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Abstract

Creating accurate 3D models of marine mammals is valuable

for assessment of body condition, computational fluids

dynamics models of locomotion, and for education. However,

the methods for creating 3D models are not well-developed.

We used photography and video to create 3D photogramme-

try models of harbor porpoises (Phocoena phocoena). We

accessed one live adult female (155.5 cm total length), and

two dead animals, one juvenile (110 cm total length) and one

calf (88 cm total length). We accessed the two dead individ-

uals through a stranding network in Germany, and the live

individual through the Fjord and Baelt research center in Den-

mark. For all porpoises, we used still photographs from hand-

held cameras, drone video, and synchronized GoPro videos to

create 3D photogrammetric models. We used Blender soft-

ware, and other 3D reconstruction software, to recreate the

3D body meshes, and confirmed the accuracy of each of the

3D body meshes by comparing digital measures on the 3D

models to original measures taken on the specimens. We also

provide a colored, animated version of the live harbor por-

poise for educational purposes. These open-access 3D models

can be used to develop methods to study body morphomet-

rics and condition, and to study bioenergetics and locomotion

costs.
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1 | INTRODUCTION

The use of 3D modeling approaches is widespread in biology, and offers unparalleled ability to examine and manipu-

late biological variables that might not normally be available for experimentation (e.g., Alexander, 2005; Bellmann

et al., 2005; Panagiotakis & Tziritas, 2006; Koehler et al., 2012; Miller et al., 2012; Postma et al., 2015). One goal of

3D modeling is the accurate re-creation of live animals, which allows scientists to investigate questions regarding

locomotion, body shape, bioenergetics, and functional morphology (e.g., Alexander, 2005; Brody, 1968; Bot &

Irschick, 2019; Brose, 2010; Christiansen et al., 2019; Irschick & Higham, 2016; Gillooly et al., 2001). This 3D model-

ing approach, which attempts to replicate the shapes and motions of live animals, is especially useful for rare animals,

or for animals that are challenging to capture and manipulate, such as marine mammals. Questions that can be

addressed through this approach with marine mammals include assessment of body condition and bioenergetics, for

which accurate 3D models represent valuable scientific tools. For example, if an accurate volumetric model of a set

of individuals for a given species could be established, and then correlated to body mass, it would allow scientists to

develop novel machine-learning software that could estimate body mass remotely, such as through drones

(Christiansen et al., 2016, 2019).

Establishing methods for assessing body condition in marine mammals and other marine megafauna (e.g., sharks)

is an important topic that directly relates to on-going research in bioenergetics, migration patterns, cost of locomo-

tion, and health, and drag effects of tags (Barratclough et al., 2014; Christiansen et al., 2019; Gallagher et al., 2014;

Irschick & Hammerschlag, 2014; Lockyer et al., 1985; Trites & Pauly, 1998; Vikingsson, 1995). The value of creating

accurate 3D models for marine mammals is especially high, given that they are not typically well-represented in

museum holdings as whole, relatively undamaged specimens. While using MRI or CT-scanning on whole specimens

remains a possibility, these technologies are expensive and would be very challenging to use with large marine mam-

mals. Therefore, there is a need for developing less expensive and more flexible techniques for accurate recreation

of the body shapes of marine mammals prompted by a great interest among scientists, nonprofit organizations, gov-

ernments, and the general public in the well-being and status of many of these species (e.g., Barratclough et al. 2014;

Lockyer & Waters, 1986; Hammerschlag et al., 2019). Our goal here is twofold: First, to describe processes for accu-

rate recreation of 3D models of both dead and live harbor porpoises (Phocoena phocoena). These methods are rela-

tively inexpensive to implement, both in terms of equipment and software. Second, from these processes, we

provide three 3D models of harbor porpoises, two that are derived from dead individuals, and one that is derived

from a live individual at a research center. These will be provided as open-access tools for the marine mammal com-

munity to investigate topics such as best tagging practices, body condition, and flow hydrodynamics. Our processes

include 3D photogrammetry using hand-held cameras (for dead harbor porpoises) and GoPro video (for a live harbor

porpoise), as well as ratio measures (using the methods of Christiansen et al., 2019) taken from drone images and

other data sources.

