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Abstract 1993), which is based on the principle that spatial 
relationships between anatomical landmarks rep-

Growth-related morphological changes in the resent homologous biological structures, has revo-
skulls of an ontogenetic series of 11 North Pacific lutionized the study of biological shape variation 
common minke whales (Balaenoptera acuto- (Van der Niet et al., 2010). The main advantage of 
rostrata) were investigated using a three-dimen- GM over traditional multivariate morphometrics is 
sional (3D) surface laser scanner. Landmark that the geometric relationships among the struc-
coordinate measurements were taken at 30 points tures are also quantified, allowing powerful inter-
on the skull to extract individual allometric equa- pretation and visualization of the results (Rohlf & 
tions relating the length and zygomatic width of Marcus, 1993; Adams et al., 2004). The number 
the skull. Comparisons were made with estimates of studies applying this method has increased 
of the surface areas of various skull components. exponentially during the past few decades (Adams 
The results revealed that the anatomical compo- et al., 2004), and GM is now frequently used in 
nents involved in feeding (i.e., rostrum) increased specimen-based research in zoology, archaeology, 
in size relative to skull length. In contrast, sensory and paleontology (e.g., Lawing & Polly, 2010; 
organs and the anatomical regions involved in neu- Sholts et al., 2011).
rological function (i.e., orbit, tympanic bullae, and In the last decade, the number of studies using 
foramen magnum) were fully developed at birth, measurements obtained from 2D and 3D images 
and their relative size decreased over the course has also increased (e.g., Loy & Slice, 2010; Sholts 
of development. Geometric morphometric studies et al., 2011). At present, 3D digital models of 
such as the one described herein benefit from the specimens for morphometric analysis are relatively 
capture of 3D images of specimens, making the inexpensive and easy to acquire. These models can 
process of sample acquisition faster, less expen- be successfully obtained using CT and MRI scan-
sive, and more readily available to researchers. ners for imaging internal structures or using opti-

cal surface scanners to capture digital models of the 
Key Words: geometric morphometrics, 2D and external surfaces of specimens (Sholts et al., 2011). 
3D images, allometry, minke whale, Balaenoptera It is also possible to obtain 3D models from 2D 
acutorostrata images in a technique known as photogrammetry. 

In photogrammetry, it is important to use a digi-
Introduction tal camera with high resolution, and image noise, 

shadows, and the reflective surfaces of the object 
Morphology is a key to understanding the diver- need to be taken into account. Bone surfaces are 
sity and evolutionary history of life, as well as often very reflective, which may impede visual-
the physical and biological interactions of spe- ization of important features such as skull sutures 
cies. The origin and functional consequences of and may distort portions of the skull. The process 
variation in the shape of biological organisms involves taking a series of photographs of an object 
has intrigued biologists for centuries (Thompson, from different angles to generate a 3D computa-
1917). The description and analysis of shape dif- tional model by comparing key landmark features 
ferences has been traditionally done using multi- among photographs (Mallison & Wings, 2014).
variate techniques based on measured distances Approaches to GM data collection continue to 
(Blackith & Reyment, 1971). The development of advance rapidly. Today, 3D laser surface scanners 
geometric morphometrics (GM) (Rohlf & Marcus, are becoming increasingly common. In many ways, 
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existing coordinate-based geometric morphometric of relative skull growth in this species. In this 
methods are not easily extendable to 3D data. This study, 3D laser scanning was also employed to esti-
is because of difficulties in mapping coordinates mate the area of the various functional components 
onto surfaces so that they are in homologous posi- of the minke whale skull. Results were compared 
tions (Lawing & Polly, 2010). Three-dimensional with those from a similar study (Nakamura & Kato, 
scanners create a point cloud on the surface of the 2014) that differed in the manual acquisition of 2D 
subject, often by triangulation. measures rather than 3D skull measurements.

