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Studies of animal morphology inform our understanding of many combined aspects of biology, including thermal ecology, biomechanics and energetics. Studies that accurately describe the size and shape of marine mammals, for example, can be particularly useful in understanding the challenges an endotherm faces when moving and thermoregulating in an aquatic environment. The relationship between surface area (SA) and volume (V) plays a key role in the energetics of thermoregulation and locomotion, but detailed morphometric measurements of marine mammals are often limited. Thus, SA and V are typically estimated using a series of conical frustrums and cylinders (the truncated cones method), which provides a repeatable but abstracted depiction of morphology. In contrast, digital 3D modeling systems can offer more detailed representations of animal size and shape. We compared the results of the truncated cones method and a 3D modeling system (produced using the open access software Blender) in quantifying the SA and V of both long-finned pilot whales and short-finned pilot whales (Globicephala spp.). We developed a 3D model of pilot whales using measurements and images collected by stranding networks. The 3D model provided a more realistic depiction of pilot whale morphology than the truncated cones method, particularly in the tail stock region where the truncated cones method greatly overestimated both SA and V. The difference between SA and V estimates of the two methods was greater for larger individuals within species, suggesting that as animals become larger, the truncated cones method increasingly overestimated SA and V. Further, the 3D model was more robust to changes in the number of morphometric girth measurements used when estimating SA and V compared to the truncated cones method. Results of this study demonstrate that 3D models can provide realistic depictions of cetacean morphology and can be used to provide more accurate estimates of morphological metrics than geometric models of morphology. The 3D modeling techniques employed in this study could be used in a variety of other applications which require accurate estimates of morphological metrics.
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INTRODUCTION

The study of animal morphology informs our understanding of evolution, ecology, and biology (Lauder, 1990; Burke et al., 1995; Witmer et al., 2008; Rabosky et al., 2013). For marine mammals, morphological studies can provide insight into their evolution and the unique adaptations that allow these animals to survive as endotherms in an aquatic environment (Williams, 1999; Uhen, 2007). Studies of external marine mammal morphology and body size are particularly useful in understanding thermoregulation, locomotion, and biomechanics (e.g., Woodward et al., 2006; Goldbogen et al., 2010) adding insights into specializations for life in a dense, viscous environment with a high thermal conductivity (Schmidt-Nielsen, 1997; Woodward et al., 2006; McKenna et al., 2012; Pyenson et al., 2013). Further, morphological studies have been useful in documenting the genetic divergence of marine mammal species and the emergence of subspecies over time (Kasuya et al., 1988; Foote et al., 2009). Thus, accurately modeling the external morphology of marine mammals is critical to enhancing our understanding of their biology (Fish, 1996; Williams, 1999; Woodward et al., 2006).

Traditional methods for examining marine mammal external morphology, which refers to their size and shape, use mathematical computations based on a small number of morphometric measurements (Bell et al., 1997; Woodward et al., 2006; Goldbogen et al., 2010; Segre et al., 2016). However, digital 3D modeling is increasingly being used for studies of animal anatomy and biology (Chiari et al., 2008; Thote et al., 2013; van de Kamp et al., 2014) and may provide a more accurate means of modeling external morphology, particularly for species such as marine mammals for which morphometric measurements are often limited. While 3D modeling has been used to examine the morphology of specific anatomical structures in marine mammals (e.g., Marino et al., 2001; Parks et al., 2007; Fahlke and Hampe, 2015; Peredo et al., 2017), few studies have developed 3D models to investigate the external morphology of marine mammals.

