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Abstract: Drones have become increasingly popular tools to study marine megafauna but are under-
utilized in batoid research. We used drones to collect video data of manta ray (Mobula cf. birostris)
swimming and assessed behavior-specific kinematics in Kinovea, a semi-automated point-tracking
software. We describe a ‘resting’ behavior of mantas making use of strong currents in man-made
inlets in addition to known ‘traveling’ and ‘feeding’ behaviors. No significant differences were found
between the swimming speed of traveling and feeding behaviors, although feeding mantas had
a significantly higher wingbeat frequency than traveling mantas. Resting mantas swam at a signifi-
cantly slower speed and wingbeat frequency, suggesting that they were continuously swimming with
the minimum effort required to maintain position and buoyancy. Swimming speed and wingbeat
frequency of traveling and feeding behaviors overlapped, which could point to other factors such
as prey availability and a transitional behavior, influencing how manta rays swim. These base-
line swimming kinematic data have valuable applications to other emerging technologies in manta
ray research.
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1. Introduction

Unmanned aerial vehicles (UAVs, commonly drones) have become increasingly pop-
ular tools to study animal behavior and habitat use in marine environments. Marine
megafauna have traditionally been surveyed from the air in small planes and helicopters,
but flights can be expensive and not readily available [1]. Since fine-scale behavior is
difficult to observe from high altitudes, drones have shown potential to outperform tra-
ditional aerial surveys with manned aircrafts [1]. Thus, drones offer scientists an easily
accessible, relatively inexpensive, and non-obtrusive solution to observe animals in their
natural habitat, while simultaneously collecting video, photo, and geolocation data [2].

A broad range of marine megafauna has been studied using drones, including sea
turtles [3–7], cetaceans [8–11] and elasmobranchs (sharks and rays) [12,13], and multiple
species have also been surveyed simultaneously [14–22]. Despite their popularity in elas-
mobranch research, a recent review highlighted the underutilization of drone technology
in batoid (ray) research compared to sharks [13]. Drone observations are generally re-
stricted to animals that occupy shallow habitats with clear water, thus making it difficult to
detect many batoid species that either live benthic lifestyles in murky waters or in deep
habitats [13].

Manta rays (Mobula spp.) are ideal subjects for drone observations, as they tend to
spend time in shallow, nearshore waters or at the surface to feed. Mantas are large, plank-
tivorous elasmobranchs that are distributed globally in tropical and subtropical waters [23].
Living completely pelagic lifestyles, manta rays are negatively buoyant obligate ram venti-
lators that must keep swimming to stay afloat and move water over their gills [24]. Unlike
their benthic relatives, mantas swim primarily by dorsoventral oscillation (flapping) of the
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pectoral fins reminiscent of some aerial flyers, which generates lift with high propulsive
efficiency [25]. These efficient swimmers are capable of long-distance migrations [26–30],
but more frequently demonstrate high site fidelity and residency [31–43]. The two known
manta species (Mobula birostris and Mobula alfredi) have been listed as endangered and
vulnerable, respectively, on the IUCN Red List, predominantly due to targeted fishing
and bycatch [44,45]. Slow life-history traits of manta rays, including low fecundity, long
gestation period, and late age of maturity, make them more vulnerable to overexploita-
tion [46–48]. Anthropogenic threats continue to affect declining global populations, and
large knowledge gaps still exist for manta rays [49,50].

Drones have previously been used in other populations to study collective movement
of manta rays as well as to identify individuals and measure body size [51–53], but not
to quantify kinematics. Determining how kinematics vary among behaviors is crucial to
understanding how manta rays utilize their habitat. Behavior-correlated swimming speeds
have been extrapolated from manta ray satellite telemetry data [26,54], which provide
insightful information on large-scale movement patterns, but lack fine-scale data necessary
for kinematic analyses, as behaviors were inferred and not directly observed. Previously,
researchers have relied on estimations of swimming speeds in the field to calculate prey
density threshold of mantas, but empirical measurements of swimming speed would
improve inference for future studies on feeding ecology, migration, and energetics [55,56].
Manta ray swimming kinematics were previously assessed in aquaria [25] and in the
wild [57], but swimming in captivity is spatially restricted and in situ data were limited
to a fixed camera at a single cleaning station. The use of drones, however, provides
a discreet and mobile alternative to resource-intensive underwater imagery for studying
wild, volitional swimming of manta rays.