A number of studies have described and evalu-
ated methods for the 3D recording of specimens Methods
housed in museum collections (Sholts et al., 2011; 
Mathys et al., 2013). Three-dimensional scan- Data were collected from the skulls of the common 
ners share several traits with cameras, including minke whale using a desktop 3D laser surface scan-
a cone-shaped field of view, and they can only ner and the software Scan Studio HD (NextEngine, 
collect information about surfaces that are not Santa Monica, CA, USA). The examined speci-
obscured. While a camera collects color informa- mens are housed in the following institutions in 
tion, a 3D scanner also collects distance informa- California: San Diego Natural History Museum 
tion (Bernardini & Rushmeier, 2002). (SDNHM), Natural History Museum of Los Angeles 

For most museum specimens, a single scan County (LACM) in Los Angeles, Museum of 
will not produce a complete model of the subject. Vertebrate Zoology (MVZ) in Berkeley, California 
Multiple scans from many different directions Academy of Science (CAS) in San Francisco, The 
are usually required to obtain enough informa- Marine Mammal Center (TMMC) in Sausalito, and 
tion about a subject. These scans must be brought Humboldt State University (HSU) in Arcata.
into a common reference system in a process Growth was assessed by examining ontoge-
that is called alignment or registration, and then netic variation among skulls with a range of ages 
merged to create a complete model (Bernardini between calf, juvenile, and adult. The approxi-
& Rushmeier, 2002). With the availability of 3D mate age class of the skulls was established with 
scanners and recent technological advances, the reference to total body length following Walsh 
estimation of surface area measurements can be & Berta (2011). When the age class of the skulls 
done using software to select the region of interest could not be determined from body length, the rel-
in an image and calculate its area. ative age was determined based on various skull 

The main objective of this research is to exam- proportions of the specimens examined. Study 
ine an ontogenetic series of North Pacific common specimens included four males: Calves HSU 2670 
minke whales (Balaenoptera acutorostrata) using and LACM 72507, and Juveniles LACM 95388 
geometric morphometrics and multivariate allome- and MVZ 126873; five females: Juvenile TMMC 
try of 3D images of their skulls to elucidate patterns and Adults LACM 54808, HSU 7504, HSU 7503, 

Figure 1. Photos of minke whale (Balaenoptera acutorostrata) specimens to illustrate use of the 3D laser scanner and 
3D model obtained
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and CAS 23867; and one specimen of unknown using the software Geomagic Viewer (3D system; 
sex: Adult LACM 54573. Rock Hill, SC, USA). The surfaces obtained were 

The skulls were positioned on a raised horizon- then analyzed by linear regression and allometric 
tal plane to facilitate examiner mobility around analysis.
the specimen. The scanner was placed at an opti-
mal focal distance (between 43 to 56 cm) from Results
the skull, perpendicular to its horizontal plane. 
The scanner was gradually moved along the same Most of the components of the minke whale skull 
plane to obtain 3D images of the dorsal portion had a high degree of correlation with condylobasal 
of the skull. The ventral portion of the skull was length (CBL) (Table 2), except the nasal bones, 
scanned next, and images were aligned using Scan condyles, foramen magnum, and tympanic bullae. 
Studio HD software. The scanning technique and The nasal bones and condyles had a higher corre-
alignment process are shown in Figure 1. lation in width than in length with the other parts 

A total of 30 length, width, and height mea- of the skull. The foramen magnum and tympanic 
surements were obtained from each specimen bullae were not correlated with other components 
(Table 1; Figure 2) following Nakamura & Kato of the skull (Table 2).
(2014). Measurements of vomer length (VL) and Linear regression analyses suggested that 
minimum width of tympanic bulla (MWTB) were many components of the skull of B. acutorostrata 
not obtained and were excluded from analysis. showed linear growth during development from 

Principal Component Analysis (PCA) was used calf to adult stage (Figure 4), with the exception 
to extract the correlation matrix and to obtain the of nasal bones, condyles, palatine bones, foramen 
value of the eigenvectors in the allometric analy- magnum, ocular orbit, and tympanic bullae. The 
sis of the surfaces. Linear regression analysis nasal bones (NL, NWA, and NW½) and condyles 
was also performed to assess skull growth and to (OCsW, OCH, and OCW) showed a low rate of 
extract the allometric equation. growth and grew more in width than in length. 