Surface area (SA) and volume (V) are important metrics representing marine mammal morphologies, and are used to assess body condition and heat retention capabilities of marine mammals, as well as the drag forces that act on their bodies (Gales and Burton, 1987; Ryg et al., 1988; Stelle et al., 2000; Beentjes, 2006; Woodward et al., 2006). When calculating SA and V, researchers often use the truncated cones method, which models the external morphology of marine mammals as a series of cylinders and conical frustrums (Ryg et al., 1988; Bell et al., 1997; Luque and Aurioles-Gamboa, 2001). However, marine mammal bodies are not strictly cylindrical in cross-sectional shape. For example, the caudal tailstocks of cetaceans are highly streamlined and elliptical in cross-section (e.g., Koopman et al., 2002; Hamilton et al., 2004). Thus, the truncated cones method may not accurately represent all marine mammal body shapes. In addition, the truncated cones method is usually unable to account for the morphology of appendages without the use of external software or technologies such as a planimeter (Feldkamp, 1987; Beentjes, 2006). 3D modeling may provide a more accurate representation of overall marine mammal external morphology as it is not constrained to cylindrical shapes and can also be used to model appendages. Further, most detailed morphometric data for marine mammals come from stranding networks, organizations that respond to stranded or injured marine mammals, and the number and location of measurements taken varies between these networks (Norris, 1961; Hohn et al., 2006). The variation in measurements likely influences the accuracy of morphological representations developed using truncated cones. 3D models may provide an advantage in this regard, by providing a representation of marine mammal body shapes that can be scaled using available measurements. Further, 3D models provide a low-cost, easily accessible means of addressing a wide-range of questions.

Here, we examine the utility of 3D modeling to represent marine mammal external morphology, using two species of pilot whales as a case study. Short- and long-finned pilot whales (Globicephala macrorhynchus and G. melas, respectively) are deep-diving odontocete species that are similar morphologically but occupy different latitudinal ranges (Leatherwood et al., 1976). The distributions of the two species appear to be influenced by water temperature, and the United States National Marine Fisheries Service uses sea surface temperature to separate sightings of short-finned pilot whales and long-finned pilot whales in stock assessments (Fullard et al., 2000; Hayes et al., 2017). Understanding differences in the heat retention capabilities of these species using metrics such as SA and V could provide useful insights into their thermal ecology. However, pilot whales, like other cetaceans, have a laterally compressed, elliptically shaped tail stock (Arkowitz and Rommel, 1985), which cannot be accurately captured by the conical and cylindrical shapes used to represent morphology in the truncated cones method. 3D modeling may therefore provide a more accurate representation of the shape of these cetacean species.

We modeled the external morphology of short- and long-finned pilot whales using both the truncated cones method and a morphable 3D model mesh constructed in Blender (Blender Online Community, 2016), an open-source 3D rendering system, and evaluated differences between the two models. Specifically, we examined: (1) overall differences in estimates of SA and V produced by the two methods; (2) how well each method represented external morphology within different body regions of the pilot whale; and (3) whether the number of girth measurements influenced calculations of SA and V for the two methods.

MATERIALS AND METHODS

Data Sources

Morphometric data for pilot whales throughout the Northwest Atlantic were compiled from marine mammal stranding responders who collected detailed external measurements in addition to the basic morphometrics collected for Level A data, which provides information on the time and place of the stranding as well as sex, length and life history stage as part of the United States National Oceanographic and Atmospheric Administration (NOAA)’s National Marine Mammal Stranding Database. The following stranding responders contributed data to this analysis: the International Fund for Animal Welfare (IFAW); the Smithsonian Institution; data made available from Pabst, McLellan, and Read from the “Offshore Atlantic Pelagic Cetacean Necropsy Cruise R/V/ Abel-J, 30 June-12 July, 1996” (hereafter called 1996 morphometric data); and data made available from Pabst, McLellan, and Read from specimens examined during the 2005 multi-species mass stranding event in North Carolina (described in Hohn et al., 2006, hereafter called 2005 morphometric data). Data included girth measurements at the level of the nuchal crest, axillary pectoral flipper insertion, mid-thoracic, cranial dorsal fin insertion, caudal dorsal fin insertion, anus, and mid-caudal keel (Figure 1), as well as total length and appendage measurements (Norris, 1961). Protocols for the number of measurements taken varied by stranding responder; for example IFAW typically measured girths at the level of the axillary pectoral flipper insertion, mid-thoracic, and anus while the 1996 and 2005 morphometric data records typically included all six girths listed above. Overall there were either three, five, or six girth measurements taken, depending on the stranding responder, though in some cases measurements were missing, resulting in a total of 4 available girth measurements for 13 individuals (Table 1).
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FIGURE 1. Girth and length measurements typically taken on stranded pilot whales (measurements vary based on stranding network). Girth measurements are taken at the (a) nuchal crest, (b) axillary pectoral flipper insertion, (c) cranial dorsal fin insertion, (d) caudal dorsal fin insertion, (e) anus, and (f) mid-caudal keel. The letters (g) through (l) represent length measurements taken from the snout. Measurement (m) represents the fluke notch to fluke insertion measurement used to calculate the snout to fluke insertion length measurement. For the 3D model method, dotted lines at points 1 and 2 indicate the area that was scaled according to the girth measurements at (e).



