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Abstract: Drones are becoming increasingly valuable tools for studying species in marine envi-
ronments. Here, a consumer-grade drone was used to elucidate the distribution and population
abundance of two threatened dasyatid rays, Pastinachus ater and Urogymnus granulatus, in a remote
marine protected area in the Republic of Seychelles. Over six weeks in March and April 2023, a
total of 80 survey flights, covering an area of 3.2 km?, recorded 1262 P. ater and 822 U. granulatus.
Findings revealed previously unresolved high-use areas for both species, which almost exclusively
used sandy areas within the habitat and were found in greater abundances in areas closer to the
shoreline. Spatial patterns in abundance were strongly correlated between species, with both often
found in mixed-species groups. The site was shown to support large populations of both species
with total population abundance estimates of 2524 (2029-3019 95% CI, 0.1 CV) for P. ater and 2136
(1732-2539 95% CI, 0.09 CV) for U. granulatus. This study highlights the applicability of drones in
acquiring highly useful data for delineating critical habitats and informing the adaptive management
of marine protected areas.

Keywords: unmanned aerial vehicles; habitat use; Pastinachus ater; Urogymnus granulatus; elasmobranch;
ray; Dasyatidae

1. Introduction

Batoid rays constitute the most diverse elasmobranch group and are facing a global
extinction crisis with exploitation, habitat loss and climate change driving population
declines for many species [1-5]. Despite this, important research into their populations,
habitat use and ecological role remains lacking, and this hinders management and conser-
vation efforts [4,6,7]. Evaluating the effectiveness of conservation requires data on species
distributions and abundance [8], particularly for critical habitats such as nurseries. For most
ray species, however, such data do not exist, and ray nurseries remain poorly understood
when compared to sharks [9-11]. As global declines for many ray species persist, acquiring
such data is increasingly important.

Choosing a methodological approach for a particular study requires consideration of
the study aims, the subject species and the location [12,13]. Traditionally, methods such
as acoustic telemetry and capture-mark-recapture have been used in assessing marine
species distributions and population abundance, respectively, but both of these methods
have limitations to their application. Many studies investigating movements of sharks
and rays in atoll and lagoon habitats have relied on acoustic telemetry [14-17]. However,
in shallow water environments, signal transmission distances can be limited or affected
by environmental conditions [18-20], and this can influence estimates of habitat use and
residency, for example [17,21]. Equally, capture-mark-recapture studies have been used
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to estimate species population sizes; however, these studies can be difficult to implement
as they require intense effort, significant resources and can be impractical or infeasible if
assumptions are not met. Additionally, if population sizes are large or capture probability
is low, it can be difficult to acquire enough data to ensure a reasonable estimation of abun-
dance [22]. Both of these methods also require the capture and handling of animals which
can cause acute stress responses in elasmobranchs [23], with consequences for post-release
fitness and survival [24]. When studying threatened species with declining populations,
it is particularly meaningful to acquire high-resolution data over short timeframes, in
cost-effective ways and without the risk of causing harm to animals.

Drones offer a rapid, cost-effective and non-invasive means to gather high-resolution
data on the spatial ecology, abundance and behaviour of species in their natural environ-
ments. Their application in wildlife management and research has expanded rapidly in the
last decade [25,26]. In the marine realm, drones have been used to elucidate movements
and estimate population abundance of species using shallow water marine habitats such
as coral reef sites (e.g., [26,27]) and an increasing number of studies have utilized drones
to assess habitat use and population parameters of sharks [28-32]; however, studies of
rays remain sparce [11]. Baseline information on the distribution and abundance of rays
using key shallow-water habitats should therefore help to fill this knowledge gap, support-
ing effective monitoring, defining high-use areas and informing adaptive management
processes.

