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Abstract: This study explores the application of small, commercially available drones to determine
morphometric the measurements and record key demographic parameters of reef manta rays (Mobula
alfredi) in Raja Ampat, Indonesia. DJI Mavic 2 Pro drones were used to obtain videos of surface-
feeding M. alfredi with a floating, known-length PVC pipe as a reference scale—thus avoiding the need
to utilize altitude readings, which are known to be unreliable in small drones, in our photogrammetry
approach. Three dimensions (disc length (DL), disc width (DW), and cranial width (CW)) from
86 different individuals were measured. A hierarchical multivariate model was used to estimate the
true measurements of these three dimensions and their population-level multivariate distributions.
The estimated true measurements of these dimensions were highly accurate and precise, with the
measurement of CW more accurate than that of DL and, especially, of DW. Each pairing of these
dimensions exhibited strong linear relationships, with estimated correlation coefficients ranging from
0.98-0.99. Given these, our model allows us to accurately calculate DW (as the standard measure of
body size for mobulid rays) using the more accurate CW and DL measurements. We estimate that
the smallest mature M. alfredi of each sex we measured were 274.8 cm (males, n = 30) and 323.5 cm
DW (females, n = 8). We conclude that small drones are useful for providing an accurate “snapshot”
of the size distribution of surface-feeding M. alfredi aggregations and for determining the sex and
maturity of larger individuals, all with minimal impact on this vulnerable species.

Keywords: aerial photogrammetry; marine megafauna; unmanned aerial vehicle; sexual dimorphism;
size at maturity

1. Introduction

Body size is a life-history parameter used to provide insights into key aspects of
species and individual biology, including the maturity stage, reproductive status, pop-
ulation demographics, and environmental and habitat conditions to which individuals
are exposed [1-4]. Therefore, obtaining accurate measurements of animal body size is
crucial for the conservation and management of most animal species [2]. Measuring the
morphometric features of large animals, which can be difficult or dangerous to approach,
can be problematic [3,5]. Most methods require close contact with or restraint of the an-
imals, which has the potential to impact negatively upon them [6]. Photogrammetry, a
non-invasive approach, allows us to accurately obtain measurements of large animals
without physical contact [2,7]. Photogrammetry has been used to estimate the length, body
weight, and other size measurements of a wide variety of animal species, from sheep to
sharks to dolphins [8-10].
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The reef manta ray (Mobula alfredi) is listed as vulnerable on the IUCN Red List of
Threatened Species, primarily due to fisheries’ exploitation (both as a target and as bycatch)
of this slow-breeding species [11]. Comprehensive information on the body size and
size at maturity of manta rays is important to understand their life history and to design
effective conservation management strategies [12,13]. To date, three methods have been
commonly used to measure the body size of free-swimming manta rays, including visual
estimation [12], paired laser photogrammetry [5], and estimation using paired stereo—video
camera systems [14].

Of these three techniques, underwater visual estimation is the most commonly-used
method to record the size of M. alfredi; typically, disc width (DW, defined by Notarbartolo
Di Sciara [15] as the greatest dimension between the outermost tips of the pectoral fins) is
estimated based on the lengths obtained by divers or snorkelers directly above, below, or
next to manta rays [12,16]. Despite the ease and practicality of this approach, visual size
estimation can generate significant biases and inconsistencies in size estimates [17].

In an attempt to improve upon the accuracy of the visual estimation approach,
Deakos [5] and Couturier et al. [18] utilized paired laser photogrammetry to measure
the body size of M. alfredi in Hawaii and eastern Australia, respectively. Two laser pointers
were mounted parallel to each other on an aluminum plate and at a measured distance
apart from one another, with a video or still camera mounted midway between the two
pointers. The laser pointers projected two light points, which were a known distance apart
(either 50 cm [18] or 60 cm [5]), onto the manta ray, thereby allowing the extrapolation of
the manta ray’s size using readily available photo-processing software [5].

