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Abstract 
Over evolutionary time, cetaceans (whales, dolphins, and porpoises) have accumulated 

many visual adaptations in response to life in an aquatic environment. However, many gaps 
remain to be filled in our knowledge of the form and function of cetacean eyes. Micro-computed 
tomography (micro-CT) is a high-resolution X-ray imaging method that is emerging as a 
powerful tool for studying morphology. Eyes are well-suited to this type of analysis because the 
components of the eye differ in density enough to be easily visualized by micro-CT. In the 
present study, eleven cetacean eyes representing three families and at least nine species were 
scanned, with morphological measurements taken from the rendered images. These data were 
combined with data from two previous studies (Lisney and Collin, 2019; Miller et al., 2013) in 
order to investigate how cetacean ocular morphology varies between clades, how the eye scales 
with body mass, and whether ocular morphology is affected by ecological variables such as dive 
depth. Cetaceans in general had proportionally smaller eyes than one would expect given their 
large body mass. Mysticetes (baleen whales) were found to have significantly thicker scleras 
(i.e., eye walls) and may have smaller lenses than odontocetes (toothed whales) relative to eye 
diameter. While the function of the thickened sclera remains unknown, odontocetes may have 
larger lenses to increase sensitivity while foraging at depth. Overall eye shape was found to 
correlate to maximum dive depth, with deeper-diving cetaceans having eyes that were flattened 
along the axial diameter. The functional purpose of this adaptation is unknown. These results 
point to interesting morphological differences between clades of cetaceans and begin to shed 
light on how ocular features have been shaped by ecological factors such as diving.
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Introduction 

Overview of cetaceans 

Cetaceans (whales, dolphins, and porpoises) are a clade of fully aquatic mammals within 

the order Artiodactyla (even-toed ungulates) (Montgelard et al., 1997; Zhou et al., 2011). Their 

terrestrial ancestors are thought to have shifted to an aquatic lifestyle some 50 million years ago 

(Rose, 2001). Over the course of evolutionary time, cetaceans have accumulated a variety of 

adaptations specific to life in an aquatic environment. Many of these adaptations are sensory in 

nature, due to the fact that sound, light, and other stimuli propagate differently in water than in 

air. Audition is one of the most well-studied sensory systems in cetaceans (Thomas et al., 2004; 

Jones, 2005; Au, 2012). Vision in cetaceans is less well-studied, despite a growing body of 

evidence demonstrating that vision plays an important role in cetacean behavior (Cronin et al., 

2017; Mobley and Helweg, 1990; Würsig et al., 1990).  

The aquatic environment poses several challenges to vision. Notably, suspended particles 

scatter light, and different wavelengths of light are absorbed at different rates. These two factors 

lead to rapid attenuation of light with depth, even in clear ocean waters (Jerlov, 1976). Given 

these challenges, it is expected that the eyes of cetaceans should differ from those of the 

terrestrial mammals from which they evolved (Mass and Supin, 2007).  

While certain aspects of cetacean vision are fairly well-studied, many knowledge gaps 

persist due to the difficulty of both obtaining high-quality tissue samples and of studying 

cetaceans in the wild. The extent of ocular variation across the cetacean clade comprises one 

such gap.  

Cetaceans are divided into two monophyletic suborders: Mysticeti (the baleen whales) 

and Odontoceti (the toothed whales) (McGowen et al., 2014; McGowen et al., 2009). These 
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suborders are thought to have diverged about 34 million years ago (Rose, 2001; McGowen et al., 

2009; Zhou et al., 2011); today, many ecological and behavioral differences exist between them. 

Mysticetes are generally much larger than odontocetes, and they lack teeth. They feed in bulk, 

straining water through their baleen plates to filter out zooplankton (Shirihai and Jarrett, 2006). 

Odontocetes, in contrast, have well-developed teeth that they use to catch fish, cephalopods, and 

other prey (Shirihai and Jarrett, 2006). Odontocetes also have the ability to echolocate (Thomas 

et al., 2004; Jones, 2005; Au, 2012). Mysticetes feed on creatures found at the surface, and are 

thought to rarely approach their physiological limits for diving (Noren and Williams, 2000). 

Some adaptations that are thought to prolong dive duration in odontocetes, such as a high 

concentration of oxygen-carrying myoglobin in the muscles, are not seen in mysticetes (Noren 

and Williams, 2000). By contrast, many odontocete species, such as the sperm whale (Physeter 

macrocephalus) and several species of beaked whale (e.g., Mesoplodon bidens, Mesoplodon 

densirostris, Mesoplodon europaeus, Ziphius cavirostris) can dive to well over a thousand 

meters below the surface (Baird et al., 2008; Gillespie et al., 2009; Schorr et al., 2014; Shirihai 

and Jarrett, 2006; Soto et al., 2006).  