The St. Joseph Atoll is a remote coral reef atoll situated in the Amirantes island group
of the Republic of Seychelles and has recently been designated as a part of a large marine
protected area (MPA) (Seychelles Marine Spatial Plan 2020—Official Gazette No 34). St.
Joseph is a critical ecosystem for many species, including threatened sharks and rays [33],
and it is used by the juvenile life stages of several species that remain within the atoll
through the first years of life [34,35]. Large juvenile populations of threatened dasyatid ray
species, Pastinachus ater and Urogymnus granulatus, occupy the shallow reef-flat habitats of
the atoll year-round [20]. Previous studies have investigated the dietary niches of P. ater
and U. granulatus [35], and prior acoustic-tracking studies have also provided information
on the residency and habitat use of these species in the atoll [17,20], though restrictions on
unit placement and detection ranges of the receiver array may have limited the resolution
with which species distributions could be determined. Further, despite the breadth of
previous research, there has been no quantification of the population abundance of rays at
the site. For this study, a consumer-grade drone was used to investigate the distribution
and population abundance of these two ray species at the St. Joseph Atoll. The specific
study aims were to (1) elucidate spatial patterns in distribution and define high-use areas;
and (2) estimate densities and absolute abundances of juvenile populations across the
reef-flat habitat. Given that the development of management and conservation measures
for this recently established marine protected area are ongoing, findings from this study
should prove timely and valuable.

2. Materials and Methods
2.1. Study Site

This study was conducted at the remote St. Joseph Atoll in the Amirantes island group
of the Republic of Seychelles, Western Indian Ocean (5.43° S, 53.35° E, Figure 1A). St. Joseph
Atoll (~22 km?) comprises 16 small islands and sand banks that sit atop a continuous reef
flat, enclosing a shallow (2-9 m) lagoon of approximately 5 km?. The flats surrounding the
central lagoon become exposed at low tide, causing temporary isolation of the lagoon from
the outer reef. Over high tides, up to 2 m of water covers the flats. The lagoon is divided
into a series of basins by parallel-flat-topped reef ridges or so-called ribbon reefs. These
ridges support the dense growth of seagrasses, consisting of mostly Thalassadendron ciliatum
and Thalassia hemprichii. The St. Joseph Atoll became an officially gazetted marine protected
area in March 2020, encompassed by and part of the broader Amirantes to Fortune Bank
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sustainable use area (Seychelles Marine Spatial Plan 2020—Official Gazette No 34, Nature
Reserves and Conservancy Act 2022—Official Gazette No S.I. 48 of 2023).
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Figure 1. (A) Geographic position of the St. Joseph Atoll in the Amirantes island group with an

inset map of the Republic of Seychelles in relation to the wider Western Indian Ocean (created using
GEBCO_08 bathymetry data: GEBCO Compilation Group 2020) and (B) the St. Joseph Atoll with
classified habitats and drone survey transects displayed. Habitat data created by n + p biologists

(www.nplusp.ch, accessed on 1 October 2023) using supervised image classification of 2 m 8 band
MS 16-bit orthorectified WorldView-2 high-resolution satellite images from LAND INFO Worldwide
Mapping, LLC., (Denver, CO, USA) and is Copyright of Save Our Seas Foundation.
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2.2. Drone Surveys

A DJI Phantom 4 Pro quadcopter drone (D]I, Shenzhen, China) was used to conduct
aerial surveys (Seychelles Civil Aviation Authority—registration number: SCAA /SSR/DR-
ONE/2021/525) and flown beyond visual line of sight from a small (5 m) outboard skiff.
Twenty 1 km long strip transects were created in the Litchi platform (https:/ /flylitchi.com,
accessed on 1 October 2023) to cover areas of the shallow sand and seagrass flats of the
St. Joseph Atoll (Figure 1B) where large but unquantified populations of juvenile P. ater
and U. granulatus reside for their first years of life [17,35]. Using the Litchi app, automated
drone flights were conducted along each transect during March and April 2023. Drones
were flown at 30 m altitude, above water level, to reduce disturbance whilst retaining
resolution to identify animals and were flown at 20 km h~! (5.55 m s}, similar to other
studies, e.g., [27]. Video was set to record in 4K resolution with the camera angle at
90° (facing directly below the drone). Each transect was surveyed four times over the
course of the study, and no flights of the same transect were conducted on the same day.
Changes in water visibility due to tide, light availability and water depth can influence
detection [11], and therefore, all flights were conducted on clear days and in less than
15 knots of wind, during flooding or ebbing tides to maximize visibility (tide times were
taken from the Seychelles Maritime Safety Authority tide tables). Each transect was flown
in both directions and the pass with the least sunlight glare was chosen for analysis. For
each flight, data were recorded on flight start time, tidal phase (flooding or ebbing) and
tidal height (estimated using tide tables and time of survey flight). A pre-survey calibration
was also conducted to measure the transect strip width (field of view at 30 m height), using
a tape measure laid over flat ground. This was then used to inform density estimates over
the known area of each survey transect (40 m strip width; 0.04 km? transect area).

