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Abstract: The way an animal behaves in its habitat provides insight into its ecological role. As such,
collecting robust, accurate datasets in a time-efficient manner is an ever-present pressure for the
field of behavioural ecology. Faced with the shortcomings and physical limitations of traditional
ground-based data collection techniques, particularly in marine studies, drones offer a low-cost
and efficient approach for collecting data in a range of coastal environments. Despite drones being
widely used to monitor a range of marine animals, they currently remain underutilised in ray
research. The innovative application of drones in environmental and ecological studies has presented
novel opportunities in animal observation and habitat assessment, although this emerging field
faces substantial challenges. As we consider the possibility to monitor rays using drones, we face
challenges related to local aviation regulations, the weather and environment, as well as sensor and
platform limitations. Promising solutions continue to be developed, however, growing the potential
for drone-based monitoring of behaviour and habitat use of rays. While the barriers to enter this field
may appear daunting for researchers with little experience with drones, the technology is becoming
increasingly accessible, helping ray researchers obtain a wide range of highly useful data.

Keywords: UAV; UAS; RPA; benthic habitat mapping; ray ecology; coastal environments; batoidea

1. Introduction

Drones are increasingly used as a tool in environmental monitoring and ecological
studies to improve traditional methods of data collection. In shallow aquatic environments,
drones enable the collection of high-resolution behavioural data of animals with minimal
disturbance. Understanding an animal’s behaviour and habitat use provides insight
into their ecological role, underpinning effective wildlife conservation and management
practices [1–4].

Rays (Batoidea: Chondricthyes) use a range of coastal ecosystems for food [5], social
interactions [6] and reproduction [7]. These ecosystems are also some of the most impacted
by humans, and collecting movement and behaviour data within these ecosystems will
help with selecting effective management decisions [8,9]. While costly tagging and animal-
borne video continue to be used to monitor the long-term migratory movements of rays
along coastlines [10–16], drones represent an effective solution for monitoring fine-scale
movement and behaviour in a cost-efficient, minimally invasive manner. While a handful
of studies have incidentally documented the abundance of rays with drones (Table 1),
there have only been two studies that have used drones to investigate ray behaviour
specifically [17,18]. In contrast, shark behaviours have been extensively examined with
drones in similar environments [19], and while drone-specific operational protocols exist
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for sharks [20], none are available for rays. The focus on sharks is concerning since rays are
typically under greater extinction risk [21].

Table 1. Studies that have observed rays with drones.

Research Focus Details Species Publication

Abundance Conducted transects to assess
abundance over different habitats

Pink whipray
(Himantura fai) Kiszka et al. 2016 [22]

Methodology testing

Assessing the effectiveness of a
neural network at real-time

stingray detection from
drone footage

Not reported Chen and Liu (2017) [23]

Abundance Identifying and counting marine
megafauna in shallow habitats

Southern stingray
(Dasyatis americana)
Spotted eagle ray

(Aetobatus narinari)

Hensel et al. (2018) [24]

Methodology testing

Assessing the effectiveness of
deep learning object detectors in

the surveillance and estimation of
marine animals from drone

footage in real time

Not reported Saqib et al. (2018) [25]

Abundance

Compared precision of real-time
helicopter and drone counts, as

well as post-hoc analysis of
drone footage

Not reported in abstract Kelaher et al. (2019a) [26]

Abundance

Assessing variation in
assemblages of large marine

fauna off ocean beaches
using drones

Australian cownose ray
(Rhinoptera neglecta)

Spotted eagle ray
(Aetobatus narinari)
Souther eagle ray
(Myliobatus spp.)

Devil ray (Mobulidae)

Kelaher et al. (2019b) [27]

Abundance Monitoring the occurrence and
shape of schools of cownose rays

Australian cownose ray
(Rhinoptera neglecta) Tagliafico et al. (2019) [28]

Feeding behaviour
Distribution

Drone imaging of occurrence and
feeding behaviour

Golden cownose ray
(Rhinoptera steindachneri) Frixione et al. (2020) [17]

Methodology

Real-time autonomous shark
alerting using cloud-hosted

machine learning
detection algorithms

Not reported Gorkin et al. (2020) [29]

Fine-scale movement
and behaviour

Monitoring impacts of biotic and
abiotic factors on stingray
movement and behaviour

Short-tail stingray
(Bathytoshia brevicaudata) Oleksyn et al. (2021) [18]

Understanding ray behaviour without the context of the environment in which the
behaviours are occurring would make it difficult to explain any patterns identified. To
assess or map local coastal environments, scientists and managers have used a combination
of remote sensing (aerial and satellite imagery), as well as field surveys for decades [30].
Recent developments in drones afford researchers a level of data acquisition autonomy not
previously available, providing image data with a spatial resolution an order of magnitude
higher than commercial satellites [31–34].

