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Unoccupied Aerial Systems (UASs), commonly
known as drones (Chapman, 2014), have become
invaluable tools in wildlife research (Yaney-Keller
et al., 2025), offering cost-effective, efficient, and
safer alternatives to traditional crewed aircraft
surveys (Colefax et al., 2018). These advances are
especially impactful in marine mammal research,
where measuring size, mass, and morphology has
traditionally been resource-intensive (Perryman
& Lynn, 1993). UASs are easy to operate, rapidly
deployable, and capture high-resolution imagery
suitable for photogrammetric workflows (Goebel
et al.,2015; Goldbogen et al., 2017; Krause et al.,
2017; Kotik et al., 2023). Their widespread use
has promoted the development of a range of UASs
with varying sensors and lenses (Anderson &
Gaston, 2013; Linchant et al., 2015).

Ensuring consistent, accurate measurements
across platforms is critical for large-scale col-
laboration, combining datasets, and comparing
results. While methods for correcting lens distor-
tion and scaling errors exist (Burnett et al., 2019),
even minor residual errors can affect biological
interpretations in long-term health assessments
(van Aswegen et al., 2025) especially in smaller
animals (Currie et al., 2021). Napoli et al. (2024)
provided the most comprehensive multi-platform
comparison to date but did not include replicate or
same-individual measurements for direct pairwise

comparison of Mavic 3 Pro (M3P) and Inspire 2
(I2) systems (DJI, Nanshan, Shenzhen, China),
although the 12 has been independently calibrated
and validated in prior studies (Vivier et al., 2023).

This study builds on prior UAS photogramme-
try validations by presenting a proof-of-concept
field validation of the M3P using the previously
validated and calibrated 12 as an established bench-
mark, with emphasis on detailing system precision
and methodological workflows that are often only
briefly described in previous studies. To enable
this comparison, we first calibrated the M3P using
stationary land targets to assess accuracy and then
provide an empirical validation of precision for
measuring humpback whales (Megaptera novae-
angliae) that supports the feasibility of standard-
ized, multi-platform morphometric monitoring.

Aerial imagery for this study was collected using
two UASs: (1) the M3P and (2) the 12 (Table 1).
Externally mounted laser altimeters provided alti-
tude data for both systems. The M3P used a manu-
factured unit (O3ST, Yelverton, UK; https://www.
03st.com), while the 12 employed a custom system
assembled and calibrated following Dawson et al.
(2017).Bothrecorded laser distance via a Lightware
SF11/c and tilt using a Pololu MinIMU-9 inertial
measurement unit (IMU).

For the M3P, intrinsic parameters and distor-
tion coefficients were estimated using AragoJ’s

Table 1. Camera specifications for DJI Mavic 3 Pro (M3P) and DJI Inspire 2 (I12) Unoccupied Aerial Systems (UASs) used

in aerial imagery collection

Focal length Pixel dimension

UAS and camera Sensor Resolution Lens Zoom (mm) (mm/pixel)

M3P wide camera  4/3 CMOS 20.0 MP 24 mm equivalent f2.8-f11 Wide (1x) 12.29 0.00451

M3P tele camera 1/1.3 CMOS 48.0 MP 70 mm equivalent 2.8  Tele (3x) 19.35 0.00230
12 DJI Zenmuse X5S 4/3 CMOS  20.8 MP 50 mm equivalent f1.8 NA 24 .46 0.00451
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(Berlin, Germany) calibration module (Aleixo
et al., 2020). Pixel dimension was refined by scal-
ing the sensor width and determined by imaging a
known-length target at a fixed distance with both
UAS and a stationary target. The image was flat-
tened using the estimated parameters, then scaled
to match the known length. These parameters had
already been calculated for the 12 camera within
the Whalelength software (Dawson et al., 2017),
and the calibrated focal length and pixel dimen-
sions were obtained directly from the software.
To assess M3P accuracy, the wide camera (1x)
was flown over stationary targets at 10, 20, 25, and
30 m, positioned at various points in the frame to
evaluate lens distortion and correction (Figure 1).
Additional flights at 25 m using the tele camera
(3x; 70 mm) compared performance between M3P
lenses, reflecting comparable frame and ground
sampling distance of the I2 for smaller cetaceans
(Currie et al., 2021) and the altitude at which mea-
surement error was minimized. The 7x (166 mm)
camera was not evaluated because its effective use
for measuring cetaceans would require flight alti-
tudes exceeding the manufacturer-recommended

operating range of the external laser altimeter of
40 m when operating over water, which would intro-
duce unacceptable measurement error (Lightware,
2021). The 12, a validated system for cetacean mea-
surements, has demonstrated 0.1 + 1.3% accuracy
when measuring stationary dolphins in human care
at varying altitudes.