This study presents a novel application of drone-based imagery to quantify the swim-
ming kinematics of manta rays across a range of behaviors. ‘Traveling’ (also known as
‘directed swimming’, ‘cruising’ or ‘transiting’) and ‘feeding’ behaviors were previously
recorded for this population [42], and here we additionally describe ‘resting’ behavior
of manta rays utilizing strong currents for ram ventilation inside man-made inlets. We
predict that (1) there is a positive relationship between swimming speed and wingbeat
frequency; (2) feeding mantas swim slower to optimize filter feeding in dense plankton
patches, (3) traveling mantas swim faster for more efficient transits, and (4) resting mantas
have a slower wingbeat frequency to conserve energy. Better understanding of behavior-
correlated swimming kinematics of manta rays can shed light on their habitat use and
possibly inform conservation measures for their protection.

2. Materials and Methods
2.1. Study Site

A manta ray nursery habitat has recently been described along the coast of south-
eastern Florida, United States of America [42]. Despite being listed as a threatened species
on the US Endangered Species Act in 2018, insufficient data exist on manta populations
in the US to designate critical habitat [42]. Genetic studies suggest that Florida mantas
are a putative third species of manta ray (M. cf. birostris), but it has yet to be formally
described [58,59]. Utilization of drones have drastically improved the ability to locate and
monitor manta rays in this population. Drones were launched during boat and shore-based
surveys from September 2020 to December 2021 to locate manta rays along a north–south
transect between St. Lucie Inlet (27◦09′47′′ N, 80◦09′27′′ W) and Boynton Beach Inlet
(26◦32′44′′ N, 80◦02′31′′ W), Florida, USA [42].

2.2. Data Collection

We used a drone (DJI Mavic Pro 2; Shenzhen Dajiang Baiwang Technology Co., Ltd.,
Shenzhen, China) mounted 1 in CMOS, 4K video camera with a polarizing filter to collect
videos of manta rays swimming. Drone flights were conducted approximately 200 m from
the shore at altitudes of approximately 100 m to maximize our search area. When a manta
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ray was located, we lowered the drone to an altitude of less than 15 m while hovering such
that all parts of the animal’s body were clearly visible in the field of view. The camera was
positioned orthogonal to the water surface to minimize distortion and ensure all videos
were comparable. Hovering continued until the animal entirely exited the field of view. All
videos were recorded at a resolution of 3840 × 2160 pixels and 29.97 frames per second.
Videos were subsequently clipped into 5 to 20 s segments (mean = 10.3 s) for kinematic analyses.

For each clip, manta ray behavior was classified as ‘traveling’, ‘feeding’ or ‘resting’
(Table 1); 23, 20 and 7 clips were collected for each behavior, respectively. Different feeding
strategies, including surface feeding, have previously been described [24], and although
our mantas were observed feeding near the surface, their bodies never broke the surface of
the water. Behavior was classified based on the entire encounter with the manta ray and
not solely on the clip used for kinematic analysis [39,42].

Table 1. Descriptions of behaviors exhibited by manta rays.

Behavior Description

Traveling Cephalic fins rolled, mouth closed (if visible),
maintaining directional heading while swimming

Feeding Cephalic fins unrolled with tips often touching,
mouth open (if visible), changing directions while swimming

Resting Facing into strong current to maintain stationary position, located inside inlet

When conditions were suitable for a snorkeler to enter the water, visual identification
photographs of the ventral spot pattern were collected to identify the manta ray indi-
vidual [60]. Manta rays were measured opportunistically using underwater paired-laser
photogrammetry [61], where a GoPro camera centered between parallel laser pointers 60 cm
apart captured images orthogonal to the ray’s body, which were then processed in Image J
(v.1.53) to measure disc length based on the known distance between laser points [61].