2 | METHODS

We worked with two dead harbor porpoises. Each was found stranded on separate beaches in northern Germany.

Porpoise 1 (ID 23658) was a small calf (found December 2018 on a beach in Hedwigenkoog, Germany) with a total

length of 88.5 cm. Given the tissue damage to the body, this animal was not weighed. Porpoise 2 (ID 23659) was a
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juvenile (found November 2018 on a beach in Lower Saxony, Germany) with a total length of 110.0 cm and a body

weight of 18.8 kg. The live porpoise (“Freja”) was a captive adult female with a total length of 155.5 cm and a body

weight of 67.1 kg at the time of the 3D modeling process (December 2018). The weight of Freja was taken on

January 30, 2019, which was about 1 month after the photography was done. Given that the 3D modeling and

recording of body mass both occurred in winter, it is unlikely that mass would have changed significantly over

this time. As is typical of stranded marine mammals, the two dead harbor porpoises each showed some tissue

damage of unknown origin, and one of the individuals showed a small amount of bloating (ID 23658, Figure 1).

The two dead porpoises were stored in walk-in freezers at the Institute for Terrestrial and Aquatic Wildlife

Research (ITAW) in Germany (https://www.tiho-hannover.de/en/clinics-institutes/institutes/institute-for-

terrestrial-and-aquatic-wildlife-research-itaw/), and they were defrosted for several hours prior to photogra-

phy. The live harbor porpoise was photographed and filmed at the Fjord and Baelt research center in Denmark

(https://www.fjordbaelt.dk/index.php/en/).

To re-create the dead porpoises, we used two data sources: (1) a set of photographs taken from a hand-held

camera that we used to re-create a basic 3D mesh of the body shape, and (2) drone photographs that we then used

to measure body lengths and widths (following Christiansen et al., 2016). This second step allowed us to ensure that

the body shapes of the harbor porpoises were accurately re-created in 3D. Each dead harbor porpoise was first laid

on its ventral side and photographed (top view) and was then laid on its side on a plastic sheet so we could photo-

graph its ventral side. We used a Canon T6i Camera with a 50-mm lens and photographed each side, gathering a

total of between 60 and 70 photographs. In addition, we used a drone (DJI Inspire 1 Pro with a Zenmuse X5 camera

and a 25-mm lens) to capture aerial photographs of the dorsal side, which would mimic, in part, views of the porpoise

from the point of view of a drone visualizing a porpoise swimming. From the aerial photographs, we measured the

body length and widths (at 5% increments along the body axis of the porpoise, see Christiansen et al. (2016), using

the Graphical User Interface developed by Dawson et al. (2017). The measurements were scaled (converted from

pixels to meters) using the known altitude of the drone (measured using a LightWare SF11/C laser range finder

attached to the drone), the camera sensor size, focal length, and image resolution (for details, see Christiansen

et al., 2018).

We created separate photogrammetry models from each of the positions (dorsal and ventral) using Capturing

Reality software (https://www.capturingreality.com/About-Us), and then created single 3D models of each porpoise

using Blender software. Prior studies have shown that 3D photogrammetry is accurate given basic parameters

F IGURE 1 Still images of the two dead harbor porpoises (calf: 23658, juvenile: 23659). Note the damage to each

animal, although the basic body axis remained largely intact.
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(e.g., avoidance of extreme wide-angle lenses, Aldridge et al., 2005; Amado et al., 2019; Bot & Irschick, 2019; Chiari

et al., 2008; Falkingham, 2012; Postma et al., 2015).

For the live harbor porpoise, we also used two data sets, but they were somewhat different than for the dead

ones. These data sets were (1) a photo set of 17 synchronized GoPro video frames when the harbor porpoise jumped

during its normal exercise regime, and (2) dorsal drone video stills taken when the harbor porpoise was swimming.

For the first data set, we created a 3D photogrammetry model from the 17 photos as an initial mesh representing

the animal when out of water. We then used the 5% ratio method of Christiansen et al. (2016), using images from

dorsal (drone) and lateral (jumping) video stills (Figure 2) to fine-tune the 3D mesh. We used 17 GoPro Hero 6 cam-

eras (Hero 6, filming at 240 fps) placed on tripods to film the porpoise when it jumped as part of its daily exercise

routine. We then integrated all the images that showed the animal at the highest part of the jump, and created a 3D

photogrammetry model from the 17 synchronized images. As a synchronization point, we used the highest part of

the jump, and then used still frames from the 17 cameras to re-create an initial 3D model of the harbor porpoise.