More recently, a paired stereo—video camera system has been used to measure M. alfredi
in the Seychelles [14]. This technique utilizes a pair of video cameras mounted on a bar
at a measured distance apart, allowing the overlap of the cameras’ field of view [19]. The
resulting paired images of each manta ray are processed with custom software that allows
the calculation of the size of the animal; this technique has been proven to estimate the
length of fishes more accurately than the visual estimation technique [20], and has recently
been used to accurately measure whale sharks, Rhincodon typus [17], and oceanic whitetip
reef sharks, Carcharhinus longimanus [21]. While the aforementioned methods have been
used with increasing accuracy to measure the body size of M. alfredi, all three methods
require a diver or snorkeler to be in the water with the manta rays to visually estimate
their size or operate the camera setups, which can be time-consuming and costly and can
potentially lead to negative behavioral responses from the manta rays being measured [22].

Importantly, many authors attempting to measure the body size of manta rays have
expressed concern over the use of the disc width (DW) dimension, noting that it can be
difficult to reliably measure the maximum distance between the fully-extended wing tips
for a variety of reasons—ranging from the challenge of photographing free-swimming
manta rays at exactly the moment of maximum extension of the pectoral fins [5,23,24] to
issues with preserved specimens that have been stored with the wings in a curled fashion,
which prevents straight-line measurement [15]. Nonetheless, DW remains the standard
measure of body size for all rays in the order Myliobatiformes, including manta rays in the
family Mobulidae [25]. Because of the fragility and common breakage of the elongated tails,
measures of total or standard length (TL or SL) common for most other fishes are considered
unreliable in these rays, with DW being the largest reliably measurable dimension [15].
Because of the difficulties of measuring DW in live manta rays especially, previous authors
have suggested measuring disc length (DL, defined by Notarbartolo Di Sciara [15] as the
dimension measured from the midpoint of the rostral margin to the free rear tip of the
pectoral fin; Figure 1) as a more easily and accurately measurable dimension of size, from
which DW can then be readily calculated using a regression formula (e.g., Deakos [5]).
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Involved in measuring body size In manta rays with littie or no daisruptve mteraction with
the observed animals. The measurements generated using drones through
photogrammetry, however, are imperfect and subject to errors and uncertainties,
resulting from various factors, including in altitude reading, image quality, and the
position of objects in the water [31-33]. Given these concerns, statistical methods for
nalyzing drone- m rements are requir h rrors if they are non-
negligible [34].
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the true value of the measurements of these three dimensions from replicate drone mea-
surements, to examine the correlations between these three dimensions, and to predict the
notoriously difficult-to-measure DW from the drone measurements of other dimensions
(CW and DL) (Figure 1), while also dealing with imperfect drone measurements associated
with errors and uncertainties. The “true value” of a given measurement is defined as
“the actual value that would be obtained with perfect measuring instruments and without
committing any error of any type in collecting primary data” [35]. Finally, we report upon

our initial efforts to use drones to determine the sex and maturity status of surface-feeding
M. alfredi.
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2. Materials and Methods
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2.2. Data Colleetion
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2.3. Image Processing and Measurements

The footage was extracted using Final Cut Pro software to obtain multiple stll images
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In our case, we obtained multiple photographs (or multiple still images extracted
from footage) of each individual manta ray. Our random effects were the unobserved, true
morphometric measurements of the individuals, so we estimated the distribution of the
true morphometric measurements across the manta rays in the population. Additionally,
observed measurements varied between different photographs of the same individual due
to measurement error. Note that here we define measurement error as the unobserved
difference between a single measurement from a photograph and the true measurement
of the manta ray. Repeated measurements from different photographs of the same manta
ray allowed us to estimate the variance of measurement errors without observing the
true manta ray measurements. One important assumption required by our model is
that the drone measurements are unbiased: although they are not exactly correct due to
measurement error, on average they are equal to the true measurement.

One additional distinction between our model and a standard mixed-effects model is
that ours is multivariate: we measured three different dimensions from each photograph, so
we estimated correlations between the true measurements in addition to the distributions
of each individual dimension in the population. All analyses were conducted using R [43],
with the code and data included in the Supplementary Data.

We fitted two models to our data. First, we analyzed all manta rays as a single group,
estimating parameters for the population as a whole. Second, we fitted a model to analyze
data from only the sexually mature individuals. We estimated separate parameters for
the distributions of the males” and females” morphometric dimensions, but assumed the
measurement error parameters were the same for both groups.