This review outlines the use of drones, primarily rotary drones, in monitoring the
behaviour and habitat use of rays, evaluating opportunities for innovative applications of
drones and future directions for ray ecology research. We consider the opportunities and
challenges for ray research using drones, focusing on drones as a tool to monitor short-term
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and fine-scale ray behaviour, and as a mapping tool for habitat assessment. We then
discuss some broader issues to consider when using drones for ray research, categorised as
regulatory, environment, and technical and operational issues. Finally, we highlight current
solutions from a diverse array of studies using drones and propose points of consideration
for overcoming these issues.

2. Opportunities for Ray Research Using Drones

Despite the widespread use of drones to observe a range of other marine anim-
als [20,35,36], their application for ray research remains vastly underexplored. In particular,
there are opportunities to utilise drones in the monitoring of short-term ray behaviour, and
as a mapping tool to assess ray habitat use.

2.1. Drones as a Tool to Monitor Ray Behaviour

Drones are a useful tool to observe rays from an aerial vantage point while having
minimal impact on their natural behaviours, contributing to results that better reflect
natural patterns [37]. Using drones, studies have performed high-resolution tracking of a
range of aquatic vertebrates including elasmobranchs, obtaining information on fine-scale
movement and behaviour [38,39]. For example, short-tail stingrays (Bathytoshia brevicaudata)
were tracked in a coastal estuary, providing insight into the role that body size, tide and
time of day had on their fine-scale movement, all of which had a significant impact on
the speed and/or sinuosity of their swim trajectories [18]. Drones can also be used for
long-term monitoring of animal populations via photo identification [40], and subsequent
analyses such as morphometric data can be automated [41,42]. The capabilities of drones in
observing fine-scale ray movement and schooling as well as more opportunistic behaviours,
such as natural feeding events, have been demonstrated [17,18,26]. Opportunities exist
to innovatively utilise these capabilities in a variety of contexts within ray research. The
manoeuvrability and aerial footage captured by drones is particularly well suited to
monitoring ray schooling behaviour. Following fevers (schools of rays) for extended
periods of time may provide insight into the fluidity of fever shape and size, as well
as more focused analysis of the conspecific interactions and social implications between
individuals within the fever. There is also potential to combine drone monitoring with
more traditional tagging methods to provide behavioural information at different temporal
and spatial scales, also enabling visual confirmation of behaviours measured using the tags.

2.2. Drones as a Mapping Tool

The capacity to map and monitor coastal areas is important in assessing the habitat
use of rays and the influence of abiotic factors on their movement. Drones are well adapted
to provide high level detailed mapping and tracks for typically shallow and inaccessible
ray habitats, or those highly complex in structure (Figure 1). Drones allow for time-series
monitoring as large as kilometre scales and as fine as decimetre scales [32,41]. These
resolutions are crucial to understand the habitat dynamics of many coastal environments.
Using drones to produce fine scale maps of fish nursery grounds shows potential to improve
the management and assessment of coastal nursery areas also used by rays [43]. Data
collected using drones have helped establish the upper limits of seagrass meadows [44],
important in detecting areas impacted by anthropogenic impacts as well as implementing
efforts to restore the meadows [45], representing crucial habitat for many ray species.
Furthermore, combined with photogrammetry techniques, photographs obtained with
consumer-grade drones can be used for high-resolution mapping of complex habitats
utilised by rays such as shallow-water coral reefs [33,46,47]. They have also been used to
count other benthic animals inhabiting those reefs [48], and to obtain new health metrics
like volumetric change in oyster reefs [49], with oysters being an important food source for
many rays [50]. Thermal imaging from drones has been used to map water temperature
heterogeneity across aquatic ecosystems [51,52]. As ray movement may be influenced
by water temperature [53], this is particularly relevant to ray research. Drones present
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an opportunity to map the coastal habitats where many rays occur, providing greater
insight into the factors underlying their habitat use and understanding the environmental
dynamics influencing their movement within the ecosystem.
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Figure 1. Rays interact with different microhabitats in coral reef environments from (A) the heterogeneous live coral
and algal dominated areas to (B) the more homogenous sandy substrates. By integrating ray movement patterns with
information about habitat type, structure, and spatial patterns, we will be able to better understand ray behaviours.