Measurements of various skull components The palatine bones (PaL and PAWP) showed 
were also collected using 3D images to deter- more prominent growth in length and less in 
mine whether they increase in surface area during width. The foramen magnum (FMW and FMH) 
development (Figure 3). Measurements were taken increased slightly in width from calf to adult 

Table 1. Skull measurements and abbreviations used in this study

Measurement Abbreviation Measurement Abbreviation
1 Condylobasal length CBL 16 Foramen magnum width FMW
2 Maxilla length MaL 17 Foramen magnum height FMH
3 Premaxilla length PmL 18 Width of occipital condyles OCsW
4 Rostrum length RL 19 Occipital condyles height OCH
5 Rostrum width at the middle RW ½ 20 Occipital condyles width OCW
6 Rostrum width at the  

antorbital notch
RW 21 Tip of premaxilla to the posterior 

edge of the squamosal
TPm-PS

7 Skull width at the outer edge  
of posterior edge of maxilla

SWPMa 22 Tip of premaxilla to the posterior 
edge of the occipital bone

TPm-POB

8 Skull width at postorbital process  
of the frontal bone

SWPPF 24 Palatine length PaL

9 Zygomatic width of the skull ZW 25 Palatine width at posterior end PaWP
10 Greatest width of the occipital bone GWOB 26 Tympanic bulla length TBL
11 Length from the upper ridge 

of foramen magnum to  
superior part of the occipital bone

UFM-SPOB 27 Greatest width of tympanic bulla GWTB

12 Nasal length NL 29 Tympanic bulla height TBH
13 Nasal width at the anterior  

edge of the process
NWA 30 Skull height SH

14 Nasal width at the midpoint NW½ 31 Orbit height OH
15 Minimum width of the parietal bone MWP 32 Orbit width OW
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Figure 2. Skull measurements taken on B. acutorostrata (modified from Nakamura & Kato, 2014): (A) dorsal view, (B) nasal 
bones, (C) ventral view, (D) tympanic bulla, (E) lateral view, and (F) posterior view. 

Figure 3. Examples of skull surface area selections: (A) squamosal, zygomatic, and postglenoid complex; (B) palatine; and 
(C) maxilla. 

while remaining relatively unchanged in height. A The height of the skull (SH) also exhibited nega-
decrease in proportion with condylobasal length tive allometry. The length measurements of the 
(CBL) was observed. Orbit height (OH) showed ventral part of the skull (TPm-PS and TPm-POB) 
no signs of growth; rather, it had a similar size in showed isometric growth with condylobasal 
the three individuals where it was possible to mea- length. The width of the skull showed negative 
sure this dimension. The tympanic bullae (TBL, allometry for the measurements made on ZW 
GWTB, and MWTB) did not increase in size from and GWOB. SWMPa and SWPPF, instead, had 
the juvenile to adult stage. isometric coefficients. All the components of the 

Allometric analysis (Table 3) indicated the rostrum showed the highest allometric coeffi-
condylobasal length (CBL) of the skull exhib- cients observed regarding length measurements 
ited isometric allometry. This is in contrast to (MaL, PmL, and RL). Mid rostrum width (RW½) 
the allometry observed in the length of the ros- also had positive allometry, while the rostrum 
trum (RL) that was positive and the length of the width at the antorbital notch (RW) had nega-
occipital plate (UFM-SPOB) that was negative. tive allometry. The palatines showed isometry in 
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Table 2. Correlation coefficients (r) of measurement taken related to condylobasal length (CBL): r = correlation coefficient, 
r > 0 positive correlation, r < 0 negative correlation, and r = 1 linear correlation.

Correlation coefficients of measurements relative to condylobasal length (CBL)

Measurement site r

  2. Maxilla length (MaL) 0.993

  4. Rostrum length (RL) 0.996

  9. Zygomatic width (ZW) 0.983

10. Greatest width of the occipital bone (GWOB) 0.980

12. Nasal length (NL) 0.736

13. Nasal width at the anterior edge of the process (NWA) 0.900

15. Minimum width of the parietal bone (MWP) 0.900

16. Foramen magnum width (FMW) -0.334

17. Foramen magnum height (FMH) 0.394

18. Width of occipital condyles (OcSW) 0.938

19. Occipital condyles height (OCH) 0.795

20. Occipital condyles width (OCW) 0.932

26. Tympanic bulla length (TBL) -0.376

27. Greatest width of tympanic bulla (GWTB) -0.361

30. Skull height (SH) 0.983

Figure 4. Linear regressions of various skull measurements of minke whales
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Table 3. Relative growth coefficients and relative growth patterns of each part of the skull of minke whales: α = relative 
growth coefficient and lnβ = growth constant. The relative growth pattern was classified as “Positive” when the relative 
growth coefficient was significantly larger than 1, “Negative” when the coefficient was significantly smaller than 1, and 
“Isometric” when the coefficient did not differ significantly from 1.