3. Results
3.1. Measurement Summary, Accuracy, and Precision

A total of 86 individual M. alfredi were measured using drones from five areas: Arborek
reefs (n = 53 individuals), Hol Gam bay (n = 6), Fam (n = 11), Yefnabi Kecil reef (n = 14),
and Wayag lagoon (n = 2). These individuals consisted of 30 sexually mature males, eight
sexually mature females, and 48 unsexed individuals. A total of 507 measurements of the
three dimensions (DW, DL, and CW) were performed on all the individuals. We fitted
our model to examine the population-level parameters for all the manta rays combined
and to estimate the true measurements of these three dimensions for all the individuals
(summarized in Table S1). Among all the individuals, the smallest animal was an unsexed
individual estimated at 206.8 cm DW (95% CI: 204.9-208.6), while the largest was a female
estimated at 375.6 cm DW (95% CI: 373.2-378.0).

Additionally, we estimated the population-level parameters for sexually mature in-
dividuals separately for each sex. Although we fitted our model to three groups (mature
males; mature females; and unsexed individuals, presumably immature individuals), we
were primarily interested in comparisons between sexually mature males and females, so
we only present these results here for brevity. The model estimated that the mean DW of the
sexually mature males (290.1 cm, 95% CI: 286.9-293.4) was smaller than that of the sexually
mature females (353.4 cm, 95% CI: 343.7-363.1). The population standard deviations of the
three dimensions for the sexually mature males, moreover, were smaller than those for the
sexually mature females (Table 1).

The probability density of drone measurement error showed high accuracy for each
dimension, with an estimated standard deviation (SD) of 1.13 cm for CW (95% CI: 1.06—
1.21), 1.69 cm for DL (95% CI: 1.58-1.80), and 2.16 cm for DW (95% CI: 2.01-2.30) (Table 1,
Figure 5). These estimated standard deviations were very small relative to the estimated
means of these dimensions for the total population of manta rays (0.75% as large for DW;
1.30% for DL; and 1.52% for CW).



Drones 2022, 6, 63

8 of 19

Table 1. Estimates of model parameters, including standard errors (SE), and 95% confidence in-
tervals (CIs) for all individual manta rays combined and for sexually mature males and females
separately. The model parameters consisted of population mean (u) for the dimensions for each
demographic group, population standard deviations (¢) for the dimensions for each demographic
group, population correlation between two dimensions (p) for each demographic group, and standard
deviation of measurement error () for each dimension. DW = disc width, DL = disc length, and
CW = cranial width.

Demographic Model Estimates Standard Error 95% Cls
Group Parameters (SE) Lower Upper
HDW 286.5 4.87 277.0 296.1
HDL 129.8 2.54 124.8 134.7
Hew 74.3 1.37 71.6 77.0
oW 451 3.44 38.4 51.9
OpL 235 1.79 20.0 27.0
Aucg‘;gitj‘\;;ys Tow 127 0.97 10.8 14.6
(1 = 86) PDW,DL 0.99 0.003 0.982 0.993
B PDW,CW 0.99 0.003 0.980 0.991
PDLCW 0.98 0.004 0.977 0.991
Yow 2.16 0.07 2.01 2.30
YpL 1.69 0.06 1.58 1.80
Pecw 1.13 0.04 1.06 1.21
HDW 290.1 1.7 286.9 293.4
HDL 131.1 0.9 129.3 132.8
Sexually Hew 75.2 0.4 74.4 76.1
mature males
(n = 30) OpW 9.0 1.2 6.7 11.3
- opL 4.8 0.6 3.5 6.0
ocw 2.4 0.3 1.8 3.0
HDW 353.4 49 343.7 363.1
167.3 3.1 161.2 173.3
Sexuall HDL
- ferg’ales Hew 935 1.7 90.1 96.9
(5= 8) oW 13.9 35 7.1 20.8
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3.2. Relationships between Measured Dimensions

Each pairing of DW, DL, and CW for all individual M. alfredi measured using drones

and estimated using our model in this study was strongly linearly correlated, with 90f19
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3.3. Using the Model to Predict Unmeasured DW from Other Measured Dimensions
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3.4. Size at Maturity and Evidence of Sexual Dimorphism