3. Current Challenges for Ray Research Using Drones

In recent years, drone technology has improved dramatically and is increasingly acces-
sible to researchers, resulting in the innovative application of drones across many marine
systems. Commercial manufacturers are developing new low-cost products for off-the-
shelf purchase that are suitable for application within ecological and environmental studies.
Despite these advances, there remain some challenges associated with monitoring natural
ray behaviour and mapping habitats using drones. These challenges are discussed below.

3.1. Challenges with Monitoring Natural Ray Behaviour Using Drones

Debate in the literature exists regarding potential impacts of drones on natural be-
haviours of animals, with the intensity of impact proposed to differ between species. It
is widely documented that even the most minor human disturbance has the potential to
induce behavioural responses in animals [54,55]. While drones aim to reduce many of the
impacts associated with human observers, there remains the effect of drones themselves on
animal behaviour, however, this is primarily documented in the terrestrial environment.
Monkeys, kangaroos and birds exhibit explicit behavioural responses to drones such as
unique vocal cues and altered movement patterns [37,56,57], while bears showed limited
behavioural responses but significant physiological responses [58], indicating the impor-
tance of assessing all stress indicators. Alternate drone configurations (e.g., multirotor,
fixed-wing) and the size of the aircraft may also impact animals differently according to
their altered flight paths, their likeness to threatening stimuli (e.g., similar shadow to a
predator) and the amount of noise they produce [35]. For example, multirotor drones
can fly within 40 m of waterfowl without disturbing their behaviour while fixed-wing
models need to remain above 60 m altitude to maintain minimal disturbance [59]. Fully
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aquatic animals are the least affected animals with suggestions that there is some protection
provided to the animals via the water layer above [60]. However, changes in behaviour
of reptiles and marine mammals have been reported [61–63]. This indicates that drone
observation may not be appropriate for some species, though in most cases the flight
protocol can be adapted to ensure minimal disturbance.

Using drones to infer behaviour in marine animals presents some unique challenges.
Drone operations cannot usually be conducted during rough weather conditions or at
night time, limiting observations to day time during fair weather. Furthermore, drone
observations are generally restricted to rays that occupy shallow marine habitats or stay
relatively close to the surface for extended periods of time, limiting the observation of ray
movement and behaviour to those that occur within these shallow habitats. For many
ray species, this represents only a small proportion of their range, with species such as
the short-tail stingray (Bathytoshia brevicaudata) known to descend to depths of 480 m.
As such, rays may only be visible at a given location during different tides or during
associated weather conditions, no longer being visible at other times when water visibility
may have changed [64], or when they have left these shallow habitats. This leads to
confusion between inferring lower detection due to altered behaviours during periods
of poorer water visibility, or simply greater difficulty in locating animals and identifying
individuals during these periods [28]. Several studies studying sharks using drones and
other aerial surveillance techniques have indicated that detection reliability decreases
beyond approximately 3.5–5 m in depth [65–67], likely to be similar for rays. Further
considerations are introduced by rays that form densely packed aggregations or fevers that
often have several layers of animals, making it difficult to observe an individual for an
extended period of time when relying on live field-based detection.