Using a combination of the initial 3D model through the jumping photogrammetry set and these two reference

images, we then created a final version of the 3D model. For the live harbor porpoise, gathering drone images from

F IGURE 2 (a) A live image of “Freja,” an adult female harbor porpoise jumping. (b) A still from a drone video of
Freja (dorsal view). (c) A still from a GoPro video of Freja (lateral view); photo taken in December 2018. (d) A dorsal
view of the 3D model showing how the 5% increments were placed onto it. (e) A lateral view of the 3D model

showing how the 5% increments were integrated into it.
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the individual when swimming ensured that we were re-creating its body shape when underwater, as despite the

small rigid body of porpoises, there could be small morphological changes between being in the air (jumping) and in

the water (swimming).

For a detailed description of our methods for recreating the 3D shapes of the harbor porpoises in Blender,

we refer the reader to Bot and Irschick (2019), who discuss these methods in detail. However, we recap some

of these methods here. The creation of the 3D models consisted of blocking, integration of morphometric data,

and integration of photogrammetry data. We used the Blender 3D graphics suite for the creation of the 3D

models in conjunction with Capturing Reality and Meshroom software (AliceVision, 2018) for the photogram-

metry reconstruction.

In the blocking stage, we created a generic harbor porpoise 3D model based on photographic reference of the

three harbor porpoises. This stage had a goal of producing a generally anatomically correct model that could be mod-

ified later to represent the body of each individual porpoise. In Blender, we used polygonal mesh modeling tools to

create the generic harbor porpoise model using manual vertex placements based on reference images of harbor por-

poises. The extrude and poly build tools were the primary tools for this step. Furthermore, the smooth vertex, edge

slide, and knife tools were useful for modifying the 3D mesh based on the reference imagery. After this step, we

used data from each porpoise to create three distinct models of the individuals. For basic body modifications, the

same tools used in creating the generic harbor porpoise were used to modify the model. From there, we used a num-

ber of modifiers to aid in the process of creating the distinct individuals. The Catmull-Clark Subdivision Surfaces

modifier was useful to generate high-detail approximations from the sparse generic harbor porpoise mesh and the

shrinkwrap modifier was useful to selectively bind the 3D meshes to photogrammetry scans from user defined ver-

tex groups.

The process for reconstructing the live and dead porpoises was slightly different. Because of limits in pho-

togrammetry technology, detailed morphometric measurements were essential for the live specimen. In con-

trast, photogrammetry data were utilized more heavily for the reconstruction of the dead specimens. For the

live porpoise, we used 5% increment body width and heights measurements from the UAV and multicamera

GoPro footage to create cross-sectional “skeletons” of each animal. We then compared the skeletons against

body length measurements from trainers at the Fjord and Bælt research center and modified the overall body

scale to match. We overlaid these measurements onto the base mesh and integrated them into the 3D model.

To do this, we used the “MeasureIT” add-on for Blender to create 3D “rulers” in Blender to properly scale the

meshes to. We also used the add-on to generate digital measurements of the 3D models later in the process.

Lastly, we used photographic and photogrammetry data to reproduce the slope of the body to create an accu-

rate cross-sectional area for the model, despite having only two initial measurements for the cross-section. As

mentioned before, the Subdivision Surface modifier was essential for this to generate smooth transitions

between vertices.

For the dead porpoise specimens, our process relied heavily on photogrammetry data of the two dead

specimens. We generated two photogrammetry scans for each specimen: one for the dorsal side and one for

the ventral side. Using lattices and armatures in Blender, we morphed and straightened the two scans together

to match. This method resulted in a roughly complete body shape, which we overlaid onto the base mesh 3D

model using the shrinkwrap modifier and vertex snapping tools. We then overlaid morphometric measurements

of the porpoises using the same methods as we used for the live specimens, and the 3D model was scaled to

fit. After creation of the meshes for each individual, we created a textured and animated version of the live por-

poise in Blender for use in educational outreach. We based the coloration on photographic data of the animal

and based the animation on video reference and feedback from project contributors, as well as videos of harbor

porpoises swimming. These animations were created using texturing painting/projection tools and animation

tools in Blender.