Following calibration and system setup, in-situ
flights were conducted over the same humpback
whale within 60 min, with the 12 flown at 35 to 40 m.
This altitude represents a balance between measure-
ment precision and operational heights commonly
used for humpback whale photogrammetry, aligning
with the most reliable in-field altitude identified by
Vivier et al. (2023) and widely applied in previous
studies (e.g., van Aswegen et al., 2025). The M3P
was flown at 15 to 30 m to evaluate optimal height
given its wider field of view. To minimize measure-
ment variability due to animal positioning, light,
and sea state, only images meeting top score crite-
ria in Christiansen et al. (2018) were selected. Out
of all the whales that were imaged via both UAS
systems, excellent quality images were available
from five whales (one image per whale from each

Figure 1. Experimental setup for assessing Mavic 3 Pro (M3P) measurement accuracy. Known-distance targets (red squares)
were spaced at 212 cm and placed at five frame positions (top left, top right, bottom left, bottom right, and center). Inset
shows measurement orientation: one vertical, one horizontal.
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UAS) enabling a limited, proof-of-concept valida-
tion of cross-platform measurements. We restricted
width measurements to 5 to 55% of body length
(11 body-width segments per whale, excluding the
posterior 45%) to reduce bias from posterior body
or tail submergence. Two one-way repeated mea-
sures ANOVAs were conducted to assess differ-
ences in body length and volume among humpback
whales, with UAS as the fixed factor and whale ID
included as the repeated subject term. Assumptions
of normality, homogeneity of variance, and indepen-
dence were evaluated using the Shapiro-Wilk test,
Levene’s test, and autocorrelation function analysis,
respectively.

R, Version 4.3 (R Core Team, 2023), was used
to synchronize UAS and laser altimeter data based
on the first ascent rate exceeding 2 m/s, following
Vivier et al. (2023) and van Aswegen et al. (2025),
with final data aggregated into per-second intervals
by averaging fractional-second values. To quality
control our altitude data, altimeter measurements
were excluded if (1) they differed from the UAS
altimeter by > 10 m for 12 or exceeded 120 m for
M3P, indicating an erroneous reading; (2) the sum
of pitch and roll exceeded 15° for M3P or 11° for 12
as excessive tilt resulted in erroneous altitudes; or
(3) if ascent/descent rates exceeded 10 m/s. IMUs

Altitude: 10 m Altitude: 20 m

Difference from actual (cm)

-10

were used to calculate altitude above sea level
(ASL) using the following formulas:

12: ASL = cos(pitch(radian)) x cos(roll(radian)) x
altitude(meters)

M3P: ASL = cos(tilt(radian)) x altitude(meters)

Screenshots were captured using a VLC media
player (VLC, Paris, France) and flattened with
AragoJ for the M3P. 12 screenshots were cor-
rected using calibration parameters from Dawson
et al. (2017). All images were imported into
MorphoMetriX, Version 2.2.0 (Torres & Bierlich,
2020) for measurement.

One calibration flight was conducted per
altitude with measurements at five frame posi-
tions, designed to characterize variation across
the field of view and altitude range rather than
replicate within-altitude variability. Calibration
flights showed the greatest measurement inac-
curacies at the lowest and highest altitudes, with
minimal error at the center of the field of view. At
10 m, measurements were overestimated; while
at 30 m, variability increased when using the
wide camera (Figure 2). The M3P produced an
average measurement error across all positions
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Figure 2. Measurement differences between stationary land objects spaced at 212 cm for raw (curved) and corrected (flattened)
M3P wide camera images at four altitudes. Jittered points show individual measurements; dashed lines indicate zero error.
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and altitudes of 1.8 = 0.67%, which was further
reduced to 0.35 = 0.17% when considering only
flattened images at altitudes of 20 and 25 m at
the center of the field of view (Figure 3). The
accuracy of the 12 system has been previously
characterized and validated in an independent
study and is, therefore, referenced here rather
than re-evaluated in the present work (Vivier
et al., 2023). The tele camera showed errors sim-
ilar to the wide camera, with improved accuracy
after flattening and a mean measurement error of
0.33 £ 0.32% (Figure 4).

Measurement uncertainty was quantified using
a Bayesian framework incorporating altitude and
focal length error, with 95% highest posterior den-
sity (HPD) intervals generated per measurement
and standard deviations of 0.15 m (I2), 0.2 m
(M3P = 25 m), and 0.3 m (M3P < 25 m) based
on the matching UAS in Bierlich et al. (2021).
For each body length, 1,000 samples were drawn
from a normal distribution centered on the mea-
surement. Volume uncertainty was propagated by

resampling 1,000 body length and width values,
then computing volume following Christiansen
et al. (2018). All estimates were performed in
R, Version 4.3 (R Core Team, 2023). The result-
ing measurement uncertainty was used to gen-
erate error bars for the plots of the body length
(Figure 5) and volume (Figure 6) measurements
from each whale for each UAS system.

