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ABSTRACT

Effective conservation of threatened species relies on identification of key habitats, such as those used
for foraging. The reef manta ray (Mobula alfredi) is a threatened species of planktivorous elasmobranch
in rapid global decline due to targeted fishing and incidental bycatch. A local population of M. alfredi
reside in the Chagos Archipelago, central Indian Ocean. The archipelago is encompassed by a 640,000
km? no-take Marine Protected Area (MPA), however lllegal, Unreported and Unregulated (IUU) fishing
remains a prevalent issue and continue to target elasmobranchs as a high value catch. Here, we use
stable isotope analysis of §13C and 8'°N of M. alfredi muscle and skin tissue to investigate the feeding
ecology and habitat use of this local population within the MPA. 70 bulk plankton samples and 41 M.
alfredi tissue biopsies were collected from various locations within the MPA and analysed to calculate
their isotopic signatures of 63C and 8'°N. Isotopic values of §13C of M. alfredi skin displayed a depletion
of 63Cin 2019, suggesting a variation in foraging location which coincides with the extreme positive
Indian Ocean Dipole event and fluctuating plankton availability. Bayesian mixing models estimate
Egmont Lagoon and Peros Banhos as likely foraging hotspots (20-25% of diet input) for both skin and
muscle tissue, suggesting that M. alfredi feed in these locations on a seasonal and annual basis. Peros
Banhos is an atoll with relatively few M. alfredi sightings and the possibility of Peros Banhos as a
foraging hotspot provides reason for increased survey effort in this area of the region. Isotopic
signatures of 8'3C and 8N are significantly different between muscle and skin, indicating a difference in
short-term and long-term feeding ecology and habitat use. An improved knowledge of M. alfredi habitat
use within the MPA is vital to optimise enforcement patrols of illegal fishing vessels to minimise M.

alfredi catch.
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1. INTRODUCTION

1.1 Elasmobranchs

Globally, elasmobranch (sharks, skates, and rays) populations are experiencing rapid population
declines, threatened by a multitude of anthropogenic pressures including overfishing, habitat loss,
climate change and pollution (Seitz & Poulakis, 2006; Chin et al., 2010; Knip et al., 2010; Dulvy et al.,
2017). As of 2021, over 32% of elasmobranch species are threatened with extinction, primarily due to
targeted fishing and incidental bycatch (Dulvy et al., 2014, 2021; Jorgensen et al., 2022). Their decline is
exacerbated by their conservative life history traits which include low reproductive rates, slow growth,
late maturation and, consequently, slow population recovery (Dulvy et al., 2017; Jorgensen et al., 2022).
In response, many countries have adopted policies to protect elasmobranchs on national and
international scales (Jorgensen et al., 2022). Restrictions and regulations surrounding trade of
elasmobranch products including fins, meat, gills and teeth, establishment of Marine Protected Areas
(MPAs), enforcement of catch-quotas, and accurate reporting of bycatch are all measures implemented
to protect elasmobranchs (Jorgensen et al., 2022). Despite these efforts, restrictions on elasmobranch
fishing are often insufficient (Dulvy et al 2017). Catch quotas are often set at levels higher than a
population can sustainably withstand and do not take into consideration dynamic seasonal or
geographical restrictions (Dulvy et al 2017). In many regions, policy enforcement is minimal and lllegal,
Unreported and Unregulated (IUU) fishing of highly valued species contributes to the continued
population decline of elasmobranchs (Dulvy et al 2017, Agyeman et al., 2021), even in designated no-
take MPAs (Ferretti et al., 2018; Hays et al., 2020). Additionally, adequate protection of elasmobranchs
is often hindered by a lack of species-specific ecological knowledge, such as habitat use (Gallagher et al.,
2012; Jorgensen et al., 2022). A thorough understanding of the spatial dynamics of a species is vital to
understand overlap with fisheries (Jacoby et al., 2020). The logistical difficulties and expense to study
threatened or inaccessible species has led to many becoming encompassed in ‘one-size-fits-all’
management policies that do not necessarily consider their unique ecology or conservation

requirements (Dulvy et al., 2017; Jorgensen et al., 2022). Mobulidae (manta and devil rays) are a group



of elasmobranchs that experience intense fishing pressure and yet relatively little is understood about

their feeding ecology and habitat use (Couturier et al., 2012).

1.2. The Reef Manta Ray, Mobula alfredi

Reef manta rays (Mobula alfredi) are large, zooplanktivorous elasmobranchs of the Mobulidae family
(Figure 1). They inhabit shallow, coastal and oceanic island reefs of the tropical Indian and western
Pacific Oceans (Figure 2) (Stevens et al., 2018). Populations of M. alfredi are resident to home ranges in
fragmented local populations (Stevens et al., 2018), however they are capable of making long-distance
journeys in excess of 1,000 km to follow seasonal changes of their plankton prey (Armstrong et al., 2019;

Peel et al., 2020).
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Figure 1: The reef manta ray (Mobula alfredi). Taken from The Manta Trust (www.mantatrust.org)

© Guy Stevens

Mobula alfredi are frequently observed feeding on pelagic zooplankton within surface waters during the
daytime (Peel et al., 2019) and, at night, demersal zooplankton undergo vertical migrations from the
seabed towards the surface where M. alfredi feed (Couturier et al., 2013). As a coastal reef species, M.
alfredi experience immense pressures due to their close proximity to human settlements, particularly
those which exhibit extensive fishing practices with few regulations (MacNeil et al., 2020). Following

decades of exploitation, M. alfredi was added to Appendix Il of the Convention on International Trade in
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Endangered Species (CITES) in 2013 and Appendices | and Il of the Convention on the Conservation of

Migratory Species (CMS) in 2014 (Lawson et al., 2017).

Distribution map of the Reef Manta Ray Mobula alfredi. Darker areas indicate confirmed
range; lighter areas indicate expected range.

Figure 2: Map of global Mobula alfredi distribution with expected range (light blue) and confirmed ranges
(dark blue). Taken from Stevens et al., (2018).