Forty-five percent (39 of 86) of the individual M. alfredi measured displayed visible
signs of maturity observable from our drones. We estimated that the smallest male with
claspers visibly extending posteriorly beyond the pelvic fins was 274.8 cm DW (95% CI:
272.9-276.7), while the smallest female with visible mating scars was 323.5 cm DW (95%
CI: 321.6-325.4) (Table S1). By contrast, we estimated that the largest sexually mature male
was 316.3 cm DW (95% CI: 313.9-318.7), and that the largest sexually mature female was
371.8 cmn DW (95% CI: 370.4-373.2).

The three morphometric dimensions taken for the 30 mature males and eight mature
females showed no overlap in any of the measurements, with the smallest mature female
recorded having larger dimensions than the largest male (Table S1, Figure 9). Using the most
common measurement of body size in manta rays, the mean DW of the sexually mature
females (353.4 cm; 95% CI: 343.7-363.1) was significantly (p < 0.001) larger than that of the
sexually mature males (290.1 cm; 95% CI: 286.8-293.4) estimated in our study (Table 1).
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Figure 9. Estimated mean DW (in cm) with 95% confidence intervals of sexually mature female (1 = 8;
solid red circle with CI) and male (1 = 30; solid blue circle with CI) M. alfredi measured using drones
and estimated by our model. The transparent circles represent the estimated true measurements of
the DW of each individual, color-coded by sex.

4. Discussion

Drones have been increasingly used in elasmobranch research in the last few years to
study the abundance, habitat use, fine-scale movements, feeding and social behaviors of
various shark and ray species [45,46] including manta rays [37,47]. Here, we show that it
is possible to reliably measure the size of manta rays using small, commercially available
drones, and present a model for use in other studies. Paired with visual signs of sexual
maturity from drone images, we were able to advance our understanding of the population
demographics of M. alfredi in Raja Ampat. Recently, Oleksyn et al. [48] published the
first study using drones to measure the body size of an elasmobranch, the short-tailed
stingray, Bathytoshia brevicaudata. Our study is the first, to our knowledge, to describe a
method for measuring the body size of manta rays using drones. Our methodology differs
significantly from that utilized by Oleksyn et al. [48] and other studies using drones to
measure whales [31-33,49]. The morphometric measurements in each of those studies were
calculated using the known size of the drone’s camera sensor (i.e., width in pixels) and
the altitude reported by the drone at the time the image was recorded, with the drone
altitude derived from onboard barometric or laser altimeters. However, barometric altitude
measurements from drones are known to have poor accuracy due to their sensitivity to
rapid changes in air pressure unassociated with the changes in drone altitude, such as
wind gusts or other atmospheric conditions [50]. In our study, we used small drones (the
same as used by Oleksyn et al. [48]) equipped with low-cost sensors that are reported to
have severe issues in drift and delay in their barometric altitude readings [51]. To avoid the
measurement error related to this uncertainty, we used a known length object as a scale
within the same frame to measure the size of the manta rays. This is similar to the approach
of Christiansen et al. [1], who used a research vessel as a scale to measure humpback
whales, Megaptera novaeangliae, utilizing this scale photograph to convert the relative
measurement (in pixels) obtained from different photographs into absolute measurements
(in cm). However, instead of using different still images as a scale photograph, we use the
same photograph with a floating PVC pipe as a reference scale to measure the manta ray
body size. This approach provides more robust measurements, particularly when using
low-cost drones with high uncertainty in altitude readings.

Nonetheless, even when using objects of known size as a reference, drone photogram-
metry is subject to uncertainties resulting from image processing and variations in body
size between individuals in a population [31,49]. While dealing with these sources of
uncertainty, our model accurately estimated the measurements of the animals in our study.
Similar to our method, Bierlich et al. [34] developed a Bayesian model to predict drone
morphometric measurements of whales while considering various uncertainties. Both this
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model and ours have the ability to estimate the predictive distribution of a measurement,
instead of a single value, providing more robust information about individuals and popula-
tions. The ability to predict population-level morphological relationships and to predict
unmeasured dimensions of marine animals based on parameter estimates derived from
a model is an important advancement in the use of photogrammetry. Importantly, our
method is able to estimate an expected value of any dimension using any combination of
the other dimensions based on the coefficients calculated by a single fitted model. Our
model can accommodate any number of dimensions of interest, and is therefore widely
applicable to a variety of studies.