Measurement α lnβ Relative growth pattern

  1. Condylobasal length (CBL) 1.03 1.62 Isometric
  2. Maxilla length (MaL) 1.06 0.53 Positive
  3. Premaxilla length (PmL) 1.07 0.50 Positive
  4. Rostrum length (RL) 1.11 0.34 Positive
  5. Rostrum width at the middle (RW½) 1.06 0.16 Positive
  6. Rostrum width at the antorbital notch (RW) 0.9 0.56 Negative
  7. Skull width at the outer edge of posterior edge of maxilla  
     (SWPMa)

0.97 0.55 Isometric

  8. Skull width at postorbital process of the frontal bone (SWPPF) 0.96 0.62 Isometric
  9. Zygomatic width of the skull (ZW) 0.94 0.71 Negative
10. Greatest width of the occipital bone (GWOB) 0.92 0.65 Negative
11. Length from the upper ridge of foramen magnum to superior  
      part of the occipital bone (UFM-SPOB)

0.78 0.77 Negative

12. Nasal length (NL) 0.59 0.63 Negative
13. Nasal width at the anterior edge of the process (NWA) 0.71 0.25 Negative
14. Nasal width at the midpoint (NW½) 0.87 0.08 Negative
15. Minimum width of the parietal bone (MWP) 0.73 0.49 Negative
16. Foramen magnum width (FMW) 0.05 6.15 Negative
17. Foramen magnum height (FMH) -0.25 14.23 Negative
18. Width of occipital condyles (OCsW) 0.42 2.16 Negative
19. Occipital condyles height (OCH) 0.32 2.12 Negative
20. Occipital condyles width (OCW) 0.70 0.22 Negative
21. Tip of premaxilla to the posterior edge of the squamosal  
      (TPm-PS)

0.97 1.21 Isometric

22. Tip of premaxilla to the posterior edge of the occipital bone 
      (TPm-POB)

0.97 1.20 Isometric

24. Palatine length (PaL) 1.03 0.20 Isometric
25. Palatine width at posterior end (PaWP) 0.66 0.93 Negative
26. Tympanic bulla length (TBL) 0.09 5.31 Negative
27. Greatest width of tympanic bulla (GWTB) 0.11 3.47 Negative
29. Tympanic bulla height (TBH) 0.06 3.44 Negative
30. Skull height (SH) 0.89 0.52 Negative
31. Orbit height (OH) 0.29 3.03 Negative
32. Orbit width (OW) 0.65 0.67 Negative

length and negative allometry in width. Negative Despite the negative allometry of the braincase, 
allometry was observed for nasal bones (NL, many of its components (occipital, palatines, pari-
NWA, and NW½), condyles (OCsW, OCH, and etal, and frontals) showed positive allometry. The 
OCW), foramen magnum (FMW and FMH), tym- frontal bones had the highest allometric coef-
panic bullae (TBL, GWTB, and MWTB), and the ficient between all components of the braincase. 
orbit (OH and OW). The foramen magnum, tym- The condyles had a negative allometric coeffi-
panic bullae, and orbit height showed the lowest cient, showing that growth of this surface area is 
allometric coefficients (Table 3). minimal. The squamosal, zygomatic, and postgle-

From the analysis of surfaces (Table 4), the ros- noid complex (ZSP) also had a negative allome-
trum showed the highest allometric coefficient. tric coefficient.
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Table 4. Relative growth patterns of each part of the skull of minke whales based on eigenvectors, where p is the number 
of measurements. The difference is the allometric coefficient: greater than 0 indicates positive allometry, 0 value indicates 
isometric growth, and less than 0 indicates negative allometry.