2.3. Kinematic Analyses

Clips were digitized by one author (V.F.) using Kinovea (v.0.9.5) [62], a free, open-
source video annotation tool with point-tracking capability. Three anatomical landmarks—
one on each tip of the pectoral fins (to calculate wingbeat frequency) and the base of the tail
(to measure swimming speed)—were tracked. Once the anatomical landmark (Figure 1)
was identified in frame 1, tracking was automated by the software, allowing for more
efficient video analysis compared to using manual point-tracking software. To ensure the
selected anatomical landmark was being tracked accurately, any points that deviated from
the actual path of movement were corrected. Relative time and x, y cartesian coordinates of
completed tracks were exported as an XML file for further analyses.

For each clip, the pectoral fin tracks were visualized (Microsoft Excel v.16.56) to
determine start and end points (the peak of an oscillation) of each wingbeat cycle, defined
as the time between two peaks. Each clip consisted of at least two wingbeats (range = 2–6,
mean = 3.5). The corresponding timestamps were identified to calculate the period (T; s) of
each wingbeat cycle. The average duration of wingbeat period (Tav; s) was calculated for
each clip, and average wingbeat frequency (f; hz) was calculated as:

f = 1/Tav. (1)

Kinematic analyses were standardized by body length (BL), measured as the midline
distance (pixels) from the mouth to the base of the tail, to compare across individuals and
clips (Figure 1). The x, y coordinates of the tail base between video frames were used to
calculate instantaneous speed (Ui; BL·s−1) as:

Ui =
√

(X (n + 1) − Xn) 2 + (Y (n + 1) − Yn) 2)/t (2)
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where the distance (BL) between XnYn (tail base position in frame n) and Xn+1Yn+1 (tail
base position in the subsequent frame) is divided by t (time between frames). Overall clip
speed (Uav; BL·s−1) was calculated as the average of Ui for the duration of the clip.
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Figure 1. Screen capture of manta ray swimming clips in Kinovea after point-tracking was completed.
Behaviors displayed are (a) traveling, (b) feeding, and (c) resting. Paths of three anatomical landmarks
are marked as (1) tip of left pectoral fin, (2) tip of right pectoral fin, and (3) base of tail. The white line
(4) marks body length that is measured as midline distance from mouth to base of tail. Full videos
can be found in the Supplementary Materials.

In another analysis, body length (m) was measured for six individuals using in-water
laser photogrammetry. Thirteen clips that included those individuals were additionally
standardized by BL (m) and fine-scale swimming speeds (m·s−1) were calculated (Equation (2)).
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To see whether fine-scale swimming speeds could reasonably be extrapolated to large-scale
movements, large-scale swimming speeds (m·s−1) were also calculated for individuals
(n = 6) that were seen multiple times in consecutive days on boat surveys and if identified to
be traveling in all encounters. Based on the locations where manta individuals were sighted
and directional heading, a minimum swimming speed was estimated using straight-line
distance (over water) and time elapsed between encounters.

2.4. Statistical Analysis

The relationship between speed (Uav) and wingbeat frequency (f) was visualized for
each behavior and analyzed for significance using a one-way ANOVA with Tukey HSD
post hoc analyses (RStudio v.1.3.1093). When ANOVA assumptions were violated (Levene
test for equal variances, Shapiro–Wilk test for normality), a non-parametric alternative
(Kruskal–Wallis rank sum test) was used. All means were reported ± standard error of the
mean. A two-tailed t test was used to determine significant differences between fine and
large-scale swimming speeds (m·s−1).