However, as a result of ongoing exploitation and continuing population decline, M. alfredi is now listed
as ‘Vulnerable’ on the IUCN Red List (Marshall et al., 2019). Mobula alfredi fecundity is amongst the
lowest of all elasmobranchs and thus their population growth is slow. Females reach sexual maturity at
around 15 years of age and give birth to one live pup only once every 2-5 years (Stewart et al., 2018;
Stevens et al., 2018). Such a low annual reproductive output puts M. alfredi at risk of population decline
following even low catch rates in artisanal fisheries (Rohner et al., 2013; Croll et al., 2016, Fernando &
Stewart, 2021). Currently, twelve countries specifically target mobulid rays for their gill plates and
twenty three countries document mobulid bycatch, predominantly by tuna fishery purse seine nets
(Couturier et al., 2012; Croll et al., 2016) (Figure 3A). Moreover, the presence of boats, either for fishing
or tourism purposes, puts M. alfredi at risk of potentially lethal injuries from collisions with boats (Strike
et al.,, 2022) (Figure 3B). To date, M. alfredi are perhaps the best studied species of manta ray due to
their residency in coastal areas and, therefore, frequent overlap with scuba divers and snorkellers

(Stevens et al., 2018). Additionally, M. alfredi make regular visits to ‘cleaning stations’ to be cleaned of
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parasites and algal growth (Stevens et al., 2018). The predictability of such visits to ‘cleaning stations’
and presence of individually unique ventral markings allow researchers to identify individuals and study
the same population over years (Stevens et al., 2018). There are, however, local populations of M.
alfredi that remain relatively understudied due to the remoteness of their home ranges, such as those

found in the Chagos Archipelago in the central Indian Ocean (Andrzejaczek et al., 2020)

Figure 3: (A) A mobulid caught in a fishing net. Taken from Stevens et al., (2018). (B) A Mobulid with

a boat strike injury. Taken from Strike et al., (2022).

The Chagos Archipelago is a collection of seven atolls and sixty low-lying islands in the Indian Ocean,
approximately 500 km south of the Maldives (Figure 4). The archipelago has been virtually uninhabited
for the last 50 years aside from the presence of a US military base on Diego Garcia in the southeast of
the archipelago (Hays et al., 2020). The entire exclusive economic zone (EEZ) of the region is designated
as a 640,000 km? no-take Marine Protected Area (MPA), one of the largest of its kind in the world
(Sheppard et al., 2012). All fishing activity is therefore prohibited, however the MPA is patrolled by a
single enforcement vessel which is estimated to detect only 10% of illegal fishing activity (Jacoby et al.,
2020) and IUU fishing remains a significant issue within the MPA (Tickler et al., 2019; Collins et al., 2021;

Hays et al., 2020).

Aside from the Chagos Archipelago, MPAs in the Indian Ocean are relatively small and dispersed (Marine
Conservation Institute, 2021). In the western Indian Ocean, combined MPA area coverage totals 133,273

km?, covering only 7% of western Indian Ocean continental shelf to varying degrees of protection



(Rocliffe et al., 2014). The Chagos MPA, therefore, could be described as a sanctuary within the Indian
Ocean for the highly mobile M. alfredi. The remoteness of the Chagos MPA and the logistical difficulties
of studying M. alfredi in situ have limited research opportunities here. Although satellite and acoustic
telemetry studies of M. alfredi have been carried out to determine movement patterns and habitat use
on a regional (Andrzejaczek et al., 2020) and fine scale (Harris et al., 2021), these tagging studies are
limited in sample size, spatial range, and temporal scale. In such a remote location, alternative
techniques which are not hindered by expensive equipment or labour-intensive methods are
favourable, such as stable isotope analysis, (Munroe et al., 2020) and have the potential to reveal M.

alfredi habitat use across the archipelago.
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Figure 4: A map detailing the major islands and atolls of the Chagos Archipelago and (inset) it’s
location within the central Indian Ocean and (circled) the MPA boundary. Taken from Sheppard et

al.,, (2012).

1.4 Stable isotope analysis



Within the last few decades, stable isotope analysis (SIA) has emerged as an effective tool for the study
of elasmobranch trophic ecology and habitat use, particularly that of threatened or elusive species
(Shiffman et al., 2012). SIA is based upon the principle that an organism’s tissues will integrate isotopes
from the organism’s diet and environment and, thus, the tissues of the organism will reflect the
organism’s feeding ecology and habitat use (Peterson & Fry, 1987). The stable isotope ratios of carbon
(12c/*3¢c, 63C) and nitrogen (**N/®N, 8%°N) are used to investigate habitat use and trophic ecology,
respectively (Peterson & Fry, 1987; Post, 2002). Values of 8°N increase by approximately 3-4 %o per
trophic level, a process called isotopic discrimination (Post, 2022). Therefore, the trophic position of a
species can be determined by comparing the 8'°N value of its tissues with that of potential prey and
predators (Post, 2002). Biogeochemical and oceanographic processes alter the §'3C composition of
primary producers and therefore §3C values reflect foraging location (Peterson & Fry, 1987; France,
1995, Silva et al., 2019). In a marine coastal ecosystem, for example, benthic algae are enriched in §3C
by approximately 5%. compared to planktonic algae (France, 1995) and this principle has been applied
to reveal novel findings in the feeding ecology of the oceanic manta ray (Mobula birostris) (Burgess et
al., 2016). Selecting a suitable tissue to use for stable isotope analysis requires careful consideration.
Tissues differ in their isotopic turnover rate owing to the rate at which tissues turnover their proteins
(Tieszen et al., 1983). Elasmobranch muscle has an isotopic turnover rate greater than a year and thus
reflects long-term foraging ecology (Munroe et al., 2020). Fewer stable isotope studies use
elasmobranch skin tissue. However, it is predicted that skin will have a higher isotopic turnover rate
than muscle due to the faster protein turnover and therefore reveal short-term foraging behaviour over
approximately several weeks (Carlisle et al., 2012). Through stable isotope analysis of skin and muscle, it
is possible to infer the feeding ecology and habitat use over both seasonal and annual scales (MacNeil et

al., 2005).