TABLE 1. Sample size for mature female and male short-finned pilot whales and long-finned pilot whales (Globicephala macrorhynchus and G. melas, respectively) relative to the number of girth measurements available as input for the 3D model.
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Only those individuals that were in good to moderate carcass condition [for strandings – Smithsonian Institution (SI) condition codes 1 and 2; for 2005 data set – codes 1–3; 1996 samples were all fresh-dead animals retrieved from fishery] were included in analyses, to minimize any effect of post-mortem processes (decomposition) on morphometric measurements. Only animals in robust or normal body condition were included in the sample, as determined visually by stranding responders at the time of response. Only mature individuals were used in these analyses to avoid variation in body size and shape associated with growth. Mature individuals were classified as animals greater than 422 and 320 cm for male and female short-finned pilot whales, respectively (Kasuya and Marsh, 1984), and animals greater than 450 and 365 cm for male and female long-finned pilot whales, respectively (Bloch and Lockyer, 1993). Pregnant and/or lactating females were removed from the dataset due to the small sample size of these classes. We examined animals for which three or more girth measurements were collected, in addition to corresponding morphometric lengths (e.g., snout to eye, snout to dorsal fin insertion) to enable the construction of at least four “cones” when using the truncated cones method (described below). Six individuals had anomalously large differences between consecutive girth measurements (more than twice the average difference; difference refers to one girth measurement subtracted from another girth measurement) and were removed as these measurements were assumed to be due to a recording error. The final sample size included 63 individuals; 34 short-finned pilot whales, and 29 long-finned pilot whales (Table 1). The number of girth measurements used in the truncated cones method and 3D model method differed for 13 short-finned pilot whales because the truncated cones method required additional measurements not needed for 3D model manipulations (described below).

Truncated Cones

We estimated SA and V for the whole body (from snout to fluke insertion) for both the truncated cones and 3D model methods. The truncated cones method was used to partition the whale into sections between girth measurements in which the head and tail stock are modeled as cylinders and the remaining sections are modeled as conical frustrums (Figure 2). Length measurements were used to determine the height of each cone, while girth measurements represented the circumference of the cone. When length measurements denoting the height of each cone were not available, the corresponding girth measurement was not used in truncated cones method calculations (these individuals are noted in column 8 of Supplementary Table 1). Thus, the number of girth measurements used in the truncated cones method and 3D model method differed for 13 short-finned pilot whales because length measurements to recorded girth measurements were missing, and these length measurements are required for truncated cones method calculations. For the individuals that had one or more missing length measurements, the corresponding girth measurements were not included in truncated cones method calculations but were included in 3D model manipulations (Table 1).
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FIGURE 2. Representation of the shapes used to estimate surface area and volume of pilot whales using the truncated cones method. Cone (A), representing a portion of the head, is modeled as a cylinder and cone (B), representing the mid-section, is modeled as a conical frustrum. All mid-body cones were modeled as conical frustrums and the head and caudal-most peduncle sections were modeled as cylinders.