3.2. Overcoming Challenges in Monitoring Natural Ray Behaviour Using Drones

It is difficult to remove any potential for drone systems to impact the behaviour of
animals, though the impact for many marine animals can be minimised through altered
flight protocols and equipment [20]. When compared with the alternatives such as manned
aircraft, stationary videos such as remote underwater video or in-situ observations on
scuba or snorkel, the impacts of drones on rays are most likely substantially reduced
relative to the impacts of these other modes. By considering the sensitivity of the study
species to the potential impacts of drones and making appropriate adjustments, drones
can provide unprecedented access and facilitate observations of a greater range of natural
ray behaviours. While further species-specific research is important to assess the poten-
tial impacts of drones on animal behaviour, there is evidence that the underwater noise
effects of drones, particularly for small, electric drones [68], are minimal for subsurface
animals [60]. Recommendations on approach distances, appropriate flight altitudes and
adjustment periods to reduce behavioural inconsistencies will allow standard operating
procedures to be developed for drone observation of rays. Oleksyn et al. (2021) [18]
used approach distances ranging from 5 to 25 m above the water level while monitoring
large coastal stingrays (Bathytoshia brevicaudata) and observed no obvious behavioural
alterations in movement speed and sinuosity. Raoult et al. (2018) [38] tracked a range of
mesopredator shark species in a more complex coral reef lagoon using a flight altitude
of just 2–3 m, yet similarly reported no behavioural impacts of the drone on their swim
trajectory. These findings indicate that approach distance is unlikely to cause observable
behavioural changes, suggesting that the flight altitude should be dictated by the size of
the target species, complexity of the habitat and the potential for obstacles to impede the
flight path at different altitudes when monitoring rays.

Recent developments in drone technology further limit the potential for drones to
impact ray behaviour. For example, using drone models with zoom capabilities (e.g., Mavic
2 Zoom with 2X zoom lens) allows drones to fly at higher altitudes above the rays, and
increasing the efficiency of the multirotors will reduce the risk of noise pollution disrupting
ray behaviour. Continuing to publish protocols for studying rays can also provide effective
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solutions and problem-solving skills to ray researchers using drones as some species may
be more sensitive to drone impacts. Blimps have also been successfully to observe ray
movement within coastal ecosystems and represent a viable alternative, particularly for
species showing sensitivity to drone impacts [69].

It is important that drone studies do not overstate their findings, given that obser-
vations are limited to the portion of the rays’ range within shallow habitats. Detection
reliability is likely to decrease in habitats exceeding depths of 5 m [28,65–67]. This depth
recommendation is subject to change as a result of water quality, weather conditions and
the complexity of the substrate, where low-contrast highly complex substrates will make
detection more difficult (Figure 2). A polarised lens can also be used to reduce the effects of
glare on the surface of the water [38,67] and improve detection in a range of environmental
conditions. Simply adjusting the drone orientation to fly with the sun behind it and tilting
the camera to off-nadir can also help [70]. However, unless there is excellent water clarity,
drone studies will often be restricted to habitats that do not exceed 5 m in depth. To
determine the detection depth at different sites, life-size models can be deployed and pho-
tographed at different altitudes during a variety of tide heights and weather conditions [18].
Alternatively, experiments will need to include protocols for when rays enter in and out of
detection within deeper waters. This may involve a time limit between detections after
which the observation is terminated. Pairing tagging or remote operated vehicle (ROV)
data with drone data may also provide insight into the behaviours of the rays as they come
in and out of vision.
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3.3. Challenges with Drone-Based Habitat Mapping

As with traditional aerial survey, drone platforms are used to capture several hundreds
of overlapping photos that can later be orthomosaicked into a single image map. The
process of structure from motion (SfM) requires high percentages of overlap and sidelap
between photos to rectify imagery, and also uses the on-board GNSS (global navigation
satellite systems) to place the data in a real-world location [71,72]. The operator typically
uses software (often freely available) to predetermine a flight plan to ensure resultant data
meet the requirements for SfM.

While the data capture component is now routine, there is a vast difference in data
quality that can be achieved, particularly dependent on the environmental conditions at
the time. For example, data captured at midday with a solar hotspot in the centre of every
image is unusable [32]. Changing the drone’s orientation can be effective in reducing glare
off the water, however, planning data collection around these environmental conditions
remains as the most effective strategy to produce quality data.

Assuming quality data are captured, unfortunately that does not mean that they
will necessarily pass through the SfM orthomosaicking process without incident. These
processing algorithms use computer vision to recognise features within each image overlap
to tie together [72]. However, such features can be difficult to find in areas of high turbidity,
deep water, or uniform substrate types such as sand. Therefore, in the absence of coral
bommies, rocks, or other similarly complex habitat features identifiable in clear water with
low sunlight, it may not be possible to create an orthomosaic from which the habitat map
would be constructed. This can be problematic for the study of rays as many species inhabit
shallow sandy sea floors.

