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Techniques of 3D modeling have earned increasing popularity in scientific studies
as they offered unprecedented traits in representing objects. As with all
mathematical models, the 3D model will be useful once its accuracy has been
validated with direct measurements and the robustness of its predictive capability
tested. Although measures of body mass and volume are essential to comprehend
the life history of animals, such morphometrics, especially total volume, are
challenging to obtain from marine mammals due to their elusive nature, aquatic
lifestyle, and large size. In this study, accurate measurements of body volume were
directly detected from fresh carcasses of eleven finless porpoises (Neophocaena
asiaeorientalis sunameri) and used to validate 3D models recreated from the same
animals using Blender 3D graphics. Published models using truncated cones or
elliptical shapes, based on 3, 5, 8, or 19 measurements of girths or heights & widths
along the body, were also applied to porpoises to verify their accuracy. The
Blender-generated 3D model produced the most accurate estimates of body
volume compared to conventional truncated models, with a mean error of only
2.5% to the direct volume measurements. When photogrammetric images are
available, the model can predict the body volumes based on total length alone.
Similar accuracy was possible with the elliptical model using 19 height & width
measurements (5% increments in total length). However, significant (p < 0.001)
inaccuracy resulted from truncated models with 3, 5, or 8 girth measurements and
elliptical models with 3 or 5 height & width measurements, and the accuracy of
these models also decreased significantly as the number of measurement sites was
reduced. Moreover, Blender 3D models can be extrapolated to animals with
images absent, and such predicted volumes were tested to be trustworthy
(overall skill = 0.998, r = 0.998, p < 0.01). Therefore, we recommend that
researchers use either digital 3D models or elliptical models with 5% increments
sectioning the torso to obtain accurate estimates of the body volumes of free-
ranging marine mammals.
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Introduction

Body morphometry provides essential information in the study of
animal behavior, physiology, ecology, evolution, and biomechanics (Le
Boeuf and Laws, 1994; Woodward et al., 2006; Brose, 2010; Rabosky
et al,, 2013; Davis, 2019). Measurements of body volume and mass are
critical to evaluate marine mammal health condition, energetic
capacity, metabolic expenditure, thermoregulatory demands, diving
response, onboard oxygen storage, and cost of swimming (Kleiber,
1961; Schmidt-Nielsen, 1972; Williams, 1999; Gillooly et al., 2001;
Porter and Kearney, 2009). Total body mass and volume are highly
correlated, and the conversion ratio between these two variables (mass
per unit volume) is the average tissue density (Moya-Larafio et al,
2008). Although direct measurements are considered “gold standards”
(Farriol et al., 1997; Hughes, 2005), such measures of total body mass
and volume can be challenging to obtain, especially from fully aquatic
mammals (Barratclough et al., 2014; Christiansen et al., 2019). Direct
sampling methods are typically disruptive or even lethal, confining
studies on many species of marine mammals that are rated threatened
or endangered (Baker and Clapham, 2004; Nelms et al., 2021). The few
existing measurements of cetacean body volume and mass come
primarily from stranded individuals, fisheries by-catch, whaling, and
captive animals (Norris, 1961; Adamczak et al., 2019). Lethal sampling,
however, does not allow longitudinal studies of individuals (repeated
sampling of the same individual over time), and is not viable for
vulnerable populations (e.g., Vaquita, Phocoena sinus, and Yangtze
finless porpoise, Neophocaena asiaeorientalis asiaeorientalis).
Therefore, non-invasive, accurate, and practical approaches to
estimating marine mammal morphometrics are desirable.

The truncated cone model has been widely used to estimate the
body volume of marine mammals, which can be converted to mass
with the calculated or assumed body density of the animals (Bell
et al., 1997; Luque and Aurioles-Gamboa, 2001; Christiansen et al.,
2018; 2020). This approach is useful when body girth and length
measurements can be obtained, but the size of the species is too
large to allow direct measurements of volume or mass (Castellini
and Kooyman, 1990; Haley et al., 1991; Bell et al.,, 1997). Simple
tools (e.g., tape measure only) and straightforward procedure make
this method convenient, thus enhancing its popularity in fieldwork
for researchers and stranding networks. This approach considers
the body of the animal as a series of cones and/or cylinders, and the
total volume is estimated as the sum of these geometric shapes (Ryg
et al., 1988; Bell et al., 1997). However, viewing the body shape of
marine mammals as rigid conical frustums oversimplifies the
curvilinear profile of these highly streamlined swimmers
(Adamczak et al., 2019; Irschick et al.,, 2022). Truncated cone
models also do not account for the elliptical cross-sectional body
shape of cetaceans and its fundamental assumptions of treating
cross sections as circles tends to exaggerate the body size and shape
(Lockyer et al., 1985; Adamczak et al., 2019; Christiansen et al.,
2019). In response to this, an elliptical model was proposed by
Christiansen et al. (2019) to mimic the curving contour of cetaceans
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to estimate the body volume, and such an elliptical model was also
duplicated on our animal for performance review.

Computer-generated 3D models are capable of reconstructing
objects with unparalleled precision and 3D models based on distinct
techniques have been explored on marine mammals for their parts or
whole body. Computed tomography (CT) and magnetic resonance
imaging (MRI) have been used to create 3D geometry of cetacean
anatomy including flukes (Fish et al., 2007; Fontanella et al., 2011),
baleen (Jensen et al., 2017), craniums (Yuen et al., 2017; Kot et al.,
2018), soft tissues (Marino et al., 2001; Alonso-Farreé et al., 2014), and
skeleton (Kot et al., 2020). However, hosting intact bodies of marine
mammals into scanners, often existing in hospitals, is challenging.
Surface scanning uses the reflection of structured light (e.g., laser) to
construct 3D models and this technique has been explored with several
species of stranded pinnipeds (Ciobanu et al., 2013; Beltran et al., 2018;
Eder et al., 2022). Attempt applications of such technique to animals at
sea is complex due to stronger noise signal from water surface than
reflection patterns from target animals (Czepkowshi and Stowko, 1996;
Heritage and Hetherington, 2007; Suchocki and Katzer, 2018). In
contrast, photogrammetry-based 3D modeling extracts the metrics
(e.g., digital elevation and frame) from images to scale the 3D geometry
constructed from same images into realistic sizes (Hodgson et al,
2020). A multi-camera set or rotational photographic technique is
commonly seen for image synchronization and improvement of
modeling accuracy (Waite et al, 2007; de Bruyn et al, 2009;
Cashman and Fitzgibbon, 2012; Falkingham, 2012; Beltran et al,
2018; Erolin, 2019; Del Pizzo et al., 2021). Initial studies on beached
pinnipeds claimed the precision of image-based models, though little
validation was done with directly measured body volumes (Waite et al,,
2007; Beltran et al., 2018; Del Pizzo et al., 2021).