Across the five whales with high-quality
frames, the average percent difference between
platforms was 3.2% (SD across whales = 1.1%;
range = 1.8 to 4.5%; n = 5 whales, based on 60
paired measurements of body width and total
length), calculated by comparing each whale’s
mean across landmarks. Given the small sample
size, these values are presented as descriptive
evidence of agreement rather than as inferen-
tial statistics. Repeated measures ANOVA for
body length indicated no significant difference
between UAS platforms (F(1, 4) = 0.528, p =
0.508; Figure 5). Residuals were normally dis-
tributed (W = 0.97659, p = 0.9156), variance
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Figure 3. Measurement differences using the M3P wide camera for stationary land objects spaced at 212 cm, centered in
the frame. Raw (curved) and corrected (flattened) images are compared across altitudes. Jittered points show individual

measurements; dashed line indicates zero error.
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Figure 4. Measurement differences from M3P tele camera images at 25 m altitude. Raw and corrected images of stationary
land objects spaced at 212 cm were measured at the frame center and four perimeter quadrants. Jittered points show individual

measurements; dashed line indicates zero error.

was homogenous (F = 0.0022, p = 0.9949), and
residuals were independent (ACF < 0.1).
Repeated measures ANOVA indicated no sig-
nificant difference in body volume estimates
between UAS platforms (F(1, 4) = 0.079, p =
0.793; Figure 6). Residuals were normally distrib-
uted (W = 0.96885, p = 0.8678), with no signifi-
cant variance differences (F =0.0022, p =0.9636),
and residuals were independent (ACF < 0.1).
This proof-of-concept study indicates that
measurements from the M3P are broadly con-
sistent with those from the established 12 bench-
mark for estimating body length and volume
when both use a downward-facing laser altimeter
and follow proper image processing techniques.
Across calibration targets and live whales, we
observed minimal systematic bias in length and
volume estimates, with strong agreement in pre-
cision, supporting both systems’ reliability for
morphometric studies. These results align with
prior work (Burnett et al., 2019; Torres & Bierlich,
2020; Bierlich et al., 2021; Glarou et al., 2023;

Vivier et al., 2023; Napoli et al., 2024), which
found best-case accuracies within 3 to 4% after
accounting for equipment and observer variabil-
ity, indicating that the level of precision observed
aligns well with established photogrammetric
eITOor ranges.

The M3P offers longer flight time and
improved video transmission, lower cost, and
easier portability, making it particularly well
suited for fieldwork involving mobile or diving
species and deployments from remote locations
or small vessels. M3P measurements varied by
altitude, with consistent overestimation at 10 m
and best performance at 20 m using the wide
camera. This contrasts with Vivier et al. (2023)
who reported consistent accuracy from 15 to
50 m using the 12 with a flat lens. The discrep-
ancy likely results from the M3P’s curved lens,
which introduces optical distortion (Neale et al.,
2011; Carbonneau & Dietrich, 2017). At low
altitudes, the lens stretches objects at the frame
edges; at higher altitudes, reduced pixel density
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Figure 5. Comparison of humpback whale (Megaptera novaeangliae) length measurements across age classes using the Inspire 2
(I12) and M3P wide camera (flattened) at 15 to 30 m altitudes. Bars indicate 95% highest posterior density (HPD) intervals. The

five pairs of bars represent five unique individuals.

causes compression. Image flattening reduced
these effects most effectively between 20 and
25 m. For optimal use of the M3P, fly at 15 to
30 m altitude; use the wide camera for large or
fast-moving species and the tele camera at 25 to
30 m for smaller, slower species; keep animals
centered in the frame; and apply image flatten-
ing during processing. Higher altitudes and addi-
tional focal lengths were not evaluated due to
altimeter performance constraints and the study’s
focus on field-relevant conditions for cetaceans,
but they may represent important avenues for
future validation work.

Several recent studies have advanced UAS
photogrammetry for cetacean morphometrics.
Napoli et al. (2024) provided valuable cross-
regional comparisons by propagating error dis-
tributions across multiple platforms, but their
approach could not evaluate precision for M3P
or 12 specifically. As a result, error estimates

for these systems were generalized from pooled
data rather than derived from direct validation.
Similarly, Glarou et al. (2023) provided robust
morphometric analyses of sperm whales across
regions using DJI Inspire 1 and Phantom 4 sys-
tems but did not explicitly test cross-platform
comparability or same-individual comparison.
Our study complements these efforts by provid-
ing the first field-based, same-individual, same-
day validation of the M3P against the 12 bench-
mark under realistic conditions. Although based
on a small number of whales, including both
adults and calves, comprised of five whales and
60 paired measurements, this study validates the
precision of the M3P. These results provide prac-
tical evidence that, with appropriate calibration
and distortion correction, M3P measurements are
reliable, thereby further supporting integration of
multi-platform datasets in longitudinal studies.
We acknowledge that the study is limited by the
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Figure 6. Comparison of humpback whale volume estimates across age classes using the 12 and M3P wide camera (flattened)
at 15 to 30 m altitudes. Bars show 95% HPD intervals. The five pairs of bars represent five unique individuals.

small number of whales we compared. However,
it provides field-based evidence of comparability
between these two widely used laser altimeter-
equipped systems. Our findings build on existing
support (Napoli et al., 2024) for merging photo-
grammetry datasets across UAS types, a key step
for collaborative, multi-institutional monitoring
of cetaceans’ body conditions.
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