2.3. Video Analysis

The two study species were readily distinguished from one another and highly visible
in video analyses due to distinct disc and tail features. Pastinachus ater has a broad, rhombic
disc and is light brown in colour with a well-developed ventral tail fold. Urogymnus
granulatus has an oval disc and is dark brown to dark grey in colour with a white, whip-like
tail [4]. These features meant that even when buried in the sand, individuals could be
identified to species level (Figure 2). Neither species digs deep feeding pits, only covering
their body in a thin layer of sand, and in both species, their tails remained exposed and
apparent even when buried (corroborated by on-the-ground observations). A third dasyatid
ray species (Urogymnus asperrimus) also inhabits the site year-round, and though this species
is also highly distinct, due to its pale colouration, it is near impossible to see when buried
in sand and so was not included in the study. This species is also easily discerned from
the two study species, characterized by a near-circular, sandy coloured disc and a thin tail
without any folds. The dorsal side of its disc is also covered in thorns. This meant that,
when visible, this species could be easily distinguished from study species. Video analysis
was conducted by experienced observers (RB, DF) in either Quicktime player (Apple Inc.
Cupertino, CA, USA) or Adobe Premier Pro (Adobe Inc. San Jose, CA, USA) and counts
of individuals of each species were noted for each flight. A 4K ultra-HD monitor and
high-performance computer were used for analysis. For each individual count, information
on the substrate upon which the ray was recorded as well as the transect section were noted.
Substrate type was classified as either sand or seagrass and based on the majority substrate
immediately below an individual (>50% sand or >50% seagrass). Transect sections for all
counts were classified by the time of record (entry of individual onto the screen). Given
that flights took 3 min to cover the 1 km transect length, counts were grouped into transect
sections by the first, second and third min of the flight. Videos were played back at 0.5 x
speed and frequently paused when counting. Only certain identifications were included in
counts and analysis. Adult rays of both species are known to use the site intermittently,
but no adults were recorded in any transect (disk width >80 cm, calculated using Tracker
image analysis software v.6.0 and based on size at maturity estimates for both species).
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Figure 2. Example still images from drone video survey flown at 30 m (A,B), with a zoomed section
(white box—solid line) highlighting the light brown colour and diamond shape of P. ater versus the
darker body colour and round disc of U. granulatus.

2.4. Data Analysis

A Spearman’s rank correlation was generated in R Studio [36] to test for associations
in counts of P. ater and U. granulatus across all survey flights. Multivariate analyses were
used to model the influence of distance to the shoreline on the abundance of rays. Distance
to the nearest point of shore was measured at the start, centre and end points of each
transect (using a near table function in ArcGIS), and a mean of these measurements taken
as the distance-to-shore of that transect. Transects were then grouped into three categories;
0-250 m, 251-500 m and 500+ m, based on their distance-to-shore value. The influence
of tidal height was also modelled to assess whether water depth affected visibility and
thereby count estimates. A permutational multivariate analysis of variance (PERMANOVA)
was generated in PRIMER v7 [37] with the PERMANOVA+ add on [38]. Tests with 9999
permutations were based on a Bray—Curtis similarity matrix constructed from square-root
transformed abundance data. Mean counts for each species in each transect section were
calculated, and abundance plots were generated in ArcMap v.10.6.1 using the start, centre
and end points of each transect.