Digital 3D models recreated from images utilizing Blender 3D
graphics are capable of accurately representing the morphological
shape of animals, which can be scaled to realistic size with input
morphometrics (Adamczak et al., 2019; Bot et al., 2019). Morphometric
measurements obtained from aerial or underwater photogrammetry
are particularly useful for estimating the body volume and mass of free-
ranging cetaceans (Christiansen et al., 2018; Christiansen et al., 2019;
Lewis et al., 2021; Christiansen et al., 2022). Although an initial study
has explored Blender 3D and its possible improvement over truncated
cone models (Adamczak et al, 2019), the accuracy of this novel
modeling approach has not been validated with direct
measurements. The aims of this study were twofold: 1, to validate
the accuracy of the Blender 3D model and to verify the direction of
significance against conventional models (improvement or
deterioration); 2, to compare the modern modeling techniques
against conventional approaches and to review the performance of
previously published models. The small body size of the East Asian
finless porpoise (hereafter EAFP), Neophocaena asiaeorientalis
sunameri, provided an opportunity to accurately measure the body
volume and mass of the animals directly, thus allowing the evaluation
of the accuracy of digital 3D models and a comparative review over
previously reported truncated cone and elliptical models.
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Materials and methods
Animals

Carcasses of eleven EAFPs (six females and five males) were
collected following death by accidental bycatch in legal fishing
operations in the open water between southeast of the Bohai Sea
and northwest of the Yellow Sea (on the side of China). We believe
EAFPs landed met core protocols of simple random sampling and
these individuals might serve as a small representative group of this
endangered population (Andrew and Mapstone, 1987). After
retrieval from the fishing net, carcasses were immediately stored
in the onboard freezer and later transported by refrigerated truck to
the Institute of Hydrobiology, Chinese Academy of Science (IHB,
CAS) where they were preserved for later morphometric
measurements, photogrammetry, and dissection. Carcasses were
neither disfigured nor bloated upon visual inspection and later
necropsy confirmed the freshness of these carcasses. Measurements
and photographs for each EAFP were completed in one day once a
carcass was slightly thawed (Table 1). Each above step was handled
by professional or trained personnel and THB, CAS possesses the
authority to collect and process carcasses of finless porpoises for
research purposes in the above area.

Direct anatomical measurements (DAM)

Total body length (TBL) was measured as the Euclidean
distance from tip of the rostrum to the fluke notch. Other
Euclidean distances were recorded from tip of the rostrum to the
sites of 1) blowhole, 2) anterior axillary, 3) 25% TBL, 4) maximum
girth, 5) 50% TBL, 6) anal slit, 7) 75% TBL, and 8) caudal insertion
and these distances were labeled as L1 - L8 respectively.
Corresponding girth measurements at each above site were also
obtained and marked as G1 - G8 respectively (Figure 1). Lengths
and girths were measured with a tape measure and each reading was
confirmed by two observers. After morphometric measurements
and photographs of the complete body, the pectoral fins and fluke
were removed to determine their mass and volume measures (water
displacement method) in the laboratory (Hughes, 2005).

Direct measurements of total body volume were conducted
through both hydrostatic weighing and water displacement
(Hughes, 2005; Hohl et al., 2007). Readings needed for both
methods to calculate total body volume were available
simultaneously using a custom-made apparatus bundle consisting
of a giant cylinder (inner diameter = 78.4 cm, height = 250 cm), a
small and graduated cylinder (inner diameter = 1.5 cm, height =
200 cm), a standing crane equipped with a fixed pulley, a hanging
digital scale (300 Kg capacity and readability of 0.1 Kg; OCS-300kg,
Baiying, Shanghai), and an electric lifting motor with cables. The
giant and small cylinders were interconnected through a rubber joint
and both cylinders were equipped with graduated marks (maximum
length = 200 c¢m, accuracy = 0.lcm) along the wall to detect the
water level.

For the water displacement method, changes in water level as
the porpoise was fully immersed were read from both scales. Paired
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readings on water increment were cross-checked and averaged for
total body volume calculation with the knowledge of the geometrics
of cylinders (Hughes, 2005). For the hydrostatic weighing method,
the carcass was first weighed in air, defined as total body mass
(TBM), and then weighed when fully immersed in water. The mass
difference implies the mass of the water displaced by EAFP (Hohl
et al., 2007). We used tap water as the medium liquid and assumed
its density to be 1.0 g/cm® (~ 25°C).

Truncated cone model (TCM)

By its definition, the n (n 2 1) girth measurements partition the
torso into n + 1 sections, with each section modelled as a perfect
geometric shape that is either a cylinder, a cone, or a truncated cone
(Ryg et al.,, 1988; Bell et al., 1997; Christiansen et al., 2018). Radii of
the top and bottom circles correspond to girth measurements, and
the distance between two circles is the sectional length. The volume
of each conical frustum is calculated and added to give total body
volumes (TBV). Few studies have included the fins and fluke of
marine mammals when using TCM and we followed this protocol
(Bell et al., 1997; Christiansen et al., 2018; Adamczak et al., 2019).
TBV hereafter designates total body volume without volumes of
pectoral fins and fluke for other models and measurements.