Although the caudal-most region of the tail stock does taper to the insertion of the flukes, particularly posterior to the mid-caudal keel (and therefore more resembles a conical frustrum than a cylinder in this region; Figure 1), available girth measurements were typically at the level of the anus or mid-caudal keel and not at the insertion of the flukes (Norris, 1961; Cornick et al., 2016). We therefore lacked the required measurement to model a frustrum and modeled the tail stock as a cylinder, using the circumference of the last available girth measurement (either the mid-caudal keel or anus). Total length was measured from the snout to the fluke notch, and thus the length from the snout to fluke insertion was calculated as the total length minus the measurement taken from the fluke notch to the fluke insertion (Figure 1, measurement m). For 31 individuals a measurement for fluke notch to fluke insertion was missing. For these individuals, we calculated the fluke notch to fluke insertion length using the ratio of (fluke notch to fluke insertion):(anus to fluke notch) for individuals with both measurements and multiplied the mean ratio (0.217 ± 5.07×10-3) by the anus to fluke notch measurement for individuals missing this measurement. This value was then subtracted from the total length to obtain the length from snout to fluke insertion. SA and V were calculated for each cone and cylinder and then values for cones and cylinders were summed to provide estimates of overall SA and V. As in previous studies, appendages (i.e., the pectoral flippers, dorsal fin and fluke) were not included in calculations since the truncated cones method cannot model appendages accurately (e.g., Feldkamp, 1987; Beentjes, 2006). Because of differences between stranding responders in the collection of measurements, estimates of SA and V using the truncated cones method were calculated using differing numbers of cones and cylinders (4 to 7).

3D Model Construction

We used Blender to develop a 3D model of pilot whales, which was then scaled based on morphometric measurements (described below). Digital photographs of the appendages and dorsal, lateral and frontal views of mature short-finned pilot whales were made available from the University of North Carolina Wilmington and SeaWorld Parks and Entertainment, and photos of the appendages of a mature long-finned pilot whale were made available from the Atlantic Marine Conservation Society. We imported the following selected images into Blender using the background images tool to create the model: (1) a high-resolution aerial photograph of the dorsal view of a mature short-finned pilot whale at sea, (2) a left lateral view of a stranded, male, short-finned pilot whale suspended vertically in the air by a front-end loader, for which morphometric data were available, and (3) a frontal view image of a mature, male short-finned pilot whale under human care. In Blender, we constructed a 3D mesh around the whale body in each of these images to create a baseline model of the core body. Mesh construction followed the protocol for “character modeling” in Blender, a technique typically employed when building a 3D character for video games for which there are numerous online tutorials. The mesh was modeled as a series of consecutive vertices forming a circle around the body of the whale (called vertex groups) and vertices forming a curved mask for the lateral head. Vertex groups were evenly spaced at 20 cm to accurately capture the external morphology of the whale, with two exceptions (Figure 3). The vertex groups in the body region between the axilla and cranial insertion of the dorsal fin were spaced approximately 7 cm apart to ensure that a vertex group was present at each of these recorded girth measurements. The lateral head was constructed using vertices at 10 cm intervals to account for the curvature of the head (Figure 3). The mesh was constructed along one axis and a mirror-modifier (made available in the Blender tools) was applied during mesh construction. This modifier duplicated the vertices built to construct the mesh for the contralateral side of the whale thereby conserving bilateral symmetry. Although images of a male, short-finned pilot whale were used in model construction, the 3D model manipulation (as described below) accounts for potential differences in morphology between species and sexes and as a result only one model was needed. An additional manuscript reviews morphological differences found between species and sexes of short- and long-finned pilot whales using this method.
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FIGURE 3. Depiction of the methods used to render the 3D model of the body core in Blender. A mesh was constructed over background images of pilot whales from multiple angles. Each vertical vertex group was spaced at 20 cm intervals, with the exception of the (1) lateral head which was constructed at 10 m intervals, and (2) body region between the axilla and cranial insertion of the dorsal fin, which was constructed at a 7 cm interval to ensure that a vertex group was present at the site between these two recorded girth measurements. Although appendages are shown here, comparisons between the 3D model and truncated cones method estimates were made using the body core alone. Shown here is the left lateral view of the 3D model and underlying background image used to construct the 3D model.