This study will use stable isotope analysis of M. alfredi muscle and skin tissue, with a focus on §%3C, to (i)
investigate temporal variation in the feeding ecology and habitat use of M. alfredi and (ii) identify any

distinct foraging habitats within the Chagos Archipelago. Overall, the research will enhance current



understanding of the local Chagos population of M. alfredi and provide direction for future research of

M. alfredi within this region.

2. METHOD

2.1 Study area

Samples of M. alfredi and plankton were collected from various locations within the Chagos Archipelago
in the central Indian Ocean (Figure 4). Geographically, Chagos is situated in the central Indian Ocean
however, it is recognised by the IUCN as part of the Western Indian Ocean region (Fischer & Bianchi,
1984; Bullock et al., 2021) due to the oceanographic and biological similarities between Chagos and the
western Indian Ocean (Sheppard et al., 2012; Carr et al., 2022). Therefore, this paper will refer to Chagos
in the context of the western Indian Ocean. Chagos lies on the eastern edge of the Seychelles-Chagos
Thermocline Ridge (SCTR) and is subject to large-scale oceanographic changes caused by the Indian

Ocean Dipole (I0OD) (Dilmahamod et al., 2016).

2.2 Sample collection

2.2.1 Mobula alfredi

Across three expeditions between 2019-2021, a total of 41 tissue biopsies were collected from
individual M.alfredi from Egmont (n = 32), Salomon (n = 8) and Peros Banhos (n =1) (Figure 5) from 24
females (adult = 5, juvenile = 19) and 17 males (adult = 11, juvenile = 6). The tissue biopsies were
collected from individuals in November 2019 (n = 20), March 2020 (n = 6) and November 2021 (n = 15)
(see appendix A). Samples were collected from the posterior dorsal surface of M. alfredi using a
modified Hawaiian hand sling to deploy a biopsy dart. All biopsy activities were approved by the
University of Plymouth Animals in Science Ethics Committee under permits ETHICS-24-2019 and ETHICS-
37-2020. Mobula alfredi individuals were photographed from the ventral side for photo-ID of unique
ventral markings. The size class, which acts as a proxy for maturity (Stevens, 2016), was visually
estimated and sex of individuals was recorded. Biopsy samples were stored on ice and transported to

the wet laboratory within 2 hours of collection. Of the 41 biopsy samples, 39 contained both white



muscle and skin which were later separated and 2 contained only skin (n = 1) or muscle (n = 1). Once
separated, all muscle (n = 40) and skin (n = 40) samples were oven-dried at 60°C for 24 hours. The dried

samples were transported to the University of Plymouth in a cool box for further processing.

2.2.2 Plankton collection

A total of 70 plankton samples were collected from the top 2 m of the water column from Egmont (n =
42), Salomon (n = 11), Peros Banhos (n = 9), Nelson Island (GCB) (n = 3) and Three Brothers (GCB) (n =5)
(Figure 5). Plankton samples were collected opportunistically across all three sampling years. Presence
or absence of feeding M. alfredi in the area at the time of plankton collection was recorded. Plankton
were collected using a plankton net of 100 um mesh size, a 50 cm diameter mouth opening, a 1:4
mouth-length ratio and a 100 um mesh bag style cod-end. The volume of water filtered during each tow
was measured using a flowmeter attached in the centre of the mouth opening. Plankton samples were
stored on ice and transported to the laboratory where they were split using a Folsom splitter. One half
of the plankton samples were dried in an oven at 60°C for 24 hours before being transported to the

University of Plymouth in a cool box.

2.3 Sample processing

2.3.1 Lipid extraction

All muscle, skin, and plankton samples were treated to remove lipids. Within a tissue, lipids are depleted
in 13C relative to carbohydrates and proteins (DeNiro & Epstein, 1977). A high lipid content within a
tissue can result in bias of SIA results of §'3C (Hussey et al., 2012a). Removal of lipids for stable isotope
analysis has been recommended for elasmobranch tissue (Hussey et al., 2012b; Li et al., 2016) and for
plankton (Marcus et al., 2017). Lipid removal was performed using a wash of chloroform-methanol at a
2:1 concentration as described by Folch et al., (1957). Samples were soaked in a 2:1 chloroform-
methanol solution in 7 mL glass vials for 24 hours and then air dried for 24 hours (Carlisle et al., 2017;

Peel et al., 2019).



Figure 5: Sampling site locations in the Chagos Archipelago of M. alfredi, plankton, and fish. Egmont, Peros Banhos and Salomon are shown enlarged clockwise

from bottom left.
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2.3.2 Urea extraction

Elasmobranch tissues contain high levels of urea due to the retention of urea for osmoregulation
(Hussey et al., 2012b). Urea is depleted in >N and therefore causes bias in stable isotope results of §°N
(Li et al., 2016). Removal of urea for stable isotope analysis has been recommended for elasmobranch
tissue (Kim & Koch, 2012; Li et al., 2016). Muscle and skin samples were soaked in 1.5 mL of MilliQ
water for 24 hours at room temperature. After 24 hours, samples were centrifuged at 3,000rpm for 3
minutes and the excess MilliQ water was removed. The urea extraction process was repeated a further
two times, replacing with fresh MilliQ water each cycle. At the end of the third cycle, the samples were

oven dried at 60°C for 48 hours. (Marcus et al., 2017; Peel et al., 2019).
2.4 Stable isotope analysis

Once dried, all M. alfredi and plankton samples were weighed using a microbalance. Plankton and
muscle were weighed to 800 pg + 10% and skin was weighed to 1000 pg + 10%. Samples were placed in

tin capsules and sent to the University of Exeter for mass spectrometry analysis.