To evaluate the influence of the numbers of girth inputs to
TCMs, three distinct levels of inputs of three girths (G3, G4, and
G5), five girths (G2, G3, G4, G5, and G7), and eight girths (G1 to
G8) were fed into TCMs to output corresponding TBVs which were
grouped into TCM-3, TCM-5, and TCM-8 respectively (Figure 1).
These three models were compared among each other for
significance detection, and their performance was then validated
against direct measurements. These TCMs treated the first and last
sections as a cylinder and a cone respectively, and the rest middle
sections as truncated cones (Figure 1), which is consistent with our
previous work as we believed it fits the external morphology of
finless porpoises. For better comparison with large whales, a
modified model was constructed based on Adamczak et al. (2019)
and labeled TCM2 in this study. Besides the head section, TCM2
also treats the last section as a cylinder that looks relatively stouter
than the one on small cetaceans (e.g., finless porpoises). The same
three levels of girths (three, five, and eight measurements) were
input into this replicate model and labels of TCM2-3, TCM2-5, and
TCM2-8 corresponded groups of estimated TBVs (Figure 1).
Comparisons within TCM2 models and with three TCMs were
performed and then validated with direct measurements.

Photogrammetry (PG) and
elliptical model (EM)

A NIKON D800 camera with a 30 - 70 mm lens was used to
obtain high-resolution digital photographs for photogrammetry
and 3D modeling. Shutter speed and aperture were set to allow
proper exposure of images and auto-focus function was used
throughout the study. Each porpoise carcass was laid flat on a
horizontal wooden plank equipped with a 10 cm by 10 cm grid
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TABLE 1 Morphometric data of the eleven EAFPs.

i Pectoral fins and
TBLp (cm) Total body volume (cm?3) é’l\Verage tlssug Fluke
TBM TBL Maturit ensity (g/cm?)
IDSEX (K D)AM (cr?SM class Y yi9 Image source for photogrammery and 3DM
g Mean + SD Hydrostatic Water Dis- Volume  Mass
o Mean + SD (n = 2) 3
(n=05) Weighing placement (cm?) ()
3 sets of images on dorsal & left lateral views; 2 sets of
11-F1-01 43.5 140.0 140.76 + 0.81 Adult 42728.18 42666.51 1.02 + 0.001 953.91 1.10 . . .
images on dorsal & right lateral views
11-F2-06 31.4 116.0 115.89 + 0.90 Subadult 31494.48 31631.65 0.99 + 0.002 645.00 0.76 5 sets of images on dorsal & right lateral views
11-F3-07 41.5 139.6 139.18 + 0.18 Adult 40722.17 41290.17 1.01 + 0.007 937.50 1.12 5 sets of images on ventral & left lateral views
11-F4-09 339 126.4 126.36 + 0.23 Subadult 33299.90 33804.82 1.01 + 0.008 630.00 0.76 5 sets of images on ventral & left lateral views
11-F5-13 347 123.2 124.45 £ 0.17 Subadult 34202.61 34046.28 1.02 + 0.002 742.50 0.93 5 sets of images on dorsal & left lateral views
11-F6-18 372 130.2 130.40 + 0.21 Subadult 37211.63 37668.23 0.99 + 0.006 750.00 0.89 5 sets of images on dorsal & left lateral views
Summary 37.03 £ 129.23 + 36609.83 + 36851.28 + 776.48 + 093 +
129.50 £ 9.4 1.01 £ 0.01
(n=6) 4.66 9.43 4418.71 4440.30 140.01 0.16
11-M1-08 24.8 123.7 122.98 + 0.06 Subadult 24573.72 24387.76 1.01 + 0.004 690.00 0.83 5 sets of images on dorsal & left lateral views
11-M2-14 329 124.8 123.14 £ 0.18 Subadult 32497.49 32597.51 1.01 + 0.002 757.50 0.84 5 sets of images on dorsal & left lateral views
11-M3-15 352 127.2 127.55 + 0.08 Subadult 34904.71 35495.06 1.00 + 0.008 817.50 0.92 5 sets of images on dorsal & left lateral views
11-M4-17 30.1 126.4 125.65 + 0.15 Subadult 29889.67 29941.41 1.01 + 0.001 817.50 1.02 5 sets of images on dorsal & left lateral views
11-M5-19 353 130.4 130.42 + 0.00 Subadult 34904.71 34770.67 1.01 + 0.002 870.00 1.00 5 sets of images on dorsal & left lateral views
Summary 31.66 126.50 + 31354.06 31438.48 + 790.50 + 0.92 +
125.95 + 3.14 1.01 £ 0.01
(n=5) 4.38 2.57 4319.70 4496.01 68.86 0.09
Total S 34.59 + 127.99 + 34220.84 + 3439092 + 782.86 + 092 +
ol Summary 127.89 +7.18 101 + 0.01
(n=11) 5.14 7.01 4975.94 5092.57 108.40 0.12

TBM, TBL, DAM, and PG equates total body mass, total body length, direct measurement, and photogrammetry measurement respectively. F, Female and M, Male in the IDSEX column. The determination of sexual maturity is referred from Jefferson et al. (2002); The
overall tissue density (g/cm3) is computed by the formula of TBMp s (Kg) * 103 (g/Kg) / mean total body volumes (cm®). The images of dorsal view and ventral view were used in most cases. The images of ventral view (11-F3-07 and 11-F4-09) or right lateral view (11-F1-
01 and 11-F2-06) were used when images of dorsal view or left lateral views failed the requirements (e.g., animal was tilted, image was distorted).
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A
TBL
» Lg : L7’E -
» L5: o
B
1) Input of three girths into four sections (TCM-3 or TCM2-3)
L
2) Input of five girths into six sections (TCM-5 or TCM2-5)
3) Input of eight girths into nine sections (TCM-8 or TCM2-8)
FIGURE 1

(A) Measurements of total body length (TBL), sectional lengths (from L1 to L8), and girths (from G1 to G8). The suffix numbers connote the sites
where the measurements were taken. (B) illustration of the truncated cone models (TCM and TCM2). TCM showing as solid lines treat the first
section as a cylinder, the last section as a cone, and all middle sections as truncated cones. TCM2 is similar to TCM except for last section that is

treated as a cylinder outstanding in dashed lines.

backdrop (Figure 2) and bubble levels were used to assure the
horizontal levels of relevant planes (e.g., plank, animal, and lens of
the camera). Postures of each animal were adjusted manually for
varied perspectives of photographing views. A 100 cm ruler was
placed alongside the porpoise for calibration and calculation
alongside background grides (Figure 2). The frame in the camera
view, appearing when auto-focusing, was utilized to match the grid
lines to confirm the orthogonal view and to reduce the angle of
deviation (< 1 degree on both x and y plane) when combing with
levels adjustment (Jaquet, 2006). Pixel dimensions were detected
with Adobe Photoshop (RRID: SCR_014199, CS6 13.0) and then
converted to actual dimensions with known variables of focal length
and altitude of the lens to plank (Jaquet, 2006; Christiansen et al.,
2018). Five sets of images were obtained for each EAFP, with each
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set composed of one dorsal view and one left lateral view (in most
cases, see Table 1 for details and exceptions).