Mean population densities in sand and seagrass substrates were calculated for each
transect using mean counts, divided by the total area of each transect (0.04 km?) and
presented as rays per km? (as in [27]). Procedures for estimating absolute population
abundance (N) were based on extrapolation of count-derived density estimates to the total
habitat area [39-41]. Extrapolating to obtain estimates of abundance requires the division
of the count (n) by the survey area (a), generating an estimate of animal density (as noted
above). This is then multiplied by the size of the study area (A). The statistical model for
this can be presented as N = § x A. This assumes, however, that densities of animals
in survey counts are representative of the broader habitat, and this is rarely the case [40].
To account for habitat and density heterogeneity and inform more precise estimates of
absolute abundance for each species, the total habitat area (the flats of St Joseph Atoll) was
delineated by substrate type and proximity to the shoreline (using the same categories as
above) into sub-habitat areas. Polygons were created for these sub-habitat zones in ArcGIS,
producing area values for both sand and seagrass habitat at 0250 m, 251-500 m and
500+ m from the shoreline of all islands. Abundance estimates were then calculated through
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direct extrapolation of mean population densities to the appropriate sub-habitat area. Per-
habitat abundance estimates were then summed to produce absolute population abundance
estimates (N) for each species. These were presented with 95% Poisson confidence intervals

N
N % 100).

(95% CI) and coefficient of variation percentage values (CVN =

3. Results

Between 5 March and 22 April 2023, 80 automated drone survey flights were conducted
across the 20 transect sites, summing to a total surveyed distance of 80 km and an area
covered of 3.2 km?. A total of 1262 P. ater and 822 U. granulatus were observed throughout
the survey equating to a mean of 15.65 (£4.4 SE) P. ater and 10.28 (£2.4 SE) U. granulatus
individuals per survey flight.

3.1. Patterns in Abundance

Survey data showed that both species almost exclusively used areas of sand substrate
as opposed to seagrass. A total of 99.2% of all P. ater and 93.9% of all U. granulatus counts
were made over sand substrate. Counts of each species across all survey flights were
highly associated (Spearman’s rank correlation: r; = 0.7 p = < 0.001), and differences in
counts between survey transects were similar for both species (Figure 3). Mean distance
to the shoreline of survey transects also correlated significantly with ray abundance (PER-
MANOVA: Pseudo F = 2.79, p = 0.03). Both species occurred in greater abundances in
areas closer to the shoreline, and abundance was markedly reduced in areas further than
500 m from shore (Figure 4). No significant effect of tidal height was found, indicating
no effect of water depth on visibility and count estimation. No observable evidence of
disturbance from the drone was noted with no changes to swimming behaviour or sinuosity
in any swimming rays recorded. The majority of rays were stationary during recording
and remained so as the drone passed overhead.

60 Species
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. U. granulatus

Mean Abundance

0

]
i I 1 ] I
' I I .}- .1_]_1.1- e i,a. m o

0 5 10
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Figure 3. Mean counts (error bars: & SD) of P. ater and U. granulatus across all 20 survey transects.
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Figure 4. Differences in mean counts (error bars: &+ SD) of P. ater and U. granulatus between different
distance—to—shoreline categories.

3.2. Distribution in the Habitat

Distribution mapping highlighted high-use areas for P. ater and U. granulatus. Both
species were found in the greatest numbers on the flats of the inner atoll, particularly to the
east of the lagoon, along the inner shore of the main island of the atoll and nearshore of the
northern atoll islands (Figure 5A,B). Pastinachus ater occupied open flats to the west of the
atoll that were unused by U. granulatus, and conversely, U. granulatus used areas towards
the outer edges of the atoll to the east that were not used by P. ater. Additionally, markedly
greater abundances of P. ater were recorded in Transect 2 and Transect 16.

3.3. Population Density and Abundance

Estimated population densities for P. ater were 235.6 rays per km? in the sand habitat
and only 2.4 individuals per km? in seagrass. For U. granulatus, 192.7 individuals per km?
was estimated for sand and 13.7 individuals per km? for the seagrass habitat (Table S1).
Extrapolated to the available habitat, absolute population abundance estimates across the
entirety of St Joseph Atoll flats were 2524 (2029-3019 95% CI, 0.1 CV) for P. ater and 2136
(1732-2539 95% CI, 0.09 CV) for U. granulatus (Table S2).
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Figure 5. Plots displaying the distribution of mean abundances for (A) P. ater and (B) U. granulatus
across the shallow, reef-flat habitats of the St. Joseph Atoll site. Plot points taken from GPS coordinates

at the start, centre and end points of all 20 survey transects. Map base layer source: Esri ® (Esri,
Redlands, CA, USA).
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4. Discussion