There are many examples of successfully creating orthomosaic images and deriving
habitat maps [33,46,47,73]. In particular, the types of habitats that are useful in the context of
studying rays include broad sand flats, coral bommies, and sea grass beds, all of which have
previously been mapped using drones [33,34,44,46,47,73]. As an emerging field however,
there is limited literature comparing and contrasting image classification algorithms and
their accuracies for feature detection in different locations and under a broad range of
environmental conditions.

However, there remain challenges with drone mapping that are difficult to overcome.
The exceptionally high spatial resolution and corresponding file size can pose a challenge
for data processing, and correlating with field survey data for calibration and validation is
very difficult due to uncertainties in geo-location for both the field survey as well as the
drone data itself [33]. The ground resolution element within a drone image is typically
far smaller than positional accuracy in consumer grade drones and handheld GPS units
that are often towed on surface buoys while mapping benthic habitats for validation [74].
Ripples at the surface of the water also act to distort the substrate and decrease the level of
detail that can be extracted from the imagery. To combat the reduced detail, the operator
can fly the drone closer to the water. Although, this decreases the overall coverage that can
be achieved with a single drone flight and thus a compromise between these two outcomes
must be found.

3.4. Overcoming Drone-Based Habitat Mapping Challenges

Although many of the challenges associated with drone-based habitat mapping are
a feature of the environmental conditions, there are still options available to decrease the
impact of some of the mapping challenges. For example, Chirayath and Earle (2016) [75]
demonstrate that it is possible for habitat mapping to benefit from water surface ripples
rather than seeing them as distortion. Taking care to plan missions according to light
and water levels, as well as sensor viewing angles will also result in superior mapping
products [32]. High precision and accuracy on-board GNSS, particularly with real-time
kinematic (RTK) receivers, are becoming more affordable, and this will help to accurately
locate mapping products and cross reference with other datasets. However, we advise cau-
tion when considering purchasing these systems, and suggest ensuring that the networks
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required to run the corrections are available in operator areas of interest. Finally, we look
forward to further advances in machine learning as a means to accurately identify and
automate the mapping of appropriate ray habitat [73,76–78]. With the large volumes of
data captured by drones, they are ideally suited to building artificial intelligence models, so
they present an opportunity as much as a challenge. Determining the location of areas that
are only inundated at high tide is particularly of interest, as these areas usually represent
important feeding grounds for the rays [5]. Mapping bathymetry using multispectral drone
imagery may prove fruitful for this purpose [79], however may not be necessary as the
structure of the intertidal zone could be mapped to higher detail using an RGB sensor at
times of the tidal cycle when it is exposed.

4. Broader Issues for the Application of Drones in Ray Research

Despite the rapid growth in the popularity of drone-based research, particularly in
the last five years [36,80], and the substantial advantages involved with the use of drones
in data collection, several issues face this emerging research field that are associated more
broadly with the application of drones in ray research. We have divided these issues into
three categories: regulatory, environmental, and technical and operational.

4.1. Regulatory Issues

Regulatory legislation and restrictions implemented by governing bodies are to date
the greatest challenges for drone research, with some researchers fearing that legislative
regulations will continue to increase in response to the rapid popularisation of drones in the
general public [81–83]. Currently, drone legislation is generalised and commonly addresses
the use as either recreational or commercial. As such, in most cases drone researchers
are subject to the restrictions enforced under legislation for the commercial use of drones.
Governments and other legislative bodies are struggling to keep up with developments in
drone technology, making systematic implementation of regulations across all jurisdictions
near impossible. In areas where drone regulation has been legislated there is pressure on
governments to implement highly restrictive guidelines, fuelled by a broadly negative
public perception of drones that is likely linked to their historical application within
a military context and threats to privacy, safety and psychological wellbeing posed by
commercial use [84,85]. In this way, the use of drones for environmental and ecological
research is subject to the broader regulatory philosophies for drone use across all spheres
of society, despite public perception being far more positive towards the use of drones for
more ‘noble’ purposes, such as science [85].