Photogrammetric morphometrics of body length, height (H
dorso-ventral distance), and width (W, lateral distance) were
extracted from the above five sets of images (Figure 2). Same
definitions in DAM were applied when extracting digital TBL and
photo-metrics of H & W pairs that were marked consecutively from
H1 to H8 and W1 to W8 respectively (Figure 2). The five sets of
photo-morphometrics of each porpoise were averaged and served as
the inputs to elliptical models (EM), which treat the sections as
elliptical frustums. The terms EM-3, EM-5, and EM-8 labeled the
EM models with three (H3 & W3, H4 & W4, H5 & W5), five (H2 &
W2, H3 & W3, H4 & W4, H5 & W5, H7 & W7), and eight (H1 to
H8 & W1 to W8 respectively) pairs of H & W inputs that equate to
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FIGURE 2

The photogrammetry and 3D models. (A) Dorsal view of an EAFP, showing the width (W) measurements at eight sites (W1 to W8, thick red line) and at the sites of 5% TBL increment (thin green line). (B) Left
lateral view of the same EAFP, showing the corresponding height H measurement at eight sites (H1 to H8, thick red line) and at the sites of 5% TBL increment (thin green line). Note that sites of H3 (or W3), H5 (or
W5), and H7 (or W7) equate sites of 25% TBL, 50% TBL, and 75% TBL respectively. (C, D) the 3D model of the same EAFP, showing the dorsal (C) and left lateral (D) views respectively. The pectoral fins and fluke
were excluded when estimating the TBV.
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the sites used in two truncated models. The three above EM models
were compared for the influence of the number of sections on the
accuracy of TBV estimation and the performances of each EM were
then validated with DAM. The height/width (HW) ratio inferring
the eccentricity of the ellipse was calculated for the above eight sites.

An elliptical model with sections of the TBL at 5% increments
was constructed as described in Christiansen et al. (2019) and
named EM-19 as it contains 19 pairs of H & W inputs. Besides
existing H & W pairs at 25%, 50%, and 75% TBL as above, metrics
of paired H & W at the rest 16 sites starting from 5% TBL to 95%
TBL were obtained (Figure 2). The performances of EM-19 were
compared with all previous models and then validated against the
directly measured TBVs.

Blender 3D model (3DM)

The open-source software Blender (RRID: SCR_008606, v 2.80)
was used to construct 3D models of EAFPs. The meshes of each
3DM were recreated from the same five sets of images used to
determine photogrammetric morphometrics. The 3D modeling
procedures have been well described in literatures (e.g., Bot et al.,
2019; Christiansen et al., 2019) and detailed tutorials are also
available online (e.g., https://sketchfab.com/). The procedures
were slightly modified to suit our study and we found a reference
frame containing the photogrammetric lengths, heights, and widths

10.3389/fmars.2023.1105629

for scaling models was convenient and helpful, especially when
scaling predictive models as described in the next section (Figure 3).
The 5% TBL increment of mesh density was applied universally
across the model (Christiansen et al., 2019) and an increment of 1%
TBL was used to accurately mimic the head section that is defined as
the first 10% TBL. Additional loop cuts on the site of H1 (or W1),
H2 (or W2), H4 (or W4), H6 (or W6), and H8 (or W8) were made
to manipulate the 3DM meshes when needed as they contained
photogrammetric morphometrics. The modifier of Subdivision
3) was applied to each 3DM,
enabling denser meshes for rendering to generate TBVs.

Surface (Simple, Viewport

When constructed from the same set of images used for
morphometrics extraction, the 3DMs were scaled with one
parameter of TBL only as proportional ratios (length & width and
length & height) are innately preserved in each two-dimensional
image. The additional loop cuts were used to manipulate the
predictive models (Figure 3). Although Blender 3D can model the
pectoral fins and flukes accurately, their volumes were excluded when
generating TBV in accordance with previous models (Figure 2). As
each set of images recreated one 3DM, five 3DMs were constructed
for each EAFP and a total of 55 3DMs were created for the eleven
EAFPs. The averaged morphometrics from the same five sets of
images were used as input for scaling the above five corresponding
models of each individual EAFP. The five estimated TBVs for each
EAFP were recorded and averaged for later comparisons with other
models generated and directly measured TBVs.

FIGURE 3

The example of predictivity test. The individual-specific 3DM of 11-M2-14 served as the testing model and scaled with the foreign input of H & W
pairs of 11-F1-01. The amber frame was the reference frame containing morphometrics of eight heights (H1 to H8) and widths (W1 to W8). (A-D) are
four different perspective views of head top, head bottom, fluke top, and fluke bottom.
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Testing the predictive power of the 3DM

With individual-specific 3DMs created above, we sought to test
the predictive power of each individual model in estimating the
TBV of the other individuals. The predictivity validation of a model
defines the robustness of its application, and the test results will
suggest the accuracy of 3DM of a delegate individual on
extrapolating to others when their images cannot be obtained
(Fernandez et al., 2005). Once successfully tested, the rich and
archived morphometric data (e.g., from stranding networks) might
serve as inputs for 3DMs of the same species for estimating TBV's
that were missing then (e.g., Adamczak et al,, 2019).