3. Results

Fifty manta ray swimming clips were analyzed where behaviors were clearly defined
as traveling (n = 23), feeding (n = 20) or resting (n = 7). The smaller sample size for resting
was due to a lesser likelihood of encountering the behavior. All manta rays observed were
juveniles based on underwater observation of immature claspers (males) or size estimations
(females) [42]. Kinematic analyses revealed that speed is positively correlated to wingbeat
frequency across all behaviors (Figure 2; Traveling R = 0.349; Feeding R = 0.207; Resting
R = 0.081). While feeding and traveling behaviors had overlapping velocities and wingbeat
frequencies, resting behavior was isolated at the lesser ranges of both speed and wingbeat
frequency (Figure 2).
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Figure 2. Relationship between speed and wingbeat frequency in manta ray swimming. Manta ray
behaviors are denoted by color.
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Traveling mantas had the fastest mean speed (0.752 ± 0.049 BL·s−1), followed by
feeding mantas (0.727± 0.027 BL·s−1), and resting mantas (0.290± 0.018 BL·s−1) (Figure 3).
Kruskal–Wallis rank sum test indicated a significant difference in velocities between be-
haviors [H(2) = 17.734, p = 0.0001]. Post hoc tests showed significant differences between
resting and feeding (p = 0.000004), and resting and traveling (p = 0.000001), but not between
traveling and feeding (p = 0.9).
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Feeding mantas had the greatest wingbeat frequency (0.667 ± 0.040 Hz), followed
by traveling mantas (0.491 ± 0.027 Hz) and resting mantas (0.340 ± 0.047 Hz) (Figure 4).
One-way ANOVA showed significant differences [F(2, 47) = 18.01, p = 0.000002] between
wingbeat frequency and behavior. Post hoc tests confirmed that differences between all
behavior pairs were statistically significant: resting and feeding (p = 0.000002), traveling
and feeding (p = 0.0008), traveling and resting (p = 0.01).

Body lengths of manta ray individuals were measured using paired-laser photogram-
metry for six individuals (range = 0.94–1.24 m, mean = 1.11 m) over thirteen encounters,
and fine-scale swimming speeds (m·s−1) were calculated: four feeding mantas swam at
0.746 ± 0.043 m·s−1, and nine traveling mantas swam at 0.718 ± 0.071 m·s−1. Six large-
scale swimming speeds were calculated based on approximate distance traveled between
encounters averaged 0.687 ± 0.107 m·s−1, ranging between 0.303 and 1.0 m·s−1. Distance
traveled ranged from 2340 to 60,600 m, and time elapsed between encounters ranged from
2340 to 91,800 s. A two tailed t test found no significant differences between fine and
large-scale swimming speeds of traveling mantas [t(13) = 0.2, p = 0.8].



Drones 2022, 6, 111 7 of 12Drones 2022, 6, x FOR PEER REVIEW 7 of 13 
 

 

Figure 4. Wingbeat frequency of manta ray swimming based on behavior. Boxes represent the ex-

clusive medians (middle line) and interquartile range, x marks the means, and whiskers represent 

the minimum and maximum values. Letters above box plots denote significant differences. 

Body lengths of manta ray individuals were measured using paired-laser photo-

grammetry for six individuals (range = 0.94–1.24 m, mean = 1.11 m) over thirteen encoun-

ters, and fine-scale swimming speeds (m·s−1) were calculated: four feeding mantas swam 

at 0.746 ± 0.043 m·s−1, and nine traveling mantas swam at 0.718 ± 0.071 m·s−1. Six large-scale 

swimming speeds were calculated based on approximate distance traveled between en-

counters averaged 0.687 ± 0.107 m·s−1, ranging between 0.303 and 1.0 m·s−1. Distance trav-

eled ranged from 2340 to 60,600 m, and time elapsed between encounters ranged from 

2340 to 91,800 s. A two tailed t test found no significant differences between fine and large-

scale swimming speeds of traveling mantas [t(13) = 0.2, p = 0.8]. 

4. Discussion 

Our study employed a method of aerial drone analyses to evaluate fine-scale kine-

matics of wild, volitional manta ray swimming. We found an overall positive correlation 

between swimming speed and wingbeat frequency across all behaviors observed (Figure 

2). This supports previous research showing that the frequency of oscillation in manta ray 

pectoral fins increased directly with swimming speed [57]. The degree to which swim-

ming speed and wingbeat frequency were correlated, however, varied between behaviors.  

We observed the greatest mean swimming speed and the most variation in traveling 

mantas (Figure 3). The goal of traveling is likely to cover as much distance as possible or 

to reach a destination with greatest efficiency. As such, animals may optimize their hy-

drodynamic efficiency, as seen in mantas rolling up cephalic fins to reduce drag while 

swimming and conserve energy while traveling [63]. Since no significant differences were 

found between fine-scale (0.718 m·s−1) and large-scale swimming speeds (0.687 m·s−1), we 

propose that fine-scale swimming speeds can be reasonably extrapolated to larger-scale 

movements, but are slower than previously reported swimming speeds of traveling man-

tas (0.97 m·s−1) calculated from satellite telemetry data [26]. Wingbeat frequencies of trav-

Figure 4. Wingbeat frequency of manta ray swimming based on behavior. Boxes represent the
exclusive medians (middle line) and interquartile range, x marks the means, and whiskers represent
the minimum and maximum values. Letters above box plots denote significant differences.

