal dynamics have previously
been shown to influence visitation patterns at Manta Alley; for
example, during a flood tide, zooplankton may be transported from
the thermocline with cold-water bores that propagate up the atoll
slope and into the lagoon (Harris et al., 2021; Robinson et al., 2023),
which is consistent with the higher probability of detections with
lower SST observed here. Greater tidal intensity potentially enhances
this and other localized processes that increase prey availability
around Egmont Atoll. However, M. dlfredi activity appears to decline
with increased current speeds and between a new and full moon;
therefore, the lunar effects may be associated with their influence on
the extent of vertical movement of zooplankton. During times of high
moon illumination, zooplankton moves deeper within the water
column, potentially leading to M. dlfredi foraging away from shallow
coastal locations as moon illumination increases (Braun et al., 2014;
Couturier et al., 2018; Peel et al., 2019). This pattern has been
observed in the Chagos Archipelago and meso-scale habitats, such as
at D'Arros Island, Seychelles and at Lady Elliot Island, Australia
(Andrzejaczek et al., 2020; Couturier et al., 2018; Peel et al., 2019),
where similar to the current study, acoustic receivers were located in
shallow coastal reef habitats (Andrzejaczek et al., 2020; Couturier
et al., 2018; Peel et al., 2019). In contrast, the interaction effect
between the moon phase and the IOD suggests that moon
illumination might be less influential when the IOD is in a strong
positive phase with a high number of detections estimated to occur
throughout the lunar cycle.

4.1 | Conservation concerns and recommendations
The frequency at which Egmont Atoll is utilized by M. alfredi
highlights that the location is a crucial year-round habitat for the
region's population, where the species are particularly vulnerable to
anthropogenic disturbance. The immediate concern is the recent
increase in IUU fishing activity (Collins et al., 2023), from which
M. alfredi are most likely to be at risk when utilizing the shallow
coastal areas of the atoll. Regular enforcement patrols are
recommended, with prioritization between April to November
(SE monsoon), particularly during a new moon.

With bilateral negotiations underway between the UK and
Mauritius governments, any changes in sovereignty and the current
MPA should recognize the importance of this location and ensure the

protection of manta rays. Protection measures should include
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the listing of M. alfredi as a nationally protected species in Mauritius.
It is recommended that any future spatial planning of the MPA should
ensure that strict no-take regulations remain in place around Egmont
Atoll with active on-site enforcement. Additionally, speed restrictions
should be imposed for all vessels to minimize the risk posed by
increased boat traffic (Strike et al., 2022). Similar to other regions, the
shallow coastal environment at Egmont Atoll provides essential
resources to many cooccurring species, in particular, other vulnerable
elasmobranch species that share the same conservative life history
traits as M. alfredi (Dulvy, Fowler, et al., 2014; Harris et al., 2020;
O'Shea et al, 2010; Rohner et al, 2017; Stewart et al., 2017).
Therefore, prioritizing current enforcement patrols and ensuring
Egmont Atoll is adequately protected in the future will serve to
protect a multitude of species, as well as habitats, the results of which
will propagate throughout the entire marine ecosystem (Harris
et al, 2020). It is also essential that the scientific research that has
been conducted at Egmont Atoll and other areas throughout the
archipelago continues. For example, satellite telemetry studies should
be used to identify other key habitats and understand the wider
movement of M. alfredi, as this provides the foundation for

developing effective conservation management strategies.
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