3D Model Manipulation

The base model for the core body of pilot whales were scaled using individual morphometric measurements provided by stranding networks. The core body model was scaled using the length from the snout to fluke insertion (as described above for the truncated cones method calculations), and girth measurements provided for each individual, which permitted the model to be fit to, and thus represent the specific external morphology of, each whale in the sample (i.e., to account for morphological differences between individuals). To conserve the overall morphology of pilot whales represented by the 3D model, the model included more vertex groups than girth measurements recorded by stranding responders and the scaling factor of the nearest available girth measurement was used to scale vertex groups to either side (e.g., Figure 1; the girth measurement at position e was used to scale the region between points 1 and 2). As with the truncated cones method, the number of available girth measurements differed due to differences in protocols between stranding networks; thus, three to six girth measurements were used to scale each 3D model for individual pilot whales. All available girth measurements were used to scale the 3D model. SA and V were estimated using the 3D print toolbox in Blender for the core body.

Analyses

We used paired Wilcoxon signed rank tests to examine the difference between the SA and V estimates from the truncated cones method and 3D model. Analyses were separated by species and sex to account for potential species-specific morphological differences and sexual dimorphism (Woolson, 1998; Olson, 2009), resulting in a total of eight comparisons (3D model versus truncated cones for males and females of each species, respectively, for both SA and V). To compare differences in estimates of SA and V for different sections of the body, we partitioned the core body into four sections at the head (Section 1) (ending at the axillary pectoral flipper girth), cranial mid-body (Section 2) (caudal dorsal fin girth), caudal mid-body (Section 3) (anus), and tail stock (Section 4) (fluke insertion). We used a paired Wilcoxon signed rank test to compare estimates produced using the 3D model and truncated cones models in each region (Figure 4). In addition, we examined differences in results produced by the 3D model and truncated cones methods when different numbers of girth measurements were used as inputs by calculating SA and V for each method using three, five, and six girth measurements. For simplicity, we restricted analyses comparing body sections and effects of the number of girth measurements to female short-finned pilot whales in which all six girth measurements were recorded and all necessary length measurements were included since this group had the largest sample size (n = 10). For calculations using three measurements, we used girths at the axillary pectoral flipper insertion, cranial dorsal fin insertion, and anus to estimate SA and V; for calculations using five measurements, we used girths at the eye, axillary pectoral flipper insertion, cranial dorsal fin insertion, anus, and mid-caudal keel. These girths were selected because they represented the number of measurements taken by different stranding responders (described above). Kruskal–Wallis tests (McKnight and Najab, 2010) were performed to compare SA and V estimates generated using three, five and six girths, respectively, for both truncated cones estimates and 3D model estimates. Paired Wilcoxon signed rank tests were used to examine the difference between the SA and V estimates for the truncated cones and 3D model estimates for each model simulation (i.e., 3D model calculated with three girths vs. truncated cones calculated with three girths). A p-Value of 0.05 was used to determine significance for all tests.
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FIGURE 4. Comparison of mean surface area (SA) and volume (V) estimates, with standard error (SE) made using the 3D model (3DM) and truncated cones (TC) method for each section of the core body for mature female short-finned pilot whales (Globicephala macrorhynchus), n = 10. Girth measurements were taken at both dotted and solid lines, and solid lines delineate each section being compared. Cross-sections from the 3DM are shown at the midway point for each section. Although appendages from the 3DM are shown here for illustration purposes to help indicate the orientation of the whale, they were not included in SA and V estimates to compare the two models. P-values are shown for paired Wilcoxon tests comparing estimates of SA or V for each body section calculated from the truncated cones method and the 3D model.