We confirmed the accuracy of the three 3D models by comparing digital measurements of the 3D models taken

in the Blender software to known morphometric distances measured by hand. For the three porpoises, the following
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girth measures were taken: U1 (just anterior to the pectoral fin), U2 (just posterior to pectoral fin, or axilla), U3 (just

anterior to the dorsal fin), U4 (just posterior to the dorsal fin), U5 (anal opening), and U6 (halfway between anal open-

ing and the tail, and blubber thickness). We used standardized major axis regression between the two sets of mea-

sures (“Live” versus “Digital”) and compared the actual slope versus a slope of 1.0, which would be expected if the

measures were identical. We forced the regression line to go through the origin in the regression. The measures for

the dead porpoises were taken at the time at which they were initially found, whereas the measures for Freja were

taken on December 14. The value of U5 was missing for Freja, and the value of U1 was missing for 23658, resulting

in a total of 16 values across all three individuals.

3 | RESULTS

Lateral and dorsal images of the three 3D models (two dead individuals, and the live individual) are presented in Fig-

ures 3 and 4. The 3D model for the dead calf (animal ID 23658: https://skfb.ly/6VBwP) had the following metrics

(quads 23.2 K, total triangles 46.5 K, size 3.8 Mb). The 3D model for the dead juvenile (animal ID 23659: https://

skfb.ly/6VBwN) was similar in terms of overall composition, albeit with slightly less complexity (quads 4.8 K, total tri-

angles 9.7 K, size 638 KB). Finally, the 3D model for the live adult (Freja: https://skfb.ly/6VBwL) was similar to these

other two models (quads 18.1 K, total triangles 26.1 K, size 635 KB).

The estimated total volumes for the three models were: 23658 (14,230 cm3), 23659 (22,840 cm3), and Freja

(59,580 cm3). The comparison between digital measures and live measures was strong and indicated a high level of

accuracy of the 3D models (Figure 5; r2 = 0.98, p < .001). Within a confidence interval of 97.5%, the slope was esti-

mated as 0.99. This slope value was not significantly different from a slope of 1 (t = 3, df = 1, p > .20), suggesting no

systematic bias in the digital measurements compared to the live measurements. The colored animated model of

Freja (https://skfb.ly/6VBwJ) was based on the base 3D mesh noted above, but with added colors and motions that

are intended for an educational audience.

F IGURE 3 (a) A lateral
view of the 3D model of
“Freja.” (b) A dorsal view of
the 3D model of Freja. The
full model can be found at
https://sketchfab.com/3d-
models/3d-mesh-harbor-
porpoise-freja-
afca5402440d437d9db32d-
d003c1aaef.
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4 | DISCUSSION

We created three 3D models of harbor porpoises using two dead animals and one live mature female porpoise. Using

a combination of photographs taken with hand-held or fixed cameras, and drones, we confirmed the accuracy of

these three 3D models by comparing digital measurements against morphometric measurements taken on actual

specimens.

F IGURE 4 (a, b) Lateral and dorsal views of the 3D model of harbor porpoise calf 23658. (c, d) Lateral and dorsal
views of the 3D model of harbor porpoise juvenile 23659. The full models can be found at (calf 23658; https://
sketchfab.com/3d-models/denmark-dead-porpoise-23658-64d32cb647e7405a9104a22b6d238c90) and (juvenile
23659; https://sketchfab.com/3d-models/denmark-dead-02-23659-corrected-
b9bc8de2b0be440c8a5159a17892e74e).