Countries have adopted differing approaches in their efforts to regulate the use
of drones for commercial purposes (Table 2). One common approach is to enforce the
maintenance of a visual line-of-sight between the drone and the operator during flights.
While upholding the safe use of drones, this severely restricts the applicability of drones
in ray research as it limits the range of flights, regardless of the real range capabilities
of the drones, potentially limiting the flights to smaller areas than the tracks of the rays.
Countries will also often restrict flight altitudes. For example, Australia restricts flights to
an altitude of 120 m, a good example of a safety restriction that prevents drone interference
with other aircraft, while not inhibiting the majority of drone operations for research.

Current efforts to develop legislation are generally focused at the federal level or even
across borders as with the European Commission [86], while others suggest that a state-
level approach will result in less public resistance and greater flexibility for commercial and
research pilots [87]. State-level legislation has its setbacks with smaller governments lacking
the relevant resources or expertise to effectively legislate drone use, and consequently
adopt a precautionary, highly restrictive legislation or complete bans [88]. Furthermore,
differences in state-level restrictions presents another barrier to drone-based studies that
span large distances or have multiple sites in different states. Further permissions are also
associated with the use of particular airspaces where multiple jurisdictions overlap such as
national parks, military bases or airports [70].
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Table 2. Main approaches enforced by different countries in their regulation of drones for commercial
purposes. Adapted from Jones (2017) [89].

Approach Definition Example

Outright or Effective Ban

Do not allow commercial
flight of drones at all, or

enforce requirements that are
practically unattainable

Egypt permits government
approved commercial flights,
though permission has never

been explicitly given

VLOS (Visual Line Of Sight)
Dependent

Commercial flights are
permissible while maintaining

a VLOS of the drone, with
some countries allowing

exceptions to constant VLOS
according to appropriate

accreditation and relevant
permissions

Australia enforces a set of
standard operating conditions

including VLOS, allowing
exceptions for formally
licensed pilots with an

operating certificate from the
Civil Aviation

Safety Authority

Permissive

Legislative regulations are
reasonable and relatively

unrestrictive, with
appropriate avenues

implemented to attain
required permissions,

licensing and registration

Sweden has clear and
attainable certification

requirements that safely
enable the commercial use

of drones

4.2. Overcoming Regulatory Issues

The broad spectrum of approaches that different governing bodies take towards reg-
ulating the commercial use of drones and the ongoing changes in legislation means that
researchers must stay up-to-date with rapidly evolving regulations. Governing bodies
need to create systems that support researchers in identifying current regulations and the
necessary permits required for flying across all airspaces, where currently this is managed
by individual institutions. Communicating updates to regulations at a grass-roots level by
educating local councils will improve the flow of information to researchers and the general
public. Directly contacting local governing bodies and offering full transparency regarding
research methodologies will support positive relationships between drone researchers
and legislators. Continuing to conduct research within the bounds of current legislation,
attaining accreditation and training as it becomes available, collaborating with industry
partners, and communicating research outcomes with the public will further promote the
concept of ‘noble’ uses of drones in research [90]. Drone manufacturers are responding to
these challenges by developing machinery that complies with government restrictions on
drone weight classes, including in-built lights to improve vision and safety in low-light con-
ditions, and incorporating ‘geo-fencing’ technology that prevents the drone from taking off
or flying into exclusion airspace without approval. Hopefully, as governments continue to
appreciate the value of drones in research, they will create a legislative category specifically
for researchers, allowing greater freedom subject to the relevant ethical considerations.

4.3. Technical and Operational Issues

There are several technical and operational issues that present substantial obstacles to
achieving efficient data collection with drones. Many of these issues are similar to those
outlined for shark research in Butcher et al. (2020) [67]. Battery life is a common criticism
of drones, with most off-the-shelf models having a battery life shorter than 30 min thus
limiting the amount of data that can be collected during each flight. Additional batteries
can be bulky, come at an added cost and require proximity to a power source for recharging.
Time lost during battery changeover may not be costly during habitat mapping surveys, but
may create complications for animal behaviour studies where highly mobile animals may
be lost. Extended flights where batteries are pushed to their capacity risk loss of connection
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with the drone and can also reduce battery life over the long term. A further technical
consideration is that the number of satellites in range varies with the field site and the
position of the satellites. Drones can provide measurements of horizontal accuracy within
centimetres with the use of ground stations, yielding data with high spatial accuracy [91].