4. Discussion

Our study employed a method of aerial drone analyses to evaluate fine-scale kine-
matics of wild, volitional manta ray swimming. We found an overall positive correlation
between swimming speed and wingbeat frequency across all behaviors observed (Figure 2).
This supports previous research showing that the frequency of oscillation in manta ray
pectoral fins increased directly with swimming speed [57]. The degree to which swimming
speed and wingbeat frequency were correlated, however, varied between behaviors.

We observed the greatest mean swimming speed and the most variation in traveling
mantas (Figure 3). The goal of traveling is likely to cover as much distance as possible
or to reach a destination with greatest efficiency. As such, animals may optimize their
hydrodynamic efficiency, as seen in mantas rolling up cephalic fins to reduce drag while
swimming and conserve energy while traveling [63]. Since no significant differences were
found between fine-scale (0.718 m·s−1) and large-scale swimming speeds (0.687 m·s−1),
we propose that fine-scale swimming speeds can be reasonably extrapolated to larger-
scale movements, but are slower than previously reported swimming speeds of traveling
mantas (0.97 m·s−1) calculated from satellite telemetry data [26]. Wingbeat frequencies
of traveling mantas were significantly slower and presented less variation than feeding
individuals (Figure 4). This could indicate that mantas perform less labored swimming
while traveling, as there is less incentive to expend more energy, thus relying on the gliding
phase between each wingbeat [57]. Similarly, aquatic birds have been shown to expend less
energy on commuting flights than foraging dives, suggesting that in situations of low prey
density, animals can optimize efficiency by making long commutes to areas where foraging
efficiency is high [64].

Previous satellite telemetry studies showed that feeding mantas swam significantly
slower (0.11 m·s−1 [26], 0.33 m·s−1 [54]) than traveling mantas (0.97 m·s−1 [26]), but the
data collected were not fine scale, and behavior was inferred rather than observed. In
this study, feeding mantas had a marginally slower, yet not significantly different, mean
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swimming speed and less variation than traveling mantas (Figure 3). Differences in prey
availability may result in slower swimming, as manta rays are thought to accelerate when
feeding in low-density plankton patches to maximize prey encounters and decelerate in
high-density plankton areas to conserve energy [65]. This relationship should be further
investigated by deploying zooplankton tows to collect food samples simultaneously with
drone footage of feeding mantas, to directly compare prey size, type, and abundance with
swimming kinematics.

Despite slower swimming speeds, feeding mantas had the greatest mean wingbeat
frequency across behaviors and showed the greatest variation in wingbeat frequency
(Figure 4). The high energetic cost of feeding needs to be compensated by an even higher
energy intake [56], thus mantas will regularly change their directional heading to move
to wherever food is available, requiring more frequent and sporadic wingbeat cycles. To
perform turning maneuvers, mantas either execute powered turns through asymmetrical
propulsive motions of pectoral fins, or unpowered turns through banking (a rolling maneu-
ver) that is achieved by lift-based centripetal force of the pectoral fins [57], both of which
could cause an increase in wingbeat frequency. These maneuvers require asynchronous
fin movements that could potentially cause a destabilizing force, making the manta more
agile for rapid maneuvers [66]. While we cannot distinguish between powered and un-
powered turns without lateral views of swimming, both maneuvers to some extent rely on
unsteady motions of pectoral fins, and subsequently greater wingbeat frequency, to change
orientation and direction [57].