The 3DM meshes that produced the median TBV estimates
among the five models of each EAFP were chosen as the delegate
3DM for that peculiar EAFP, and a total of eleven delegate 3DMs
were tested for fitness when acting as predicting 3D models (P3D).
The averaged morphometrics of the rest ten EAFPs were used as
inputs to scale each P3D (Figure 3). Therefore, ten simulated TBV's
were estimated and a total of 110 simulations were conducted
corresponding to 110 simulated TBVs. Eight paired H & W metrics
of target EAFP were used to manipulate the P3D for yielding the
simulated TBVs. Each of ten simulated TBVs from one P3D was
compared with the original ten TBVs serving as a universal baseline
and their regression coefficients were determined.

Data analyses

We used standardized major axis estimation (SMA, or Model II
regression) to detect the bias on two pairwise datasets that are directly
measured TBL (TBLpay) and photogrammetric TBL (TBLpg) and
two total body volumes that were measured by hydrostatic weighing
and water displacement. In contrast to regression models that evaluate
the wellness of predicting Y from X, the SMA assumes neither
measurement to be “true” values that are free of possible errors and
focuses on summarizing the relationship between the two variables
that are treated equally (Warton et al., 2012). The bias detection was
aimed to test the fidelity of these two pairwise measures. TBL was used
as a proxy parameter to evaluate the bias between measured
morphometrics and photogrammetric morphometrics. Total body
volumes for SMA bias detection were completed values including
volumes of fins and fluke which were later subtracted for validation.

The performances of the 3DM, four EMs, and six TCMs were
individually validated with direct measurements through paired
samples t-test (two-tailed). The comparisons between each pair
among the 12 models were also conducted using paired samples t-
test (two-tailed). The mean absolute percentage errors (MAPE)
were calculated between each two models and between the TBVpanm
and the models generated TBVs to evaluate the degree of deviation.
To assess the influence of the number of sections (partitioned by
girths, or H & W pairs) on the accuracy of TBV estimates, the
comparisons among four elliptical models of EM-3, EM-5, EM-8,
and EM-19 were conducted using ANOVA and post hoc Tukey
tests. Similar statistical analyses were also applied to group
comparisons among TCM2-3, TCM2-5, and TCM2-8, and among
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TCM-3, TCM-5, and TCM-8 using ANOVA and post hoc Tukey
tests. Linear Mixed-Effects Models were used in the ANOVA tests
and the IDSEX indicating each EAFP (Table 1) was treated as the
random effect (TBV values as the fixed factor). The p-values were
adjusted under the “Westfall” and the multi-comparison graphs
were made to illustrate significant differences among models.

The fitness of the eleven delegate P3Ds against the baseline
model was tested with the Pearson correlation coefficient and the r-
value, p-value, and skill value (index of agreement) were reported as
the quantitative evaluation of each delegate P3D (Figure 4). The
significance level and the confidence interval for all tests was set at
0.01 and 95% respectively. The statistical analyses were conducted
exclusively in the open-source software of RStudio (RRID:
SCR_000432, R version 4.2.1) (R Core Team, 2020).

Results

SMA (Model II regression) revealed a significant positive and
linear relationship between TBLpy and TBLpg (R* = 0.988; p <
0.01) with a regression coefficient of 0.98 (95% CI = 0.90 ~ 1.06)
(Figure 5). A significant positive linear relationship of total body
volume was also detected between hydrostatic weighing and water
displacement (R* = 0.997; p < 0.01) and the regression coefficient
was 0.98 (95% CI = 0.94 ~ 1.02) (Figure 5). Neither regression
coefficient differed significantly from the value of 1 indicating that
the two measurements are isometric and hypostatized to be the
“true” values. Once verified, total body volumes with volumes of fins
and fluke subtracted were averaged and labeled as TBV s\ serving
as a reference to evaluate the accuracy of estimated TBVs by 3DM
and other models.

The average tissue density for eleven EAFP was calculated to be
1.01 + 0.01 g/cm® with lungs volume excluded (dissection
performed on the same day showing lungs all collapsed) and
there was little difference between males and females (Table 1).
The mean densities of the pectoral fins and the fluke (n = 11) were
1.33 + 0.11 g/cm® and 1.07 + 0.02 g/cm’ respectively and their
combined density was averaged as 1.18 + 0.05 g/cm’. Mean ratios of
the cross sections over eleven EAFPs were 1.1 ~ 1.2 (1.1 £ 0.05) at
the first half of the body (< 50% TBL) and increased from 1.2 to 1.7
(1.4 £ 0.18) at the sites from 55% TBL to 75% TBL. The mean HW
ratios were highest in the last quarter of the body (80% ~ 95% TBL)
ranging from 2.1 to 2.8 (2.5 + 0.32) (Figure 6). The mean HW ratio
at eight sites was also plotted to outstand its values when viewing
side with models and these values were 1.1 (H1/W1 to H4/W4), 1.2
(H5/W5), 1.4 (H6/W6), 1.7 (H7/W7), 2.2 (H8/W8) (Figure 6). HW
ratio was not significantly different between males and females
across the 19 sites (paired samples t-test, p = 0.10).

No significant difference was observed between the 3DM-
generated TBV and TBVpay (Figures 7, 8). Little significance was
also produced by EM-8 and EM-19 models and MAPE values of the
above three models to direct measurements were in the lowest
group that are EM-19 (2.4%), 3DM (2.5%), and EM-8 (2.7%). The
remaining eight models (EM-3, EM-5, TCM-3, TCM-5, TCM-8,
TCM2-3, TCM2-5, and TCM2-8) produced TBV estimates that
were significantly different from TBVpay (Figures 7, 8). Among
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them, the lowest MEPA was calculated as 5.1% for TCM-8 and the
highest value was 78.0% for TCM2-3 with the mean value computed
as 21.2% * 23.8%. When setting 3DM as the comparing reference, it
was significantly different from all other models, except for the EM-
19, though the MEPA of EM-8 to 3DM (0.9%) was similar to the
MEPA of EM-19 to 3DM (0.8%) (Figure 8).