Stable isotope signatures are calculated as ratios using the equation:

|(Femete) — 1] x 1000

Rstandard

where R = 3C/*2C or ®N/MN. Rsmple refers to the isotopic ratio within the tissue sample and Rstandard
refers to an internationally recognised standardised baseline isotopic ratio derived from Vienna PeeDee
Belemite (VPDB) for §'3C and atmospheric N, for 8*°N (Post, 2002). The stable isotope signature is
denoted as the ratio of the heavier isotope to the lighter isotope, using §X where X = the heavier isotope

e.g., 613C, 61°N (Peterson & Fry, 1987).
2.5 Statistical analyses
2.5.1 ANOVAs

One-way ANOVAs were used to investigate differences in the 8°N and 8'3C values between M. alfredi
muscle, skin, and bulk plankton samples across all years. For muscle and skin, the effect of sex, maturity,
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sampling year and sampling location were assessed to identify any intra-specific variation in isotope
signatures. Bulk plankton samples were divided by atoll and sampling year to investigate variation in
plankton isotopic signatures. Prior to analysis, data was confirmed to be normally distributed and
homogeneous using Shapiro-Wilk normality test and Levene’s test, respectively. Where data assumed
normality and was homogeneous, one-way ANOVA with Tukey’s honesty post hoc test were used.
Where data were non-normally distributed or heterogeneous, Welch’s ANOVA with Games-Howell post
hoc test were used. All analyses were conducted in R (version 4.1.2; R Core Team 2021) and significance
was set at p < 0.05. Variation around the mean is expressed as standard deviation unless stated

otherwise.

2.5.2 Bayesian analysis

Bayesian Stable Isotope Mixing Models were created in R using the package simmr (Parnell, 2016) to
assess the probable contribution of plankton from different locations throughout the Chagos
Archipelago to the diet of M. alfredi. Plankton sources were grouped by atoll and divided into more
precise locations when sample size was sufficient, giving a total of eight potential sources. §'*C and 8'°N
values from further five plankton samples collected from Sandes Seamount in 2022 (Harris and Eager,
unpublished data) were incorporated into the data (see appendix B). Diego Garcia is a location where M.
alfredi are frequently sighted, however no plankton or M. alfredi samples were collected from this
location. Instead, 31 muscle samples of rainbow runner (Elagatis bipinnulata), bluefin trevally (Caranx
melampygus) and bohar snapper (Lutjanus bohar) provided §*3C and 6*°N values (Curnick, unpublished
data) to act as a proxy for plankton in this location (see appendix B). For fish samples, estimated 63C
and 6N values were adjusted based on the trophic enrichment factor (TEF, A) calculated using the

mean 63C and 6%°N values of M. alfredi and fish samples using the equation

AX = 6Xconsumer_ 6Xprev,

where X represents 8'3C or 8*°N (Fry, 2006). This resulted in TEFs of 2.3 + 0.48 for §*3C and -2.5 + 2.7 for
8%N. For plankton samples, TEFs were calculated using the same equation from plankton sampled only

when mantas were observed feeding (n = 36) (Couturier et al., 2013). The final model included a total of
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eight locations: Salomon Atoll, Peros Banhos Atoll, Egmont Lagoon, Egmont outer atoll (hereafter
Egmont Outside), Nelson Island (north Great Chagos Bank), Three Brothers (west Great Chagos Bank),
Sandes Seamount and Diego Garcia Atoll. Concentration dependents were included into the simmr
analysis to account for the varying percentages of carbon and nitrogen in the bulk plankton and fish
samples which would otherwise give biased proportional input. The percentages of Cand N are
calculated through mass spectrometry and are included in the overall stable isotope results. The mean
concentration dependent of plankton samples are calculated for the same atolls and locations used for

the TEFs.

3. RESULTS

3.1 Inter-tissue variation

Plankton are depleted in §3C and §*°N compared to both muscle and skin of M. alfredi. Skin and muscle
display similar mean 8'3C and 8%°N values (Table 1). Muscle has a lower mean §3C and higher mean 8°N
value than skin (Table 1, Figure 6). Welch ANOVA with Games-Howell post hoc test show a significant
enrichment of M. alfredi muscle and skin in 6N compared to plankton (Welch ANOVA F; 36 = 96.031,
p<0.001) with Games-Howell post hoc test showing significant enrichment between muscle and
plankton (p<0.001); skin and plankton (p<0.001) and muscle and skin (p<0.001) (see Appendix C).
Mobula alfredi muscle and skin are significantly enriched in §'3C compared to plankton (Welch ANOVA
F251 = 84.022, p<0.001). Games-Howell post hoc test shows significant enrichment of §'3C between
muscle and plankton (p<0.001), skin and plankton (p<0.001) and muscle and skin (p=0.001) (see

Appendix C).
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Table 1: The sample size, minimum, maximum, range, and mean (+ SD) of §13C and 6°N of M. alfredi muscle, skin, and bulk plankton.
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Figure 6: Isotopic biplot of the individual isotopic signatures of M. alfredi muscle, M. alfredi skin, and plankton. Error bars indicate 95% confidence intervals.

Black square represents the mean.
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3.2 Annual variation

Between years, the 8°N values of M. alfredi muscle and skin did not differ (ANOVA, F,3;=1.499, p =
0.237; ANOVA, F,3,=0.8424, p = 0.403, respectively). 613C values of M. alfredi muscle did not differ
between year (ANOVA, F,37=0.9, p = 0.415). §*3C values of M. alfredi skin showed a difference between
years (ANOVA, F,37= 6.4, p = 0.0041). Tukey’s post-hoc comparison test indicated a significant
difference in 63C values of skin between 2019-2020 (THSD, p = 0.014, 95% C.| = [1.082, 0.104]) and
2019-2021 (THSD, p = 0.018, 95% C.I. = [0.783, 0.062]) (Figure 7). Bulk plankton §3C values did not differ
between years (ANOVA F 66 = 0.223, p = 0.801). However, plankton §°N did show annual differences
(Welch ANOVA F,47=27.989, p<0.001) and plankton samples were significantly enriched in §°N in 2019
compared to 2020 (Games-Howell p<0.001) and enriched in 2021 compared to 2020 (Games-Howell

p<0.001).