While the most commonly used methods for estimating or measuring the dimensions
of manta rays require divers/observers to be in the water [5,12,14], our method offers an
alternative, non-invasive approach, requiring no in-water interaction and having minimal
or no impact on the animals. The only impact observed using our method was related to the
floating PVC pipe. Most of the time, the manta rays showed no reaction towards the pipe
floating near them, particularly when it remained outside of the animals” swimming paths
while they were feeding. The manta rays displayed some minor, short-term avoidance
behavior when the pipe floated directly into their swimming path, in which case they
would either submerge beneath the pipe and then resurface as the pipe passed over them,
or swim laterally around the pipe and then recommence their feeding behavior.

4.1. Accuracy and Measurement Methods

The drone measurements of the surface-feeding or cruising M. alfredi were highly
accurate and precise. The estimated standard deviation of measurement error using our
approach was less than 2.2 cm for each of the dimensions, which is extremely small
relative to the true measurements. The precision of our measurements of the manta
rays’ dimensions was higher than that derived from paired laser photogrammetry in
Hawaii, which is promising as researchers endeavor to improve measurement accuracy [5].
Importantly, the precision of our drone measurement was comparable to work on southern
right whales, Eubalaena australis, using a larger DJI Inspire 1 Pro equipped with LIDAR to
measure altitude [33]. It is encouraging that the data we collected with the smaller, more
affordable Mavic Pro drone provided reliable results.

Of the three dimensions we measured, CW was the most accurate, while the mea-
surements of DW were the least accurate. The larger variability in the DW measurements
was likely due to the difficulty of capturing images of manta rays at exactly the moment
of maximum extension of the pectoral fins when swimming—a difficulty also discussed
by Deakos [5] when using paired laser photogrammetry in Hawaii. Burnett et al. [31]
suggest that errors in measurement with aerial photogrammetry of marine animals in
general may come from a combination of various factors, including inaccurate readings
of relative altitude by the drone, animal body flex, and animal bodies that are partially
submerged in water. In our study, we did not utilize altitude readings, and we only took
video measurements when the manta rays were clearly surface-feeding or cruising in calm
water conditions. Body flex, however, is another means of describing the difficulty of
capturing the manta ray with maximum wing extension, and is one of the main reasons
why Francis [23] suggested that DW has more measurement errors than other dimensions
and should be replaced by DL as the primary measurement used for describing body
size in mobulid rays. While our drone measurements indicated that DW had the smallest
standard deviation relative to the mean body size, CW and DL are easier to measure in
practice, with CW being the most accurate. Therefore, we suggest that CW should be
considered as a primary metric in describing manta ray body size when using a drone,
considering that these measurements can be established accurately using our model. We
acknowledge that standard scientific convention most commonly uses DW to describe
manta ray body size, in which case our model offers the ability to accurately predict DW
from measurements of either CW or DL (or preferably, both). Importantly, this approach of
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using CW or DL to calculate DW can be applied not only to drone measurements, but also
to the aforementioned in-water estimation/measurement methodologies for manta rays.

4.2. Allometric Growth, Size at Maturity and Sexual Dimorphism

One of the more unexpected findings of our study was the negative allometric growth.
Deakos [5] previously reported that M. alfredi show isometric growth, which is unusual
in fishes, but our data show that M. alfredi in Raja Ampat become relatively slender (as
measured by either DW or CW) as they grow longer, reflecting clear negative allometric
growth [44]. Of the three morphometric dimensions we considered, each had different
growth rates. DL had the fastest growth rate, followed by CW, with DW experiencing the
slowest rate of growth of the three dimensions. Nonetheless, despite the differences in
growth rates, each pairing of dimensions showed a very strong linear correlation across
the range of body sizes we measured, thereby conveniently allowing the calculation of one
unmeasured dimension from the other measured dimensions.