RESULTS

The 3D model better represented the external morphology of pilot whales, particularly in the tail stock region, because it was based upon high-quality digital images of individuals that reflected pilot whale body shape. When examining differences in SA and V estimates across the four sections of the core body, we found significant differences between the truncated cones and 3D model methods in all sections other than for V in section 3 (Figure 4). The truncated cones method overestimated SA in sections 1, 2, and 4 and V in all sections when compared to the 3D model method (Figure 4). In section 3 the truncated cones method yielded a significantly lower SA than did the 3D model, but there was no difference in V between the methods (Figure 4).

When the entire body core was evaluated as a whole (i.e., all sections summed), the truncated cones method resulted in significantly higher SA and V estimates than those produced from the 3D model for both male and female long-finned pilot whales and both male and female short-finned pilot whales (Figure 5). Within species, there was a greater difference between estimates from the 3D model method and truncated cones method for males, the larger of the two sexes, and, the difference between estimates produced by these two methods was greater in both sexes of long-finned pilot whales than in short-finned pilot whales (Supplementary Figure 1).
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FIGURE 5. Paired estimates of surface area and volume produced using the 3D model (3DM) and truncated cones (TC) methods. (A) mature male and panel (B) mature female short- and long-finned pilot whales (Globicephala macrorhynchus and G. melas, respectively). Dot plots show estimates from individual whales produced using these two methods, while box plots show the median value (represented by the horizontal line) and 50% of the values around the median (represented by the shaded box). The whiskers on the boxplots represent the upper and lower 25% of values. One asterisk indicates significance at the 0.05 level, two asterisks indicate significance at the 0.01 level, and three asterisks indicate significance at the 0.001 level using paired Wilcoxon tests to compare estimates produced using the 3D model and truncated cones method.



Surface area estimates produced using the truncated cones method differed depending on whether three, five, or six girth measurements were used, with borderline significance (Figure 6). Estimates of SA from the truncated cones method produced using only three girth measurements were higher than those produced using five or six girth measurements. Similar trends were observed for V estimates produced using the truncated cones method. Estimates of SA and V produced by the 3D model remained fairly consistent regardless of the number of girth measurement inputs, with no significant difference between estimates produced using three, five, or six girths (Figure 6). We found significant differences between estimates of SA and V produced by the 3D model and truncated cones methods when three, five, and six girth measurements were evaluated. Differences between estimates of SA produced by the 3D model and truncated cones methods were also significant when three, five, and six girths were used (Figure 6). In all cases, estimates of both SA and V were higher for the truncated cones method than for the 3D model.
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FIGURE 6. Comparison of 3D model and truncated cones method estimates of surface area and volume for mature female short-finned pilot whales (Globicephala macrorhynchus) using three, five and six girth measurements as inputs into each model. The median value is represented by the horizontal line, while 50% of the values around the median are represented by the shaded box. The whiskers represent the upper and lower 25% of values. One asterisk indicates significance at the 0.05 level, and two asterisks indicates significant at the 0.01 level using paired Wilcoxon tests to compare estimates produced using the 3D model and truncated cones method. The gray bar and hollow circle indicate Kruskal–Wallis test results for estimates of surface area made using three, five, and six girth measurements for the truncated cones method (p = 6.49 × 10-2).



DISCUSSION

3D modeling techniques offer the possibility to reconstruct biologically accurate representations of animals that can be used in a variety of applications. For example, 3D models have been used to improve our understanding of biology, particularly in the fields of animal development, functional morphology, and medical modeling of diseases such as cancer (Witmer et al., 2008; Nyga et al., 2011; Thote et al., 2013). Technological advances have greatly increased our ability to analyze and visualize 3D models, and the development of user-friendly, open source software affords the opportunity to use these tools to address a wide range of biological questions. This study demonstrated the utility of a 3D model in providing realistic representations of cetacean external morphology that can be scaled and modified based on measurements of individual animals. This approach could be applied to studies of animal physiology, biomechanics, and thermal ecology, and is particularly useful for studies of species such as marine mammals for which morphological measurements are difficult to obtain.