-14.5-

16.0- . . .
2019 2020 2021

Figure 7: Boxplot of M. alfredi skin §*3C values from 2019, 2020 and 2021. Coloured boxes
encompass the interquartile range, the middle line denotes the median and the whiskers show the

minimum and maximum values.
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3.3 Spatial variation

To test for spatial variation in isotopic signatures, M. alfredi were grouped into ‘northern’ (Peros Banhos
and Salomon) and ‘southern’ (Egmont), which are approximately 150 km apart. 8'°N values of M. alfredi
muscle and skin did not differ with respect to sampling location (ANOVA, F13s=2.727, p = 0.107;
ANOVA, F135=2.159, p = 0.15, respectively). §*3C values of M. alfredi muscle did not differ between
northern and southern atolls (ANOVA, F13s = 0.014, p = 0.908) however §3C values of skin from M.
alfredi sampled in the south were depleted compared to those from northern atolls (ANOVA F; 35 =
9.771, p = 0.003) (see Appendix D). As there was a significant difference between years, M. alfredi were
further divided by location and year. 2021 was the only year in which M. alfredi were sampled from
both northern and southern atolls. In 2021, M. alfredi skin showed depleted §3C values from southern

atolls compared to northern atolls (One-way ANOVA F;,13=5.31, p = 0.038) (Figure 8).

-14.5-
£
£ -15.0-
L]
-155- L

North South

Figure 8: Boxplot of 63C values of M. alfredi skin from M. alfredi sampled in the north (Peros Banhos
and Salomon) and the south (Egmont) in 2021 only. Coloured boxes encompass the interquartile
range, the middle line denotes the median and the whiskers show the minimum and maximum

values. Outliers are represented by circles.

When grouped by the locations: Salomon, Peros Banhos, Great Chagos Bank, and Egmont, plankton §3C

values did not vary with location (ANOVA, F,39 = 1.041, p = 0.363). §1°N values showed a difference
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between atolls (ANOVA, F;365=3.158, p=0.031), however no significant pair-wise differences were

observed following Tukey’s Honesty post hoc test.

3.4. Bayesian stable isotope mixing models

Bayesian simmr analyses were performed to estimate the proportional contribution of planktonic prey
from different locations into the diets of M. alfredi. Due to the inter-annual difference of skin §3C
values, three separate mixing models were constructed, one for each year. A mixing model was created
for M. alfredi grouped by location and year (i.e. 2021 north and 2021 south). As there were no apparent
inter-annual or intra-specific differences in isotope values for muscle, one mixing model was created to

incorporate all muscle data.

Mixing model results estimated the proportion of input of plankton from each location to the diet of M.
alfrediin 2019, 2020 and 2021 (Figure 9). The isotopic signatures of M. alfredi skin in 2019, 2020 and
2021 and bulk plankton from eight locations reveal clear overlap of M. alfredi with all of the source
locations aside from Sandes (Figure 9a). Bayesian analysis suggest that in 2019 the largest contributor to
diet is plankton from Peros Banhos (approx. 23%) followed by Egmont Lagoon (approx. 20%). In 2020,
the mixing model results are much more homogenous, perhaps due to the smaller sample size of M.
alfredi in 2020, yet plankton from Egmont Lagoon and Nelson appear to be the largest contributors to
diet (approx. 14%). Plankton from Egmont lagoon form approximately 25% of M. alfredi diet in 2021 and
are the largest contributor to diet in 2021. Unlike 2019, plankton from Peros Banhos contribute less to
M. alfredi diet in 2021 (approx. 14%). Consistently across all years, plankton from Sandes Seamount

contributes relatively little compared to other locations. (Figure 9 b-d).
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Figure 9: (a) Isotopic biplot of M. alfredi skin isotope signatures from 2019, 2020 and 2021 in relation to isotopic signatures of plankton from different
locations within the Chagos MPA. Proportional contribution of plankton from different locations to the diets of M. alfrediin (b) 2019, (c) 2020 and (d)

2021 estimated using Bayesian mixing models. Boxplots show the interquartile range (coloured box), median and maximum and minimum values

(whiskers) of source contribution to M. alfredi diet.

19



Bayesian analysis estimates the proportion of diet input for M. alfredi sampled in the north and in the
south in 2021 (Figure 10). The isotopic biplot shows considerable overlap of M. alfredi with all source
locations except Sandes (Figure 10a). Estimates from the analysis predicts Egmont Lagoon as the primary
contributor to northern M. alfredi diet in 2021 (approx. 25%) whereas southern M. alfredi in 2021 have
similar dietary intake from Egmont Lagoon and Peros Banhos (approx. 15%) (Figure 10 b-c). Northern M.
alfredi in 2021 display considerably more variation in foraging location than their southern counterparts
(Figure 10 b-c). Sandes Seamount contributes relatively little to the diets in both the northern and

southern M. alfredi (<5% for north and approx. 6% for the south).

The isotopic signatures of plankton and M. alfredi muscle overlap across all locations with the exception
of Sandes Seamount (Figure 11a). The Bayesian mixing model results estimate that the highest dietary
input revealed from M. alfredi muscle comes from Peros Banhos (approx. 23%) followed by Egmont
Lagoon (approx. 20%). Brothers and Nelson (Great Chagos Bank), Egmont Outside and Salomon all have
similar proportional input (approx. 10-15%). Sandes seamount and Diego Garcia show the smallest

probable contribution to diet (<5%) (Figure 11b).
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4. DISCUSSION

This study uses stable isotope analysis to provide an insight into the feeding ecology and habitat use of
M. alfredi in the Chagos Archipelago. Bayesian mixing models across all analyses suggest that M. alfredi
feed predominantly at Egmont Lagoon and Peros Banhos (approx. 20-25% of diet input). These findings
are consistent for both skin and muscle tissue, indicating that M. alfredi had been feeding at these

locations several weeks and over a year prior to sampling.

4.1 Spatial variation

Results from the Bayesian mixing model for muscle tissue reveal clear disparity in habitat use with
Egmont Lagoon and Peros Banhos as highly probable foraging locations (approx. 20-25% diet input) and
Sandes Seamount and Diego Garcia as minimal contributors to diet (<5% diet input). A similar result is
shown for M. alfredi skin tissue across all years. Egmont Atoll is a known feeding ‘hotspot’ for M. alfredi
(Harris et al., 2019; 2021) and a total of 430 sightings with confirmed photo identification of M. alfredi
individuals have been reported since 2013 at Egmont following surveys conducted by The Manta Trust
(Harris, unpublished data). The preference for Egmont as a foraging location is thought to be due to the
oceanographic conditions and shallow bathymetry which allow for increased upwelling of nutrients and
consequent large zooplankton blooms (Harris et al., 2021). The consistency across skin and muscle
suggests that M. alfredi had been substantially feeding at Egmont Lagoon within the several weeks prior
to sampling and previous year. Overall, the stable isotope analysis supports previous knowledge of M.

alfredi foraging at Egmont.