The accuracy of TCM, TCM2, and EM all improved
significantly with more inputs of girths or H & W pairs with the
only exception of EM-8 vs. EM-19 which improved in accuracy but
not significantly (Figure 7). The mean TBV estimates from these
nine conventional models (excluding EM-19) were all larger than
the TBVpay and the 3DM-generated TBVs (mean value over
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eleven EAFPs), with a magnitude of the discrepancies becoming
smaller as more measurement sites were used (Figures 7, 8). The
highest MAPE to DAM was, therefore, found in each model group
with the input of three girths or H & W pairs indicating results of
these TCMs or EMs had the highest percentage error. TCMs with
the input of eight girths gave the lowest MAPE to DAM in both
types (TCM and TCM2), while the input of eight H & W pairs
offered the second lowest MAPE below the input of 19 H & W pairs
in EMs (Figure 8). In addition, modeling the last section as a
cylinder (e.g., Adamczak et al., 2019) resulted in an overestimation
of TBVs when applied to the small cetacean in our case (TCM vs
TCM2). The overestimated TBVs exaggerated more when fewer
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numbers of input girths were used and the MAPE values from high
to low were 49.2% (TCM-3 vs. TCM2-3), 7.2% (TCM-5 vs. TCM2-
5), and 0.4% (TCM-8 vs. TCM2-8) (Figure 8).

When the delegated 3DM of animal F1-01 (P3D_ F1-01) was
chosen for the predictability test, its simulated values were compared
with baseline values, and results of the regression were reported as the
skill value = 0.998, and the r-value of regression correlation (0.997
with p < 0.01) (Figure 4). The index of agreement between baseline
and the simulated values of P3D_F2-06, P3D_F3-07, P3D_F4-09,
P3D_F5-13, and P3D_F6-18 were all above 0.997 (~ 0.999), and the
correlation r-values were all larger than 0.996 (~ 0.998) with all p <
0.01 (Figure 4). In addition, the index of agreement comparing
baseline and the simulated values of P3D_M1-08, P3D_M2-14,
P3D_M3-15, P3D_M4-17, and P3D_M5-19 were all above 0.998
(~ 0.999), and the correlation r-values were all larger than 0.998 (~
0.999) with all p < 0.01 (Figure 4). This indicates that the delegate
3DMs from any of the five males also had the capability in simulating
the TBVs with high accuracy regardless of the sex of the target EAFPs.
The overall accuracy of the eleven delegate 3DMs was also detected
and the results of the correlation were significant with the r-value
reported as 0.998 (p < 0.01) and the index of agreement value as
0.998 (Figure 4).

Discussion

Through the comparison with direct measurements, our study
validated the accuracy of the novel blender 3D model in mimicking
the external morphology of marine mammals. The “gold standard” of
direct measurements also allowed us to manipulate the number of
input images and we were able to demonstrate the feasibility of using
only two images (a dorsal and a lateral) to accurately recreate the 3D
body shape of EAFPs. In addition, the photogrammetry-based 3DM,
scaled with TBL only, is free from the impact of input numbers of
girths or H & W pairs. We also found the elliptical model, when
inputting 19 H & W measurement (EM-19), also produces similar
accuracy in TBV estimation. However, TBV estimates from truncated
models were significantly larger than the direct measurements,
irrespective of the number of input girth measurements (three, five,
or eight). Fewer input measurements were also an issue for the EM,
which performed poorly when using less than eight measurements.
Our findings showed the EM is more accurate than the TCM in
estimating TBVs especially when more measurement inputs were
available. As a result, we recommend either Blender 3D models or EM
with a larger number of measurements (19 in this study) in estimating
the body volume and mass of free-ranging marine mammals.

The cross-sectional body shapes of EAFP were overall tall
ellipses along the entire torso (HW ratio > 1), though it was
roughly round across the anterior half of the body and became
more elliptical towards the tailstock region (Figure 6). In contrast,
the anterior section of the large whales looks relatively flat (HW
ratio < 1) and then it becomes tall ellipses in the posterior part (HW
ratio >1) (Christiansen et al., 2016; 2019). The elliptical shape of
marine mammals, therefore, goes against the fundamental
assumption of the TCM that treats the cross-sections as perfect
circles for radii calculation. By the rules of the isoperimetric
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problem (Blasjo, 2005), the circle exaggerates more area in
Euclidean space than the ellipse does when both have the same
perimeter. The average HW ratio over the 19 measurement sites of
EAFP was 1.5 and theoretically, such area exaggeration was 6.3%
larger when assuming a circular shape rather than an elliptical
shape (Ellipse perimeter using Ramanujan’s Approximation
Theorem P =7x[3(a+b) - v/(Ba+b)(a+3b) ], Ramanujan,
2011). Since the body volume is calculated as the area
accumulated along the total body length, the absolute error of the
TCM increases by the magnitude of the body length ratio in larger
animals, although the relative error may not fluctuate. This bias
became more prominent over the tail stock region, where the mean
HW ratio was around 2.5, which resulted in an area exaggeration of
34.1%. Thus, the conventional TCM will cause an overestimation of
the TBV of animals, especially across the highly elliptical tailstock
region. Similar to our results on EAFPs, a previous study on pilot
whales also reported the same pattern, with TBVs estimated by
conventional TCMs being significantly higher compared to
estimates based on 3DM (Adamczak et al, 2019). They also
suggested, through comparison among sectional volumes, that
TBVs estimated by TCM deviated more for larger animals as
overestimated regions (e.g., tailstock) become larger as well.
Although we did not report sectional volumes as TBV is our
focus interest, the influence of the tailstock region can still be
quantified by comparing TCM against TCM2 as the only difference
between them is the last section. The MAPE was high as 49.2%
when modeling the tailstock region as a cylinder in TCM2-3 instead
of a cone in TCM-3. The magnitude of this difference decreased
when more sections confining the region (7.2% for TCM-5 vs.
TCM2-5, 0.4% for TCM-8 vs. TCM2-8), though two comparisons
were still significantly different (Figure 8). In addition to the
number of girth inputs used, we further believe that girth
measurements at the site of peduncle insertion (G8) also played a
major role in TBV estimation that funneled down the body shape of
EAFPs to a more realistic shape.