Long sessions of manual drone piloting can suffer from pilot error and fatigue, which
are associated with several safety hazards. Inexperienced pilots are likely to be less precise
with drone commands and less attentive to hazards, posing a risk to the safety of other
aircraft entering the same airspace, and other people sharing this area [92,93]. Conversely
automated flying has risks of complacency and poor planning associated with it. For
example, poor battery use management or flight altitude settings can lead to loss of aircraft.

Data analysis is a significant challenge to the efficiency of data collection using drones
due to the quantity of data collected. Despite strong evidence suggesting that drones can
be used to count wildlife more accurately and precisely than humans [42,94], manual data
processing is often time-inefficient [95], thus negatively impacting on the cost-efficiency of
drone research. Compared to more traditional methods of manual data collection however,
drones still maintain advantages by spending less time in the field to collect the data
and having the ability of collecting spatially explicit information between animals and
their habitats.

4.4. Overcoming Technical and Operational Issues

Battery life limitations can be managed by terminating flights soon after the battery
falls below 30% charge, minimising the risk of deterioration over the long term [38]. Battery
capacities continue to grow larger with off-the-shelf models now having flight times
over 30 min. Innovative drone designers have attempted to remove the issue of battery
changeover by creating a continuous flying drone with automatic battery replacement [96].

If manual piloting is required, a well-trained pilot is highly recommended to improve
the integrity of the data being collected. If drone tracking is conducted in windy conditions,
wind-induced error could be calculated by measuring the displacement distance of the
drone while hovering over a stationary point for a set period of time [38]. Preprogrammed
automated drone flights can also reduce the potential impact of pilot fatigue and should
be used when habitat mapping, allowing the pilot to focus primarily on the safety issues.
Automated flights are generally less suitable for animal tracking studies, although current
drones have the capability to lock-on to moving targets with opportunities to conduct
active tracking through this visual recognition technology and may represent an innovative
solution to pilot error and fatigue.

The key solution to the challenges associated with data analysis is further development
of automated processing through pattern recognition algorithms and machine learning.
So far, automated processing has been accomplished for drone-based data with relative
success [42,97,98] and is likely to be the focus of further development, with the aim of
diversifying the applications of these algorithms for different ecosystems and species.
Three studies have applied a machine learning approach to the detection of rays. Chen
and Liu (2017) [23] utilised a deep learning approach with a ‘Faster R-CNN’ detector
to test the reliability of detecting a single stingray within the field of view with great
success. Saqib et al. (2018) [25] used the same approach on footage with more than
one ray within the field of view, though predicted counts were often double the ground
truth population. Most recently, Gorkin et al. (2020) [29] used a network architecture
based on You Only Look Once [98,99] using just 1 h of training data in total, reporting
a 94.5% detection accuracy of rays during lab evaluations and 68.7% detection accuracy
in the field. Despite these promising studies, some suggest that it is unlikely to make
manual processing obsolete, simply acting as a supplement to ground surveys and manual
processing [96]. Perception error rate in studies relying on live field-based detections
can be reduced by utilising a dedicated ‘observer’ watching a high-resolution glare-free
screen [84]. Continued collaboration between drone researchers working on automated
data analysis will ensure this technology becomes widely accessible and reliable.
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5. Conclusions

Understanding the behaviour and habitat use of rays will inform holistic management
strategies at all scales. Monitoring rays without impeding their natural behaviours pro-
vides insight into the impact of various biotic and abiotic factors. Mapping ray habitats will
similarly help integrate environmental structures into our comprehension of the dynamic
processes influencing their spatial patterns. Fine-scale ray movement remains an under-
studied area of research, though presents great potential to elucidate drivers of behaviour
and habitat use. This is particularly challenging when rays are residing in complex habitats.
Traditional methods of data collection have struggled to fill these knowledge gaps.

Drones represent a new and innovative pathway for ray research. While a range
of obstacles remain, effective solutions continue to develop as researchers collaborate
and share their expertise. Exciting opportunities are being pursued in a wide range of
marine ecosystems, revealing insights on the abundances, demographics, behaviours and
distributions of a range of marine species. However, drones currently remain underutilised
in ray research. The use of drones for research will continue to grow as regulatory legislation
becomes less restrictive, technical issues are overcome and novel applications for drone
technology are developed. While the barriers to enter this field may appear daunting for
researchers with little experience with drones, the technology is rapidly becoming more
accessible and published protocols can help researchers new to drones yield a wide range
of highly useful data.
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