Similarly, the mixing model results of muscle isotopic signatures place Peros Banhos as an equal
contributor to M. alfredi diet as Egmont Lagoon (approximately 23%). In fact, mixing model results of
skin in 2019 indicate that plankton from Peros Banhos formed a slightly larger contribution to the diet of
M. alfredi than plankton from Egmont Lagoon. Peros Banhos has, however, received relatively little
survey effort in comparison to Egmont and a total of 5 sightings with confirmed photo identification of

M. alfredi have been reported between 2005-2021 (Harris unpublished data). To date, there is minimal
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evidence of M. alfredi using Peros Banhos on a regular basis and the high proportion of diet input from
Peros Banhos gives good reason to increase survey effort in this area of the Chagos Archipelago with the
potential of confirming an M. alfredi foraging hotspot. Incentive to increase survey efforts at Peros

Banhos is exacerbated by the high threat of illegal catch of M. alfredi at foraging hotspots.

Although the Chagos MPA is covered by a blanket no-take policy, IUU fishing poses a significant threat to
species within the Chagos MPA and has been shown to have caused declines in shark species (Hays et
al., 2020). Acoustic telemetry and visual observations confirm the illegal fishing of an estimated >1000
grey reef shark (Carcharhinus amblyrhynchos) and silvertip shark (Carcharhinus albimarginatus) in
December 2014 alone (Tickler et al., 2019). It is, therefore, reasonable to predict that the threat of IUU
fishing extends to M. alfredi and, in foraging hotspots where M. alfredi presence is greater, the threat
will be heightened. A single enforcement vessel detects IUU fishing activity, however the large area of
the Chagos MPA poses a huge challenge to enforcement and, since the designation of the MPA in 2010,
the number of IUU vessel encounters has not decreased (Hays et al., 2020). IUU activity is suspected to
be concentrated in the northern regions of the MPA and illegal fishing vessels have been intercepted at
Egmont and Peros Banhos (Ferretti et al., 2018; Hays et al., 2020) confirming the need for further patrol
efforts in these locations. A study by Jacoby et al. (2020) to track the spatial overlap of the grey reef
shark (Carcharhinus amblyrhynchos) and silvertip shark (Carcharhinus albimarginatus) with illegal fishing
vessels highlights western Peros Banhos as a potentially important area for enforcement patrol efforts.
Increased survey efforts at Peros Banhos will afford clarity on the spatial dynamics of M. alfredi and

should be combined with patrol vessel data to assess overlap with illegal fisheries.

The reasons why Peros Banhos may act as a foraging hotspot are varied and may be attributed to
adjacent terrestrial biodiversity. The northern and eastern islands of Peros Banhos are home to the
majority of Chagos’ 18 species of breeding seabirds (Carr, 2015; Wu et al., 2021). High seabird
abundance is associated with increased nutrient leaching into marine ecosystems from nitrate-rich
guano (McCauley et al., 2021) which drives marine primary productivity and thus, zooplankton

aggregation (Shatova et al., 2016). In the Palmyra Atoll, central Pacific, movement patterns of the closely
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related oceanic manta ray (Mobula birostris) are influenced by the abundance of seabirds on adjacent
islands (McCauley et al., 2021). Seabird abundance in Chagos is influenced by the presence of the
invasive black rat (Rattus rattus) on at least 30 islands, which decimates seabird populations by
predation on eggs and chicks (Jones et al., 2008; Graham et al., 2018, Harper et al., 2019). The presence
of rats on islands in Chagos has been shown to reduce nutrient leaching into the marine ecosystem by a
factor of 251 (Graham et al., 2018). Further research could incorporate terrestrial biodiversity data with
fine-scale analysis of M. alfredi foraging locations, such as between the rat-free and rat-infested islands
of Peros Banhos, which would enhance our understanding of terrestrial-marine ecological interactions in

the MPA.

Contrarily, Bayesian mixing models place Diego Garcia in the southeast of the archipelago as a relatively
low contributor to M. alfredi diet. The low probability of Diego Garcia as a feeding location is supported
by the few photo identification samples of M. alfredi individuals in Diego Garcia (n=9) since 2005 (Harris,
unpublished data). Satellite tracking data show two individual M. alfredi making a journey in excess of
130 km from Egmont to Diego Garcia (Harris, 2019). Mobula alfredi display high levels of site fidelity
(Setyawan et al., 2018) and it could be that M. alfredi make transient visits to Diego Garcia to feed away
from their home site, hence the low diet input reflected from long-term muscle tissue. Another
possibility is that Diego Garcia isn’t a foraging location but instead a site of a cleaning station. Cleaning
stations are an important part of M. alfredi ecology; they serve to rid individuals of parasites, algal
growth, and bacteria and promote wound healing (Stevens et al., 2018). To better understand how M.
alfredi use the waters around Diego Garcia, it will be beneficial to include sampling and behavioural
observations of M. alfredi in Diego Garcia into future research, especially as Diego Garcia is the only

inhabited island and therefore may have anthropogenic effects on the coastal ecosystem.

Whilst M. alfredi display high site fidelity (Setyawan et al., 2018), they are highly mobile elasmobranchs
and are capable of swimming distances in excess of 1,000 km (Stevens et al., 2018). Bayesian analysis of
their skin isotopic signatures from M.alfredi sampled in the north of the archipelago compared to those

sampled in the south of the archipelago in 2021 reveal that M. alfredi in the north are likely to feed at
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Egmont Lagoon, some 150 km away. As skin reveals the isotopic consumption of several weeks prior, it
is possible that M. alfredi were feeding at Egmont Lagoon and then travelled to Peros Banhos or
Salomon, where they were sampled a few weeks later. Nonetheless, this suggests a corridor between
Egmont and the north of the archipelago which, again, has potential to be exploited by IUU fishing. This
is supported by previous satellite tracking data of M. alfredi by Harris (2019) that shows one M. alfredi
individual making the journey between Egmont and Salomon, through the west of Great Chagos Bank. It
is, therefore, important to not only identify areas of foraging but also identify the corridors between

foraging habitats and other critical habitats such as cleaning stations.