While our sample size of 86 individual M. alfredi is not large enough to confidently
describe the demographic parameters of the large Raja Ampat population [37], we were
nonetheless able to record some valuable observations that are worth comparing to the M.
alfredi from across their Indo-Pacific distribution. The largest animal estimated in our study
was a 375.6 cm DW female, which is similar to other studies, such as those in Hawaii, the
Maldives, and the Seychelles, using different techniques [5,12,14].

The adult or sexually mature male and female M. alfredi were determined by the
morphological features [12,16] observed in the drone imagery when surface-feeding. We
estimated that the smallest sexually mature male was 274.8 cm DW (95% CI: 272.9-276.7),
while the smallest sexually mature female was 323.5 cm DW (95% CI: 321.6-325.4). These
findings are consistent with studies from Hawaii [5] and the Maldives [12]. In the Maldives,
males were estimated to reach maturity at approximately 270-280 cm DW and females at
approximately 320-330 cm DW [12]. In Japan, however, they are considerably larger, with
females estimated to mature at 380-400 cm DW and males at 280-300 cm DW [52].

We found strong evidence of sexual dimorphism in body size of M. alfredi, with adult
females larger than adult males in all three morphometric dimensions measured. This
finding is similar to those in several other regions [5,12,16,53]. This is likely related to
female M. alfredi requiring a larger body to gestate their large, precocial pups [54,55].

4.3. Limitations of the Methodology

Despite its utility, we nonetheless recognize some important limitations of our method.
First, it is only useful for measuring manta rays that are surface-feeding or cruising at the
surface in calm water conditions. While this limits its utility, our experience of using drones
to observe M. alfredi throughout Indonesia, Papua New Guinea, and New Caledonia and
M. birostris in New Zealand suggests that these conditions are met at least part of the time
in each of these areas, such that the methodology should be broadly applicable.

A more important limitation of the methodology is that the measurements collected
cannot necessarily be attributed to individuals that are tracked over time in the same
manner as the other in-water methods of measurement. M. alfredi have uniquely identifiable
ventral spot patterns that enable the collection of photographic images, which can be
collated in a database and allow the tracking of individuals over time [12,37,56]. In the
studies using visual estimation, paired laser photogrammetry, or estimation with paired
stereo video cameras to measure the size of M. alfredi, a key advantage is that these methods
include the linking of the measurements obtained with a photo-ID image of the manta ray.
This in turn allows researchers to obtain repeated measurements of the same individuals
and, thereby, calculate growth rates. We note, however, that it is often possible to link drone
measurements to an individual if the manta ray being measured performs somersault
feeding near the surface, which allows excellent identification images to be taken [37] at
the same time as measurements are collected. Somersault feeding is particularly common
in our experience with juvenile M. alfredi in nursery areas in Raja Ampat [37] and with
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M. birostris feeding offshore of New Zealand [57], and may very well be common in other
localities, depending on the oceanographic conditions and planktonic prey behaviors.

Finally, while our drone-based methodology did allow the collection of opportunistic
observations on the sex and maturity status of the individuals being measured, we were
not able to reliably determine this for all the manta rays we encountered. It is impossible to
determine the sex of a juvenile manta ray from a drone unless the individual happens to be
somersault feeding [37]. For sexually mature males, we are able to very reliably identify the
claspers extending beyond the pelvic fins using drone photogrammetry, which will allow
us to produce highly accurate estimates of size at maturity for males in a given population.

Maturity in females, however, has proven much more difficult to reliably measure
with drones. Using Steven’s [12] estimate of size at maturity for Maldivian female M. alfredi
with 320-330 cm DW (from the most comprehensive study yet published on M. alfredi
demographic characteristics), we observed 17 individuals that were over 330 cm DW and
did not show extended claspers in the dorsal view; thus, they could reasonably be assumed
to be adult females. However, we only observed mating scars from a dorsal view on 41% of
these individuals. Importantly, seven of the ten large females on which we did not observe
mating scars were melanistic individuals; the lack of white shading on the dorsal wing tips
(compare to Figure 4 for a normal “chevron” colored female) of these melanistic females
made it much more difficult to observe any evidence of mating scars (Setyawan, pers. obs.).
The remaining three large chevron-colored females with no visible dorsal mating scars
either had not previously mated, only showed mating scars ventrally, or had healed their
mating scars to the point that they could not be recognized. Whatever the reason, it is clear
that drone photogrammetry is limited in its ability to identify females and sexual maturity
in females, except when these females perform somersault feeding and allow a ventral
view of their cloaca and pectoral fins.