In this study, drones were shown to be a highly effective tool in delineating the
distribution and abundance of rays in shallow water habitats, gathering high resolution
data in a rapid, low-cost and non-invasive manner. Findings highlight high-use areas and
produce absolute abundance estimates for juvenile populations of P. ater and U. granulatus.
These data form a baseline from which it should be possible to monitor the populations of
these species over time at St. Joseph Atoll and through the evolution of its MPA.

Findings relating to the habitat use and distribution of these species likely relate to
feeding and predator avoidance strategies. Both species were found to almost exclusively
use sandy areas over the reef flats, as opposed to seagrass areas, and occurred in greater
abundances closer to the shoreline. The preferential use of sand over seagrass makes sense
given that most batoid rays feed on in- and meiofauna within soft sediments and that the
feeding strategies used by rays to access these resources require the excavation of these
sediments [10,42,43]. The previously described diets for both species in the St. Joseph Atoll
showed that the majority of prey species occurred in the benthos associated with sandy
reef-flat habitats [35]. Additionally, many ray species bury themselves in sand to hide from
predators [4], something they cannot do in seagrass areas. Predator avoidance is likely also
a driver of the high observed abundances in nearshore areas. At St. Joseph, the shallow reef
flats are largely inaccessible to larger sharks [16,44], and juvenile rays likely use the flats
to avoid these predators [20]. Elsewhere, towed float GPS telemetry has shown similarly
that U. granulatus had a strong affinity for sand flats and nearshore areas, suggesting that
these areas provide abundant food resources and protection from predators [45]. The use of
communal nurseries in rays has also been shown to reduce predation risk [46]. Here, both
species occurred across the site in large mixed-species groups. The degree of space sharing
between two species can often be related to the extent to which those species compete for
or partition resources [47]. Previous studies into the diets of juveniles of these two species
at the St. Joseph site showed distinct dietary niche differentiation [35]. Pastinachus ater were
found to feed mainly on bivalve molluscs, and U. granulatus consumed mostly decapod
crustaceans. Similarly, previous research into the trophic ecology of these two species
sharing a nursery site in Australia showed that these rays also shared sand and reef-flat
areas with stable isotope analyses indicating niche differentiation [48]. In the absence
of any meaningful resource competition, larger multispecies aggregations may improve
individual predator protection [49].

This study highlighted key high-use areas for both species across the atoll flats habitat
that were hitherto unresolved. Previous research has shown that juveniles of both species
remain almost exclusively on the reef flats, avoiding the coral reef and lagoon habitats of the
atoll [20]. These findings add to those already reported [17,20] by identifying specific areas
of use by large numbers of rays, particularly in very shallow (<50 cm) and intertidal areas
of the habitat that are beyond the reach of acoustic unit deployment and detection ranges.
For both species, the shallow and sandy areas along the lagoon facing shores of St. Joseph
Island (the largest island of the atoll) were areas of the highest recorded abundance, which
was not reflected by acoustic telemetry detections in previous studies [17]. This highlights
how drone surveys can be used to overcome the limitations of other methods and more
precisely resolve species distributions in especially shallow, clear-water habitats. Telemetry
revealed seasonal changes in habitat use of both species at the site [17], and future research
could implement longer-term repeated drone surveys to monitor distribution shifts of
species over longer-term scales. Despite the noted advantages of drones, acoustic telemetry
has great benefits in providing longer-term data and is naturally superior in mapping
habitat use in deeper-water areas where drone detection is prohibited. In combination,
both acoustic telemetry and drone survey may therefore offer the most intuitive approach
to best resolve the habitat use and distribution of rays in well-defined, shallow habitats.