4.2 Annual variation in habitat use

Annual variation between skin §*3C values and between Bayesian mixing model estimates of foraging
location could be attributed to large-scale, annual variability in oceanographic conditions, such as those
caused by the Indian Ocean Dipole (I0D) (Saji et al, 1999; Huang et al., 2022). The IOD is an ocean-
atmosphere interaction that causes annual variability in sea surface temperatures and anomalous wind
and precipitation events (Saji et al., 1999). The 10D is associated with ‘positive’, ‘negative’ and ‘neutral’
cycles. A positive 10D cycle constitutes a warmer western Indian Ocean and cooler eastern Indian Ocean
(Australian Government Bureau of Meteorology, 2012). Positive 10D phases are associated with a
deepening of the thermocline in the western Indian Ocean which causes a change in the surface and
subsurface phytoplankton concentration (Dilmahamod et al., 2016). Thermoclines are associated with
higher concentrations of chlorophyll-a, a signifier of high phytoplankton concentration, thus a
deepening of the thermocline may result in lower surface plankton concentrations (Sharples et al., 2001;
Harris et al., 2021). Moreover, the Seychelles-Chagos Thermocline Ridge (SCTR), on which Chagos lies on
the eastern edge, is a prominent site of upwelling (Lee et al., 2022). Upwelling is a process by which
cold, nutrient-rich water from the deep rises to the surface, bringing with it high concentrations of
plankton (NOAA). Upwelling events on the SCTR display interannual variability and are known to be
supressed during positive IOD phases, therefore reducing the transport of nutrient-rich water from the

deep to the surface (Lee et al., 2022). High planktonic productivity is essential to support the energetic
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demands of planktonic elasmobranch megafauna such as M. alfredi (Meekan et al., 2015; Armstrong et
al., 2016). Variations in plankton availability influence the movement patterns of the largest of filter
feeders, the whale shark (Rhincodon typus) in western Australia (Marcus et al., 2019), M. alfredi in
eastern Australia (Armstrong et al., 2016) and pygmy blue whale (Balaenoptera musculs brevicauda) in
Chagos (Huang et al., 2022). Therefore, in Chagos, annual fluctuations of marine primary productivity

are likely to drive M. alfredi to forage in variable locations.

In the boreal autumn of 2019, the Indian Ocean experienced the strongest positive IOD event of the 21°
Century (Shi & Wang, 2021). In September and October of 2019, the suppression of upwelling and
increased downwelling (the movement of warm surface water to deeper water), caused the deepening
of the thermocline and sustained depletion of nutrients for phytoplankton growth (Shi & Wang, 2021).
During this positive 10D phase, chlorophyll-a concentration in the western Indian Ocean was
significantly reduced by over 30% compared to that of normal years and remained at low levels until
May 2020 (Shi & Wang, 2021). The decreased phytoplankton concentration will have subsequently
lowered the availability of zooplankton prey for M. alfredi. Skin isotopic signatures of M. alfredi reflect
the feeding events of the several weeks prior to sampling. In the case of M. alfredi sampled in
November 2019, this would coincide with the start of the peak of the extreme positive IOD event.
Fluctuations in zooplankton abundance will drive M. alfredi to seek productive foraging grounds, which
could be in deeper waters or further offshore, potentially out of the MPA boundary and into
unprotected waters. Future research to link large-scale, annual changes in oceanographic conditions
with patterns of M. alfredi movement and feeding ecology should be conducted. This is especially
relevant as climate change is predicted to increase the frequency of extreme positive 10D events three-
fold to once every six years (Cai et al., 2014). With success, movement patterns of M. alfredi could be

predicted with the IOD which can be predicted a few months prior to occurrence (Zhao et al., 2019).

4.3 Inter-tissue variation

Upon reviewing the literature, it is evident that many stable isotope studies of elasmobranch species
utilise muscle tissue to identify long-term foraging patterns (e.g. Daly et al., 2013; Shiffman et al., 2014;
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Burgess et al., 2016; Peel et al., 2019), but few analyse skin tissue to reveal short-term feeding ecology
and habitat use (e.g. Marcus et al., 2019). Tissues which display similarly short turnover times are often
used instead, for example liver or plasma (Shiffman et al., 2012), the former of which requires lethal
sampling (MacNeil et al., 2005; Shiffman et al., 2012) and the latter uses an alternative sampling method
and equipment to muscle (Kim & Koch, 2012). Skin, on the other hand, can be sampled using the same
biopsy technique as muscle with a minimally invasive procedure to collect one sample which can be
separated, as demonstrated in this study. The results from this study reveal a significant difference in
the isotopic signatures of 6'*C between M. alfredi muscle and skin tissue, demonstrating that skin
reveals patterns in feeding ecology unique to those from muscle. Additionally, stable isotope analysis
identifies a significant depletion in the §'3C signatures of M. alfedi skin sampled in the south (Egmont)
compared to those from the north (Salomon and Peros Banhos). Muscle tissue, however, does not show
any significant difference in §*3C values between northern and southern mantas. The disparity in results
shown by skin and muscle is further evidence of why skin should be used in conjunction with muscle in
stable isotope studies as it has the potential to reveal finer-scale aspects of feeding ecology that muscle
overlooks. Therefore, future stable isotope studies should consider using skin to investigate seasonal
(short-term) variations in feeding ecology and habitat use. Knowledge of seasonal habitat use is critical
for the application of dynamic management practices (Arcangeli et al., 2017; Harris et al., 2020). For
example, the IUU fishing patrol vessel bases its patrols on arrest history and radio intelligence or to
cover discrete geographical features such as seamounts (Jacoby et al., 2020). Our results suggest that
Sandes Seamount contributes very little to M. alfredi feeding. Therefore, focusing patrol efforts over
seamounts without empirical data to support seamounts as key habitat for M. alfredi does little to
support effective M. alfredi protection. Secondly, this is a relatively static approach to a patrol and
instead, a thorough understanding of species’ movement patterns on a seasonal basis would allow the

patrol vessel to target high-risk areas at appropriate times of the year.
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5 CONCLUSION