We used 3D models to examine variability in SA and V of individual pilot whales and compared results from the 3D model to those produced using a previous approach known as the truncated cones method. Our results suggested that the 3D model provided a more realistic representation of pilot whale external morphology when compared to the truncated cones method, particularly in the tail stock region where the truncated cones method failed to account for its sharp elliptical cross-sectional shape, yielding anomalously high SA and V values. Further, since regions overestimated by the truncated cones method are larger in animals with greater total length within species, the overestimation of SA and V in the truncated cones increases with animal size. This is likely because larger pilot whales have a larger tail stock region, therefore, a larger region of the body is poorly represented by the truncated cones method (mean peduncle length for male long-finned pilot whales and male short-finned pilot whales was 225 and 169 cm, respectively, and mean peduncle length for female long-finned pilot whales and female short-finned pilot was 158 and 117 cm, respectively). The difference in estimates was greater for long-finned pilot whales of both sexes than short-finned pilot whales (despite female long-finned pilot whales being smaller in total length than male long-finned pilot whales; Supplementary Figure 1), which was likely because long-finned pilot whales had fewer girth measurements available. The 3D model method was more robust than the truncated cones method when using fewer girth measurements, therefore, the truncated cones method greatly overestimated values for long-finned pilot whales. Our findings suggest that previous studies using the truncated cones method may have overestimated values such as SA and V, or may have inaccurately compared SA and V of large versus small species, due to the increasing discrepancy in truncated cones and 3D model estimates with size.

Accurately estimating SA and V has implications for better understanding the functional morphology and biology of cetaceans. For example, SA is important when estimating heat loss across the integument of marine mammals and is used to calculate the lower critical temperatures of marine mammals to examine viable thermal habitat (e.g., Worthy and Edwards, 1990; Watts et al., 1993; Kvadsheim et al., 1997; Dunkin et al., 2005). Further, SA is used to assess the hydrodynamic drag forces that act on cetaceans and influence swimming, movement, and foraging in the ocean (e.g., Feldkamp, 1987; Fish, 1998; Williams, 1999; Goldbogen et al., 2010). The results of this study suggest that using estimates of SA based upon the truncated cones method might overestimate heat loss and drag forces experienced by cetaceans. Accurately estimating SA could improve our knowledge of how marine mammal bodies have evolved to minimize drag forces during locomotion. Most cetaceans have highly streamlined body shapes that are not likely to be well represented by a series of cones and cylinders. It is perhaps not surprising that the largest differences in SA and V estimated between the two methods are the regions of the body that are least like a cone or cylinder in shape- the head and the highly streamlined tail stock.

Our results indicate that estimates of V for pilot whales were also significantly higher using the truncated cones method than the 3D model. It is likely that because the 3D method yields a more faithful representation of the external morphology, that it also provides a more accurate estimate of V. V relative to an animal’s total body length (V/TBL), referred to as the volumetric coefficient, has been used as a metric of animal “stockiness” and is a metric of the hydrodynamic design and swimming efficiency of animals (Bose et al., 1990; Woodward et al., 2006). V is also used to generate estimates of cetacean mass, an important biological factor (Castellini and Calkins, 1993; Field et al., 2002) that is historically difficult to measure directly in cetaceans due to their extremely large size. Mass is a critical factor in understanding the diving physiology of marine mammals, as metabolic rate, and onboard oxygen stores, scale with mass (Kooyman et al., 1981; Noren and Williams, 2000; Croll et al., 2001; Velten et al., 2013). In a rehabilitation and rescue setting for marine mammals, accurate calculations of mass are critical, and methods to rapidly estimate this metric could reduce handling time (Shero et al., 2014). Drug administration, for purposes such as anesthetics and euthanasia, depends on accurate estimates of mass for proper dosing. By providing more realistic depictions of cetacean external morphology, 3D models can be used to provide more accurate estimates of V, and thus mass, with relatively few morphometric measurements and increased accuracy for larger animals.