5. Conclusions

We demonstrated conclusively the value of using small, commercially available drones
to accurately measure the body size of surface-feeding or cruising M. alfredi with minimal
or no impact on the animals. The three morphometric dimensions of M. alfredi measured
using drones in this study (DW, DL, and CW) were strongly linearly correlated, allowing us
to develop models that can predict an unmeasured or less accurately measured dimension
(such as DW) using drone measurements of CW, DL, or, preferably, both. We also showed
that drones can be used to determine sexually mature individuals, a key demographic
parameter useful for conservation management [12]. Finally, we found evidence of sexual
dimorphism in body size (with females significantly larger than males) and negative
allometric growth (with growth rates for DL > CW > DW).

Although our method can only be used on surface-feeding or cruising manta rays in
relatively calm waters, if the individual is somersault feeding at the time of measurement,
we can also individually identify the animal and more accurately assign sex to females that
are difficult to identify from the dorsal view. Importantly, our drone-based methodology
is beneficial for providing an accurate “snapshot” of the size distribution of M. alfredi
aggregations, and for reliably determining size for mature male individuals. Moreover, our
robust models for calculating DW from either CW or DL measures (or, more accurately,
both) should be equally useful for in-water measurement techniques, including paired laser
photogrammetry and estimation by paired stereo video cameras.

In the future, this novel method can be used to identify M. alfredi’s critical habitats,
such as nursery areas, by determining the size distribution of neonates and juveniles
occupying the nursery. In combination with photographic identification, this method
can be used to accurately estimate the growth rate of manta rays. Importantly, given the
simplicity of the data collection and the functionality of the data analysis, this method is
easily replicable to measure the body size of manta ray populations in other countries and
possibly that of other marine megafauna species that spend time at the surface.
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Appendix A

In general, we consider a situation in which we have drone measurements of m mor-
phometric dimensions belonging to G different groups, where ny unique individuals have
been measured from the gth group. In our specific case here, we have m = 3 morphometric
dimensions. For our first model, we analyzed all the manta rays as a single group, so G = 1.
For our second model, we grouped the individuals into into 71 = 30 sexually mature males,
ny = 8 sexually mature females, and n3 = 48 unsexed individuals, so for this analysis G = 3.

Let pg; be the number of drone images captured of the ith animal in the gth group. For
this animal, we observe an Pgi X m matrix Yg;. The element in the jth row and kth column,
Ygijk, is @ measurement of the kth morphometric dimension in the jth image, and is subject
to measurement error. Let uy; = (ug,-l, e, ugim) be a vector containing the unobserved
true morphometric dimensions of the ith individual in the gth group, where u is the
unobserved true measurement of the kth dimension.

Appendix A.1. True Measurements

We assume Ugi ~ MVN,, (yg, Zg); that is, individuals in the gth group have true
morphometric dimensions that come from a multivariate normal distribution, where
g = (g1, -+, Jig2) is a vector of the underlying mean measurements for the m dimen-
sions in the group’s population, and Z¢ is an m X m variance-covariance matrix of the
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measurements. In this matrix, the kth diagonal element, ngk = (Té%k, is the variance of the
kth dimension across individuals in the gth group’s population, while the off-diagonal
element in the kth row and k’th column (k # k') is okk' = Prk'OgkUgk', the covariance be-
tween the kth and k’th dimension. Here, py is the correlation between these morphometric
dimensions.