We predicted greater differentiation in kinematics between traveling and feeding
behaviors, but it is evident that swimming speed and wingbeat frequency alone are in-
sufficient to predict behavior (Figure 2). This could point to other factors, such as current
direction and strength, tides, prey availability, human interaction, and boating and fish-
ing interactions, that could influence the way a manta ray swims. It could also be evi-
dence for mantas exhibiting a fourth cryptic behavior that was not classified in this study.
Papastamatiou et al. (2012) actively tracked manta rays in small lagoons at Palmyra Atoll,
where mantas showed ‘area-restricted searching’ behavior to move between or locate
high-density plankton patches, which allowed them to remain in a small area to maximize
resource acquisition [67]. Although no kinematic data were available from the acoustic
tracking study, ‘area-restricted searching’ individuals swam with more tortuous move-
ments and performed more turns in comparison to straighter transiting movements [67],
suggesting that swimming speed and wingbeat frequency could differ from those of travel-
ing and feeding behaviors. While study results from a confined spatial scale (i.e., a small
atoll lagoon) are difficult to extrapolate to movements at a larger scale, such as our mantas
swimming along a coastline, it hints at a potential transitional behavior between traveling
and feeding and warrants further investigation into how prey availability could impact
behavior-correlated kinematics and movement patterns.

Resting mantas had a significantly slower mean swimming speed and wingbeat
frequency than other behaviors (Figures 3 and 4). In this instance, we suspect that manta
rays likely utilize a strong current for ventilation to conserve energy. Further, we propose
that the limited variation observed in these data may suggest that resting mantas are
continuously swimming with the minimum effort required to maintain position and remain
buoyant. This behavior has also been observed in narrow channels with strong currents
in Indonesia [68], but it has yet to be quantified or formally described. A recent study
discussed how another negatively buoyant obligate-swimmer species, grey reef shark
(Carcharhinus amblyrhynchos), uses current updrafts to reduce energy expenditure [69].
Compared to the current (~0.5 m·s−1) faced by the grey reef sharks [69], the manta rays
in this study may have been utilizing a much stronger current with a mean speed of
1.086 m·s−1 [70].

Manta rays resting inside man-made inlets is a concerning phenomenon due to intense
boat traffic and fishing as a popular activity in these areas. Almost half of the juvenile
manta ray individuals in south Florida have scars or injuries, many from anthropogenic
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impacts [42]. Future kinematic studies should focus on the impacts of manta rays living
in high-density human presence, including potential negative impacts of boat and fishing
injuries on swimming performance. Previous studies have reported qualitative behav-
ioral responses of manta rays toward in-water tourism, including changes in swimming
speed [71,72], thus the effects of tourism should be further investigated by comparing swim-
ming kinematics before, during, and after interactions with snorkelers. Since this study
measured the kinematics of swimming in a juvenile population of manta rays, caution
should be exercised when applying these data to adult populations. Future work should
focus on how kinematics can change with ontogeny, as swimming speeds are known to
vary through growth in some animals [73]. Quantifying other behaviors, such as courtship
and mating, would also be valuable, as swimming speed has been qualitatively described
to vary across different stages of courtship-trains in manta rays [74,75]. Moreover, our
methodology can be used to compare the swimming kinematics of the other species and
populations of manta rays, as well as other batoids.

Baseline swimming kinematics of manta rays have valuable applications to other
research topics and emerging technologies. We presented behavior-correlated kinematics
that could be used to validate data from accelerometers and satellite telemetry by using
machine learning to rapidly identify and model behaviors from animal tracks [76–78].
Other applications of fine-scale kinematics have included biomechanical studies to better
understand the filtration mechanism of gill plates in manta rays [79]. Results from our
study can also be applied to areas such as feeding ecology to improve the reliability of prey
density threshold measurements, and lay groundwork for improved bioenergetic modeling
across manta ray behaviors as swimming speed is an essential kinematic parameter in
these models [80]. Additionally, we described resting behavior that is especially difficult
to observe without drones, as divers cannot enter the water due to the proximity to fast-
moving vessels. Fundamentally, we present a novel, minimally invasive technique to
quantify swimming kinematics and behavior and the first ever empirically measured
volitional swimming kinematics of manta rays in the wild. Better understanding of manta
ray swimming performance not only sheds light on their habitat use but has the potential
to improve conservation management practices of these increasingly vulnerable species.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/drones6050111/s1, Video S1: example of traveling manta ray;
Video S2: example of feeding manta ray; Video S3: example of resting manta ray.
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