The 3D modeling approach that we present here produced consistent estimates of SA and V when the number of measurements used as inputs was varied. Cetaceans are large, highly mobile animals that spend the majority of their life underwater and are therefore inherently difficult to study (Mann, 1999; Hunt et al., 2013), resulting in limited data for studies of morphology. The morphometric data provided by stranding networks is crucial to studies examining the morphology of marine mammals, but it is not always feasible to take a large number of detailed measurements during stranding events. Our results suggest that by developing a generic model of external morphology that can be modified based on individual data, the 3D modeling approach can accurately represent pilot whale morphology (SA and V) with a limited number of girth measurements that could be standardized across stranding response organizations. Conversely, the precision of the truncated cones method decreased when fewer girth measurements were used since more sections of the whale are modeled as large cylinders, leading to unusually large SA and V estimates. Our findings suggest that a larger number of measurements would be necessary for the truncated cones method to accurately estimate SA and V, particularly for large animals.

Visual assessment of the 3D model demonstrated that it better accounted for the external morphology of pilot whales when compared to the truncated cones method (Figure 4). However, we were unable to validate 3D model output relative to actual measurements of SA and V. Independent estimates of SA are traditionally conducted by removing the skin and measuring its area using a planimeter (Worthy and Edwards, 1990). These data are not routinely collected by any stranding program, and also do not account for the shrinkage of skin when removed from the body (Worthy and Edwards, 1990) and were not available for the animals in this analysis. Alternatively, V could be computed using the animal’s known mass and density. This was not possible with our dataset as there were few measurements of mass available for stranded animals (n = 4) and there were no density estimates available. Additional validation of the 3D model produced in this study would be useful when there are sufficient data to allow for such comparisons with measurements of SA and V. Further, validation of this 3D modeling technique for immature and juvenile individuals should be carried out, since the external morphology changes across ontogeny. Although the 3D model used here appeared to better represent the external morphology of smaller mature individuals, it is unclear if this remains true for young individuals that are experiencing rapid growth.

The 3D modeling techniques used in this study could be used in a variety of other applications that require accurate estimates of morphological metrics. For example, unmanned aerial vehicles (UAVs) are increasingly being used to obtain high-quality aerial photographs of cetaceans, and images from UAVs will facilitate the construction of 3D models of large whales, which can be used for a range of applications. Width and total length measurements from UAVs have been used to estimate body condition of whales using metrics such as width per body length, dorsal surface area, and body area index (calculated using dorsal surface area and a parabolic model of the edge of the whale body) (Durban et al., 2015; Christiansen et al., 2016, Burnett et al., 2018). Incorporating width and total length measurements from UAVs into 3D models could be used to generate more comprehensive estimates of body condition such as total body volume, surface area, and mass (given that approximate body density is known). This approach would provide a valuable tool for examining population health as a relatively small number of measurements from UAVs would be needed to model the external morphology metrics of body condition for a large number of animals.

The 3D modeling method introduced here could also be used in 3D morphological representations for studies in hydrodynamics and swimming performance of cetaceans. Previous research exploring the hydrodynamic performance of cetaceans has employed advanced medical imaging, such as computer tomography (CT) scans, to reconstruct morphological features (Fish et al., 2007; Cooper et al., 2008). However, obtaining CT scans of cetaceans is timely and expensive, and can realistically only be done for few individuals. The 3D model method described in this study is cost effective and allows for the visual representation of external morphology for numerous individuals, potentially increasing the sample size of these studies. The Blender 3D modeling method presented here also allows for cross-sectional examination of morphological features, which is a crucial tool when understanding the hydrodynamic performance of cetaceans in water (Fish et al., 2007).

Results of this study demonstrate that 3D models can provide realistic depictions of animal body shape and can be used to provide more accurate estimates of morphological metrics than traditional means of modeling external morphology. We conclude that by providing accurate representations of animal morphology, 3D models can provide valuable research tools for investigating factors such as thermal ecology, biomechanics and individual growth, body condition and body mass.
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