F IGURE 5 A plot of
actual (x-axis, taken directly
from specimens) and digital
(y-axis, taken from 3D
models) morphometric
measures (see Methods for
more information). See
Results for statistics.
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These 3D models should offer a valuable tool for scientists interested in topics including body condition, bioener-

getics, and other aspects. For example, for studying body condition, our models provide a basic relationship between

volume and mass, and this information, especially for the live individual, could be used in further applications that esti-

mate volume in free-living animals, and to extrapolate to body mass (e.g., Christiansen et al., 2019). For example, for

Freja, we calculated a volume of 59,580 cm3, or 0.059 m3. As her body mass was 67.1 kg, and assuming a rough lung

upper airway volume of about 5 L (Kooyman, 1989), this would suggest that the average tissue density would be

approximately 1,000 kg/m3. By comparison, individual 23659 had a mass of 18.8 kg and a volume of 22,840 cm3

(0.022 m3), with a density (not adjusted for lung volume) of 845 kg/m3. Prior work (Lockyer et al., 2003; Kastelein

et al., 2018; Rojano-Donate et al., 2018) has indicated that captive and wild harbor porpoises do not differ substantially

in blubber thickness or fat content, but bloating and tissue decay in the dead porpoise may impact these values.

In addition to usage in body condition analyses, our models, especially for the live individual, could be used in com-

putational fluids dynamics research to examine the kinematics of locomotion (e.g., Fish & Lauder, 2017; Miller

et al., 2012). These models could be used in flow-tank research, or computer simulation software to examine drag

effects resulting from annual changes in the blubber layer (Rojano-Donate et al., 2018), biomechanical consequences

of the evolutionary variants for the tail and pectoral fins (e.g., Fish & Lauder, 2017), and to help better understand the

consequences of drag from different on-animal tag designs (Shorter et al., 2013; Gabaldon et al., 2019; Zhang

et al., 2019). Nonetheless, direct comparisons between the body shapes and masses of live and dead porpoises (or wild

versus captive) should be viewed with caution, due to variability in food intake, bloating, and tissue decay. Further,

although our three individuals represent a first step, ideally, one should have access to a wider range of 3D models of

live individuals to compare against one another. For example, it would be ideal to correlate body volume to body mass

for live animals across a range of 3D models that vary in age, size, and sex. With such information, it might then be pos-

sible to use machine-learning algorithms and methods such as outlined in Christiansen et al. (2019) to estimate body

masses of wild marine mammals, such as harbor porpoises. Variants of our methods could be used to reconstruct a

wide range of marine mammals, but the exact methods will depend on the species and context. For example, when

accessing live and trained marine mammals commonly held in captivity (e.g., sea lions), the methods might closely

resemble those used for the dead harbor porpoises, as animals can be trained to hold still to allow a series of photo-

graphs. However, for wild marine mammals, the methods are more likely to conform to those outlined in Christiansen

et al. (2019), which used drones to recreate body ratios for accurate 3D body reconstruction. We also note that com-

bining drone images with 3D photogrammetry models offers a promising approach for live marine mammals in captive

settings, especially if the animal can be trained to swim in various ways (e.g., on their side, on their back), which would

also have the important function of accurate reconstruction of their shape when swimming underwater.

The issue of accuracy when recreating a biological form is an important topic that has many dimensions. Our

comparisons of the morphometrics of the digital models to the actual specimens reveal a high level of accuracy,

which is also consistent with a large body of work showing that 3D photogrammetry is very accurate under certain

guidelines, such as avoidance of extreme wide-angle lenses, among others (Aldridge et al., 2005; Chiari et al., 2008;

Falkingham, 2012; Postma et al., 2015). Further, the 5% ratio methods established by Christiansen et al. (2016) have

proven also to be an effective method for recreating accurate body shapes from marine mammals in the wild

(Christiansen et al. 2019). We hope that our 3D models and methods will allow scientists new tools to investigate

this issue of accuracy in greater detail, perhaps by comparing a larger set of digital and actual specimens across a

range of ages and body sizes with a wider range of statistical techniques.

As a final consideration, our animated, colored model offers a valuable step towards creating accurate educa-

tional models that could be used in a wide range of educational materials, such as virtual textbooks and textbooks.

Further, the growth of technologies for virtual and augmented reality continue to mature (e.g., Pantelidis, 2010), and

our 3D model could be integrated with them to show accurate colors, shapes, and motions of marine mammals for

the general public. In conclusion, we have shown that it is possible to use a combination of noninvasive 3D photo-

grammetry and other 3D modeling techniques to create accurate 3D meshes of both live and dead marine mammals,

and we believe that this same approach should also work for a wider range of marine mammals.
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