The TCM treats the streamlined body contour of the marine
mammal as a series of simplified and rigid geometric shapes of cones
and cylinders, which does not well describe its continuously curving
external morphology (Koopman et al., 2002). This method follows the
principles of Integral with each slab section acting as a dividing unit
and thus the larger quantity of the sections divided by more girths (or
H & W pairs in EM) will principally give a better estimation of the
TBVs. The observation of our results showed the TCM offered
improved accuracy with more numbers of girths input and these
significant improvements were validated with direct measurements.
Adamczak et al. (2019) reported a similar pattern, with the TCM for
pilot whales becoming increasingly accurate as more girth
measurements (6 girths vs. 3 girths) were used in the model.
Although they found a significant difference between the TCM and
the 3DM, the direction of the significance (improvement or
deterioration) wasn’t verified, and the accuracy of their models
wasn't validated due to a lack of direct volume measurements. Thus,
the calculated body volume in previous work using this model might
be subject to error and we do not recommend TCM for future work
on cetaceans where an accurate TBV estimate is demanded. On the
other hand, TCM gained popularity due to its simplicity and
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convenience for several decades (Ryg et al., 1988; Bell et al., 1997) and
the tape measure is the major tool required in the field to obtain the
needed length and girth measurements for TBV estimates. It might
still be useful when accuracy is not the priority, and the logistic supply
is extremely in shortage. Using more girth measurements (especially at
the peduncle insertion) and modeling the head and tailstock sections
as cones can improve the performance of TCM.

The EMs produced more accurate TBV estimates compared to
the TCMs at all three levels of inputs and these improvements were
significant, except EM-3 vs TCM-3 that was significant when o =
0.05 (Figure 8). The EM-19 with 5% TBL increments produced TBV
estimates with similar accuracy as the 3DM. It was beyond the scope
of this study to test the minimum number of input girths or H & W
pairs to yield trustworthy TBV estimates using EM, TCM, or TCM-
2. The EAFP is one of the smallest cetaceans and five or eight girth
measurements are considered reasonable for estimating TBV using
TCM. When eight girths were used, the body was separated into
nine sections of ~20 cm each (~ 15% of the TBL). The same density
of measurements on cetaceans with TBLs of 2.0, 4.0, or 6.0 m
requires roughly 10, 20, and 30 girths detection respectively. Such
dense girth measurements seem rarely performed in situ, especially
when many animals need to be measured. Moreover, the stranding
network suggests a guideline for measuring the cetacean on several
common sites regardless of the size of the animal (Norris, 1961).
The TBVs estimated from these common sites on larger marine
mammals when using TCM might lead to significantly
overestimated TBVs. It remains uncertain how many girths are
needed for TCM for other cetaceans to estimate TBV accurately.

The Blender 3D model utilized images to construct a 3D mesh
that was then scaled to actual size with photogrammetrics input of
either only TBL for the same individual or combined with H & W
pairs for others. Therefore, the approach of 3DM inherently bypasses
the highlighted issues of the TCMs and EMs. With images of the
animal in the background for reference, the digital 3DM can
delicately mimic the elliptical and curving contour of marine
mammals. The reconstructed meshwork that is equivalent to H &
W pairs can be set in an unprecedentedly fine scale that fieldwork
protocols can hardly match. In this study, the 3DM scaled with TBL
only outperformed conventional TCMs and EMs (except EM-19) in
estimating TBVs, and our results of comparisons were validated
against direct measurements through p-values and MAPE values.
When the same set of images was used for both 3DM recreation and
morphometric extraction, the proportional scaling on this individual-
specified 3DM is free from H & W inputs as the model and the image
will scale synchronously and proportionally in the same magnitude
and direction. In addition, any of the eleven 3DMs were capable to
serve as a predictive model in simulating other EAFPs and the
simulated TBVs were accurate compared to baseline ones
(Figure 4). The predictability test demonstrated the intrinsic
robustness of Blender 3DM when scaling with foreign inputs in
generating TBVs regardless of sex, though such tests were performed
within the same species. We can assume that the 3DM constructed on
the randomly selected individual regardless of size and sex might
serve as a universal model for the entire population. This could be
very useful when images of other individuals are absent due to
logistics, weather, and other obstacles often existing in the field.
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When creating 3DMs of animals, a greater number of images
from different perspectives will naturally improve accuracy as it will
capture more details and thus also commonly recommended by the
current industry (Bot et al,, 2019; Irschick et al, 2021). However,
our study indicated that a 3DM constructed from only two images
(one dorsal view and one lateral view) was capable of producing
TBV estimates that were statistically indistinguishable from direct
measurements. Therefore, the improvement in accuracy when
adding additional photos was not significant in our case and,
thus, did not warrant the additional time or effort required to
capture them. Moreover, the visible details (such as tubercles,
lumps, indentation, cuts, etc.) presented in additional images
might be individual-specific marks that are commonly used for
visual- or photo- identification purposes (Wiirsig and Wiirsig, 1977;
Wiirsig and Jefferson, 1990). Efforts to model such fine details to
improve accuracy might introduce errors when attempting to
construct a predictive model aiming to apply to other members in
a pod. In addition, the minimum requirements of two images by
3DMs allows a more efficient assessment of larger populations of
marine mammals (e.g., mass stranding), compared to models
requiring multiple images input for reliable TBVs output (Haley
et al., 1991; Hodgson et al., 2020).

The acquisition of high-resolution aerial images (e.g., by
drones) that fulfill the quality requirements for photogrammetry
studies can be expensive in both time and effort for elusive and fast-
swimming cetaceans (e.g., porpoise), though the story is a bit
different for large whales (Christiansen et al., 2019; 2021). Small
and elusive species of cetaceans might only spend a small fraction of
their time at the surface and hence only offer a very short time
window for researchers to obtain good images with limited
perspectives of views. Thus, the verification of two images in
estimating trustworthy TBVs through 3DM may offer useful
guidelines for future research on finless porpoises and other
species. Although it is not impossible to reconstruct a 3D model
from only one image (Jackson et al., 2018; Saito et al., 2020), such a
primitive 3D model needs a huge number of images for machine
learning that might only be feasible to the animal when its profile
images accumulated sufficiently. As one regular image usually offers
no more than two-dimensional parameters, a third scale must be
assumed or referred to in this case and our preliminary work shows
the instability of such a 3D model. We can foresee it is especially
true when the animal was considered abnormal in shape (e.g., obese,
emaciated, or pregnant) as the proportion deviates from normality
unless they are well studied. The availability of the HW ratio could
partially solve this problem and more studies need to be done to
validate the reliability of one-image-oriented 3D models.