Overall, this research has provided an insight into the feeding ecology and habitat use of M. alfredi
within the Chagos MPA and given direction for future research. It has provided evidence that M. alfredi
in the Chagos MPA may be feeding at Peros Banhos in the north of the archipelago, an atoll where
survey efforts of M. alfredi have been relatively low and is potentially a site of high overlap with illegal
fisheries. Temporal variations in foraging location highlight the need for dynamic management practices
with respect to enforcing the MPA’s no-take policy and to best protect M. alfredi from continued
exploitation at the hands of illegal fisheries. Stable isotope analysis has allowed us to advance our
understanding of M. alfredi feeding ecology and habitat use which is vital to support their conservation

and maintain the Chagos MPA as a refuge in the highly exploited Indian Ocean.
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APPENDICES

Appendix A

Table 2: Details of M. alfredi individuals which were sampled for tissue biopsies.

Manta ID Sex  Maturity Year Location Tissue
CG-MA-0056 F Juvenile 2021 Salomon Muscle + skin
CG-MA-0213 F Adult 2021 Peros Banhos = Muscle + skin
CG-MA-0215 F Juvenile 2021 Salomon Muscle + skin
CG-MA-0217 M Adult 2021 Salomon Muscle + skin
CG-MA-0218 F Juvenile 2021 Salomon Muscle + skin
CG-MA-0220 F Juvenile 2021 Salomon Muscle + skin
CG-MA-0221 F Juvenile 2021 Salomon Muscle + skin
CG-MA-0222 F Juvenile 2021 Salomon Muscle + skin
CG-MA-0226 F Adult 2021 Salomon Muscle + skin
CG-MA-0027 M Adult 2019 Egmont Muscle
CG-MA-0055 F Adult 2020 Egmont Muscle + skin
CG-MA-0084 M Juvenile 2019 Egmont Muscle + skin
CG-MA-0088 M Juvenile | 2019 Egmont Muscle + skin
CG-MA-0094 F Juvenile 2019 Egmont Muscle + skin
CG-MA-0100 M Adult 2020 Egmont Muscle + skin
CG-MA-0102 F Juvenile 2019 Egmont Muscle + skin
CG-MA-0112 M Juvenile | 2019 Egmont Muscle + skin
CG-MA-0113 F Juvenile 2019 Egmont Muscle + skin
CG-MA-0115 F Juvenile | 2019 Egmont Muscle + skin
CG-MA-0116 F Juvenile 2019 Egmont Muscle + skin
CG-MA-0117 F Juvenile | 2019 Egmont Muscle + skin
CG-MA-0121 M Juvenile 2019 Egmont Muscle + skin
CG-MA-0126 F Juvenile | 2019 Egmont Muscle + skin
CG-MA-0129 M Juvenile 2019 Egmont Muscle + skin
CG-MA-0135 F Juvenile = 2020 Egmont Muscle + skin
CG-MA-0141 M Adult 2019 Egmont Muscle + skin
CG-MA-0143 F Juvenile | 2019 Egmont Muscle + skin
CG-MA-0149 F Juvenile 2019 Egmont Muscle + skin
CG-MA-0152 M Adult 2019 Egmont Muscle + skin
CG-MA-0153 F Adult 2019 Egmont Muscle + skin
CG-MA-0154 M Adult 2019 Egmont Muscle + skin
CG-MA-0155 M Adult 2019 Egmont Muscle + skin
CG-MA-0163 F Juvenile = 2020 Egmont Muscle + skin
CG-MA-0165 F Juvenile | 2020 Egmont Muscle + skin
CG-MA-0090 M Adult 2021 Egmont Muscle + skin
CG-MA-0096 M Adult 2021 Egmont Muscle + skin
CG-MA-0098 M Adult 2021 Egmont Muscle + skin
CG-MA-0231 F Juvenile 2021 Egmont Muscle + skin
CG-MA-0232 M Adult 2021 Egmont Muscle + skin
CG-MA-0235 M Juvenile 2021 Egmont Muscle + skin
CG-MA-0189 F Adult 2020 Egmont Skin
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Appendix B

Table 3: Details of dietary source sampling. All plankton excluding that from Sandes were used
in ANOVA analyses. All plankton and fish were used in Bayesian mixing models.

Type Location Year n
Plankton Egmont 2019 17
Plankton Egmont 2020 10
Plankton Egmont 2021 15
Plankton GCB —Brothers = 2021 5
Plankton GCB - Nelson 2021 2
Plankton Peros Banhos 2021 9
Plankton Salomon 2021 11
Plankton Sandes 2022 5
Fish Diego Garcia 2019 31
Rainbow runner 25
Bohar snapper 4
Bluefin trevally 2
Appendix C
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Isotopic signatures of M. alfredi muscle, M. alfredi skin and plankton show significant differences in §°N
and 8"3C values.
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Figure 12: Boxplots of the (a) 515N signatures and (b) 8'3C signatures of M. alfredi muscle, M. alfredi
skin and bulk plankton. Coloured boxes encompass the interquartile range, the middle line denotes
the median and the whiskers show the minimum and maximum values. Outliers are represented by

circles.
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Appendix D

Mobula alfredi skin showed significant depletion in §3C from individuals sampled in the south compared

to those from the north (ANOVA F135=9.771, p = 0.003) (Figure 13).
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Figure 13: Boxplot of M. alfredi skin 63C values from M. alfredi sampled in the north (Peros Banhos
and Salomon) and the south (Egmont) across all years. Coloured boxes encompass the interquartile
range, the middle line denotes the median and the whiskers show the minimum and maximum

values. Outliers are represented by circles.
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