Deriving abundance estimates from density data is a key aspect of conservation
science [8]; however, very few studies, to date, have utilised drones to assess densities
and population abundances of rays [28,50-52]. To the authors knowledge, this is the first
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study to use drones to estimate the abundance of juvenile ray populations in a given
habitat. Though adult rays are known to use the site intermittently, no adult individuals
were observed in video analyses in this study. Large estimates of absolute population
abundance were made for both study species, though with so few additional studies to
draw comparisons to, and the different life stages considered in those studies, it is difficult
to define how the size of these population estimates compare to other areas. Densities
of pink whiprays Pateobatis fai at a shallow coral reef site in Moorea have been reported
at ~0.7 individuals per hectare [28]. Southern stingrays Dasyatis americana and spotted
eagle rays Aetobatus narinari were found in abundances of up to 3.8 individuals per survey
in relatively small habitats (<3 km?) in the Bahamas [50], and cownose rays Rhinoptera
neglecta were reported at ~100 individuals per km? in coastal areas in Australia (based
on extrapolation from numbers of animals per survey presented by Tagliafico et al. [52].
Though only limited comparisons, these data suggest that the densities and abundances
reported here represent particularly large populations of rays, given the size of the study
site. An uncommon feature of the St. Joseph Atoll is that it lacks a dominant channel and
thus strong currents, which results in an abundance of soft sand sediments and seagrass
beds that provide a highly suitable habitat to support large numbers of rays [20]. Further,
it has been shown that dietary differentiation also supports the coexistence of abundant
populations [35,53,54]. The use of drones for scientific surveys, although advantageous
in many ways, does come with its own sources of error that must be considered in the
study design. Two major sources of bias in count-based aerial survey are availability
and perception biases [29,55]. Availability bias refers to the potential for animals to be
unavailable for counting (animals are hidden from view, obstructed or otherwise difficult
to detect). By conducting surveys in clear, shallow waters and in calm conditions, as
was done here, this error is significantly reduced [28,56,57]. Water depth was also shown
here to have no effect on the numbers of animals detected. Further, the high degree of
conspicuity of both species, even when buried in the sand, ensured reliable detection and
no other objects in the environment were likely to be mistaken as rays. Flight patterns, and
aircraft speed were also selected such that the chance of double detections with drones was
small [29]. No transect was flown more than once in a day and adjacent transects were at
least 250 m apart and were only ever surveyed within minutes of one another. Perception
bias refers to variation in detecting targeted objects. By recording the video, much of
this bias is removed [29,58], and the analysis here was conducted only by experienced
individuals. Despite this, it was not possible to collect direct reference data in the field
to verify drone-based counts, and this limited the capacity to statistically quantify the
error. Several studies have used the placement of mock or replica animals in survey areas
to test for perception error, and such trials may be of value in future studies. Various
machine learning methods are increasingly being used to analyse population abundance
data with the advantage of accounting for sources of imperfect detection. These methods
require large datasets for training and to ensure robustness but offer powerful means to
produce reliable abundance estimates and should be considered for drone-based estimates
of absolute population abundance.

Juvenile survivorship in batoid rays is an important factor in sustaining popula-
tions [13,59,60], and effective conservation of batoid nursery areas is therefore critical.
MPAs are important tools for conservation, supporting species populations and mitigat-
ing biodiversity loss; however, their placement and regulations should be reflective of
threats that they can realistically manage [33,61]. Many large MPAs, including that which
encompasses the St. Joseph Atoll, allow for various uses rather than a complete prohibition
of activities. For areas such as these, it is unrealistic to designate vast swathes of habitat
for complete protection. However, precisely targeting discrete areas within broader MPA
boundaries for more realistically manageable protection measures is likely to have more
successful outcomes. The findings here identify large populations and key high-use areas
at the St. Joseph Atoll site for juvenile populations of two threatened dasyatid rays. St.
Joseph likely represents an important area in supporting the viability of these ray pop-
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ulations across the broader region and more specific management measures should be
considered for this site, as the implementation and adaption of the Amirantes to Fortune
Bank sustainable-use zone progresses.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/drones8020048 /s1. Table S1: Summary of mean counts and per-habitat
densities for P. ater and U. granulatus recorded from 80 drone flights at 20 survey transects across the
St. Joseph Atoll, Seychelles.; Table S2: Summary of per-habitat and absolute abundance estimates for
P. ater and U. granulatus from drone survey across the St. Joseph Atoll, Seychelles.
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