The body of cetaceans, like their counter-partners of terrestrial
mammals, is essentially bilateral, with the left lateral part being
principally identical to the right lateral part (Malakhov, 2004;
Toxvaerd, 2021). Although directional asymmetric has been
reported for some species of cetaceans, the concerned body parts
were either initially excluded from all models (e.g., pectoral fins) or
believed to have a minor effect on overall TBV estimation (Galatius
and Jespersen, 2005; Coombs and Felice, 2021). Researchers and 3D
artists commonly treat cetaceans as symmetric shapes and the
Mirror Modifier that mirrors half of the mesh along the assigned
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axis to form the other half is often used when modeling marine
mammals (Adamczak et al., 2019). We found few abnormalities in
the two cases in which 3DMs were reconstructed by images of the
right lateral view and the visual inspection showed the generated
TBVs falls within normal range. Therefore, the images of the left
lateral view were preferably used when available for the convenience
of perspective swapping in the Blender environment for model
construction. In addition, the dorsal side is most visible to observers
above the surface, while the ventral side is typically only seen during
sexual displays or avoidance behavior (personal communication
with Dr. Bernd Wiirsig). Thus, we used the dorsal side images
preferably when available in modeling for the purpose of imitating
the field research in which cetaceans were reported in a straight
supine position allowing high-quality photographing (e.g.,
Christiansen et al., 2019; 2020).

The 3DMs in our study were exclusively scaled with
photogrammetric morphometrics of body lengths, heights, and
widths. Scaling the model using direct measurements of lengths and
girths might introduce errors as the elliptical cross sections are treated
as circles. Moreover, the small-sized marine mammals (e.g., porpoises)
that are accessible for anatomic measurements (e.g., chemically or
physically immobilized, stranded, or killed) are also commonly
available for weighing and the convenient conversion can be made
between total body mass and volume, though the scenarios may not
apply to large animals. The indirect methods including 3DM and
photogrammetry will be very useful when the size of the animal
exceeds the range of instrumentation, the site is inaccessible, or the
animal is free ranging. This is especially true in the case of large whales
(e.g., baleen whales) that are logistically difficult to weigh even when
dead. Moreover, the direct measurements are usually disruptive, or
even lethal, and thus impractical in most endangered and free-ranging
cetacean species. Given these scenarios, aerial photogrammetry is an
effective and accurate approach for obtaining images that could also be
utilized for constructing 3D models that generates TBVs with the
input of extracted morphometrics (Christiansen et al., 2018). In
addition, photogrammetry-based EMs, when 19 measurements
(EM-19) are used, can also yield highly accurate TBV estimates as
the 3DM. Moreover, this non-invasive approach makes long-term
monitoring of cetaceans logistically and financially feasible.

Although the body volume and mass of marine mammals provide
valuable insight into body conditions and population dynamics
assisting conservation management (e.g, Christiansen et al, 2014;
2021), these vital parameters were historically inaccessible from free-
ranging cetaceans due to the logistical challenge of acquiring direct
measurements. This is particularly true for body volume, for which
there exists little, or no, accurate data for most cetacean species
(personal communication with Dr. Bernd Wiirsig). Consequently,
little information exists on the directly measured average tissue
density of these species, which is valuable when investigating the
diving ecology, physiology, and behavior of animals. The average
tissue density of eleven EAFPs in this study was calculated as 1.01 +
0.01 g/cm® with lung volume adjusted. This indicates that EAFPs are
close to neutral buoyant when diving and slightly positively buoyant
when swimming at the surface with their lungs fully inflated. This
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buoyancy paradigm is believed to be energetically efficient for
swimming and diving in cetaceans (Nowacek et al, 2001). The
average tissue density, or volume-to-mass conversion factor, reported
in other cetacean species (1.00 g/cm® and 0.8 g/cm’ for Phocoena
phocoena, 0.8 g/cm? for Eubalaena sp.) indicated the similar patterns
(Christiansen et al., 2019; Irschick et al., 2021; Christiansen et al., 2022),
while others reported negative buoyancy at the sea surface (1.03 g/cm’
for Hyperoodon ampullatus, 1.04 glcm® for Megaptera novaeangliae)
(Miller et al., 2016; Aoki et al., 2021). There is little information on the
average density of the pectoral fins and fluke of cetaceans for
comparison with our results which were 1.18 + 0.05 g/cm® (n = 11).
The heavier pectoral fins and fluke may suggest some assistance in
diving and controls in swimming (Bose et al., 1990).

The techniques incorporating Blender 3D modeling and
photogrammetry are not limited to images from immobile cetaceans.
The pioneering work on free-ranging cetacean species demonstrated
the feasibility of this method in the field when images for 3D modeling
and photogrammetry were collected using Unmanned Aerial Vehicles
(UAVs) (e.g., Christiansen et al., 2019; Irschick et al., 2022). A potential
application using underwater images by either divers or unmanned
underwater vehicles (UUVs) could be expected for further research
with similar procedures (Lewis et al., 2021). When combing with 3D
printing techniques, 3DM creates the possibility of realistic models at
any desired scale allowing for education & exhibition, and flow tank
tests on profile drag, fluke propulsion, and pectoral fin control (Fish
and Lauder, 2017; Irschick et al., 2021; Wu et al,, 2021). In addition, the
animation capabilities of Blender 3D modeling make computer
simulations of hydrodynamic performance possible. In long-term
monitoring, the estimated values of TBL or TBV with convenient
conversion to age and mass could be assigned as an appendix or suffix
to visual- or photo- identified profiles of marks and sex and this
additional individual-specific information might fast-forward
individuals identification in large pods (Machado and Cantor, 2022).
Machine-learning algorithms for estimating morphometrics (e.g., Gray
et al,, 2019) and convolutional neural networks for analyzing images
(e.g., on homo sapiens by Saito et al., 2020) may open a new avenue to
research that can automatically process images and obtain designed
metrics (Langley, 2011; Jordan and Mitchell, 2015). Thus, a software
package can be expected with the function of generating 3DMs and
associated parameters after uploading images and type-in of some
environmental settings.
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