Measurement site Eigenvectors (1/p)^1/2 Difference Relative growth pattern

Maxilla top 0.309 0.289 0.02 Positive

Maxilla ventral 0.314 0.289 0.025 Positive

Maxilla total 0.313 0.289 0.024 Positive

Occipital 0.302 0.289 0.013 Positive

Palatine 0.304 0.289 0.015 Positive

Frontal 0.308 0.289 0.019 Positive

Condyl 0.124 0.289 -0.165 Negative

Parietal 0.301 0.289 0.012 Positive

ZSP 0.219 0.289 -0.07 Negative

Rostrum 0.314 0.289 0.025 Positive

Braincase 0.279 0.289 -0.01 Negative

Total surface 0.313 0.289 0.024 Positive

Discussion isometry of the condylobasal length (CBL) and 
negative allometry of the occipital length (UFM-

Previous studies on the morphology of mysticetes SPOB) and height of the skull (SH). Nakamura 
were primarily based on manual measurements & Kato, instead, observed negative allometry of 
(obtained using a tape or caliper) of various skel- CBL and positive allometry of UFM-SPOB and 
etal and skull components or on measurements SH. We noted negative allometry or isometry 
taken from photos or models obtained through for all the observations in width of the cranium 
the capture of 2D images. The precision and (SWPMa, SWPPF, ZW, and GWOB) and width 
repeatability of measurements collected in dif- of the rostrum (RW), which were reported as 
ferent studies using varied instruments is still an positive by Nakamura & Kato. The ventral length 
issue that deserves further attention (Sholts et al., from the tip of the premaxilla to the posterior 
2013). Using landmark analysis of 2D images of edge of the squamosal and to the occipital (TPm-
the dorsal surface of the skull, Hampe & Baszio PS and TPm-POB), and the palatine length (PaL) 
(2010) showed evidence of evolutionary changes were isometric with condylobasal length rather 
in the skull shape of extinct mysticetes (i.e., than positive. The length and width of the nasal 
Aetiocetidae) and extant balaenopterid mysticetes (NL and NWA) were negatively allometric in our 
(e.g., B. acutorostrata, Balaenoptera physalus, study rather than positively allometric and isomet-
and Megaptera novaeangliae). ric as observed by Nakamura & Kato. 

In the current study, many components of the The positive allometry of the components of 
minke whale skull that exhibited growth in size the rostrum indicates that the growth of the skull 
were correlated, except for the nasal bones, con- in B. acutorostrata is more prominent for the feed-
dyles, foramen magnum, and tympanic bullae. ing apparatus during development. All balaenop-
These are similar to some of the results obtained terids feed through engulfment of prey, a process 
by Nakamura & Kato (2014). In the latter study, that is energetically expensive (Lambertsen et al., 
the rostrum showed growth during develop- 1995). The size of the skull and jaws play a fun-
ment. The orbit, nasal bones, tympanic bullae, damental role in this process. Most Balaenoptera 
foramen magnum, occipital condyles, and other species have a proportionally large head relative 
regions that surround neural components showed to body size when compared to other mammals 
less growth during development. In the present (Goldbogen, 2010). Minke whales, however, are 
study, the growth of the tympanic bullae, foramen smaller in overall body length than other spe-
magnum, and orbit were near completion at birth. cies of Balaenoptera and have a relatively small 

Some of our results, however, differ from head. This small head may help to reduce drag and 
those of Nakamura & Kato (2014). We observed enhance locomotor performance when feeding. 
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Since minke whales prey on small fish (Folkow to databases of digital images of specimens would 
et al., 2000), a small head may be an advantage enhance their study, particularly for large speci-
for capturing small and therefore relatively more mens. It would also reduce costs of research (allow-
agile prey. This may explain why the length and ing access without travel) and potentially minimize 
width of the skull are isometric, despite the posi- damage to the collections (due to excessive speci-
tive allometry in the length of the rostrum that cre- men handling). For this, image data banks should 
ates a tapered head shape. meet some basic requirements, including standards 

The overall differences in skull growth for image recording, acquisition, storage, and analy-
observed in this study and in Nakamura & Kato sis of morphometric information. Future scientific 
(2014) could be attributed to various factors research would be potentially enhanced with the 
such as differences in specimen availability and basic capacity to search and download images (2D 
methods used. This study employed 3D imaging or 3D) of museum specimens that are otherwise dif-
instead of manual measurements or 2D images ficult to access and handle (Loy & Slice, 2010).
as has been more common in past studies. Future 
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