Appendix A.2. Measurement Error

We do not observe true measurements, Ugi, which precludes the direct estimation of the
mean vector, yig, and variance—covariance matrix L, for each group. Instead, we observe the
matrix Y, for each individual, comprising p¢; noisy measurements of u,; that are subject
to error. We assume the measurement error distribution is itself multivariate-normal,
and so Yg;; | ug; ~ MVNy, (ugi, E‘.) This assumption implies that drone measurements
are unbiased: the underlying mean drone measurement of a particular morphometric
dimension is equal to the true measurement. The matrix Z is a variance-covariance matrix
for the measurement error, where the kth diagonal element, & = 1[],%, is the measurement
error variance of the kth dimension, while the off-diagonal element in the kth row and k’th
column (k # k') is Egpr = ¢pp PPy, the covariance between measurement errors for the kth
and k’th dimensions. Here, ¢y is the correlation between the measurement errors for these
morphometric dimensions. Note that we assume that measurement errors were the same
across all the groups.

Appendix A.3. Model Parameters
The parameters of our model are therefore, the following:

o u=(p1, - ,Hg), where ug contains the underlying population means of the morpho-
metric dimensions for the gth group;

e o= (0y,--,0G), where oq contains the underlying population standard deviations
of the morphometric dimensions for the gth group;

e p=(p1, - ,pc), where p, contains underlying population correlations between all
pairs of morphometric dimensions;

e 1 containing underlying standard deviations of the measurement errors for each of
the m dimensions; and

e ¢ containing underlying correlations between measurement errors of all morphometric
dimensions.

The variance—covariance I, can be constructed from parameters o¢ and pg. Like-
wise, & can be constructed from ¢ and ¢. Fitting this model therefore accommodates
measurement error, because parameter vectors ¢ and ¢ characterize the distribution of
the measurement errors. Our model also allows the inference of the distribution of true,
unobserved morphometric measurements, which is characterized by parameter vectors
u, 0,and p.

Appendix A.4. Relationships between Dimensions

Fitting a multivariate normal distribution implies that each of the component variables
are linearly related to the others. To determine the linear relationships between the true
morphometric dimensions in the gth group, we can translate y; and L, into coefficients of a
linear equation that returns the expected value of one morphometric dimension conditional
on the observed values of any combination of the other dimensions. These coefficients can
be interpreted in the same way as those from a standard linear regression model, and allow
predictions of unmeasured dimensions based on those that have been measured.

Let us imagine that we wish to determine the coefficients of the linear equation to
calculate the expected value of dimension p, conditional on observed values of s other
dimensions, g1, - - - , qs. For example, if we wish to calculate the expected value of the first
dimension conditional on observed values of the third and fifth, we have p = 1,5 = 2,
g1 = 3,and g = 5. Using standard results conditional multivariate distributions, the vector
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-1
8B’
by a = pgp — Y1 Bitkgi, Where L4 is the pth row of g, excluding the pth element, and
Lepisans xs submatrix of X, containing its q1th, - - -, gsth rows and columns. Therefore,
the parameters of our model can be used to determine coefficients for linear combinations
to describe the relationships between any subset of the morphometric dimensions.

of coefficients for dimensions q1, - - - , s is given by B = L 4X 5, and the intercept is given

Appendix A.5. Parameter Estimation

We fit our hierarchical multivariate normal model by maximum likelihood. The
likelihood of our model is:

G nhg Pgi
L(8) = HH o fu(ugi; g, 05, pg) ny|u (ygi]' | ugi; 1Pr¢)d”gi (A1)
g=1i=1 =1

where f, (u; p, 0, p) is the multivariate normal probability density function (PDF) with the
mean vector ¢ and variance—covariance matrix constructed from marginal standard devia-
tions ¢ and correlations p. Likewise, f,, (v | #; ¢, ¢) is the multivariate-normal PDF with
mean vector # and constructed from marginal standard deviations ¢ and correlations .

This integrand in Equation (A1) is a Gaussian function, so it is available in closed form.
Nevertheless, we wrote code to calculate our model’s likelihood using TMB software [58],
which uses the Laplace approximation to evaluate the integral. We used the R function
nlminb() to numerically maximize the likelihood.

We wrote additional R functions to predict the true measurements of the morphometric
dimensions, given either drone measurements of new individuals (i.e., not in our original
data set and subject to the same measurement error), true measurements (i.e., not subject to
any measurement error), or a combination of both.
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