The goal of the current research is to use micro-CT to better understand how eye 

morphology varies between cetacean clades, how the eye and its components scale with body 

size, and how eye morphology relates to ecological factors such as maximum dive depth.  

 

The cetacean eye 

Overview 

The general structure of the cetacean eye is fairly well-understood, as reviewed by Mass 

and Supin (2007). While the eyes of terrestrial mammals are typically spherical, cetacean eyes 
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are oblong; specifically, they are wider than they are long (Fig. 1; Mass and Supin, 2007). 

Characteristic features of the cetacean eye include a flattened, thickened cornea, a nearly 

spherical lens, and a very thick sclera (white of the eye) (Fig. 1; Mass and Supin, 2007). In the 

following sections, I will review the structure and function of some of the main elements of the 

cetacean eye, starting with the iris, cornea, and lens, moving on to the retina, and concluding 

with the sclera.  

 

Figure 1: Schematic presentation of eye anatomy and optics in the bottlenose dolphin. Co, 

cornea; L, lens; Ir, iris; O, operculum; S, sclera; Ch, choroids; R, retina; ON, optic nerve; OD, 

optic disc. Black arrows delimit a part of the eyecup that can be approximated by a spherical 

segment of approximately 150 degrees (Mass and Supin, 2007). 

 

Characteristics of the cetacean cornea, iris, and lens 

Optical refraction represents the change in direction of a ray of light (or other kind of 

wave) when passing from one medium to another. The refractive index of a given medium varies 

with the speed at which light travels through it. This change in velocity directly determines the 
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degree to which a ray of light is bent (refracted) upon passing from one medium to another, such 

as from air to water.  

In the camera eyes characteristic of vertebrates, light enters the eye through the cornea 

(Cronin et al., 2014). In terrestrial vertebrates, the refractive power of the cornea bends light rays 

so that they pass through the pupil (Cronin et al., 2014), the opening in the iris that lets light into 

the eye. The iris is a circular muscle which can change the size of the pupil in response to 

available light. After entering the eye, light passes through the lens, which focuses the light onto 

the retina.  

Because the refractive index of the cornea is similar to that of water, the cornea of marine 

mammals contributes little to refraction while underwater (Cronin et al., 2014; Lisney and 

Collin, 2019; Pardue et al., 1993; Thewissen and Nummela, 2008; Walls, 1942). As a result, the 

act of focusing an image onto the cetacean retina is performed almost entirely by the lens. 

Cetacean lenses have therefore evolved to a spherical or near-spherical shape and have much 

higher refractive power than their terrestrial counterparts (Cronin et al., 2014; Mass and Supin, 

2007; Thewissen and Nummela, 2008; Walls, 1942). The curvature of the lens in cetaceans has 

enough refractive power to focus an image onto the retina in water, despite the low refractive 

power of the cornea (Mass and Supin, 2007).  

Despite the fact that all modern species of cetaceans are entirely aquatic, they are bound 

by the need to breathe air. This has interesting implications for vision because it means that 

cetaceans may have to cope with different visual challenges presented by the light environments 

both above and below the water’s surface. Cetacean eyes are emmetropic (perfectly-focused) 

when submerged but should be myopic (near-sighted) above water due to the additional 

refraction contributed by the cornea once in the air (Supin et al., 2012). Behavioral experiments 
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on common bottlenose dolphins (Tursiops truncatus), however, have suggested that this species 

possesses good vision above water (Herman et al., 1975; Herman, 1990). The cetacean cornea 

has flattened regions of low curvature which reduce its refractive power and may help counteract 

myopia above water (Dawson et al., 1987). Since cetacean lenses have areas with varying 

refractive indices (Matthiessen, 1882; Cronin et al., 2014), another hypothesis proposes that 

cetaceans use different parts of their lenses for vision in water compared to air (Rivamonte, 

1976; Rivamonte, 2009). 

Another adaptation that could support good vision both under- and above water in 

cetaceans is their ability to constrict the pupil in response to light level. The upper part of the 

cetacean iris has a protuberance called the operculum, also found in skates, rays, some fish, and 

the rock hyrax, a terrestrial mammal (Murphy and Howland, 1990). In low-light environments, 

such as during diving, the operculum is raised so that the pupil is spherical, letting in as much 

light as possible. In high-light environments, such as when the cetacean is above water, the 

operculum is lowered, creating a U-shaped slit. This slit can be almost fully closed, leaving only 

two small holes in the temporal and nasal regions of the iris to let in light (Fig. 2; Mass and 

Supin, 2007; Mass et al., 2013).  
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Figure 2: Shape of the pupil in the bottlenose dolphin at various levels of illumination. Low 

illumination, nonconstricted oval pupil (A); moderate illumination, partially constricted U-

shaped pupil (B); high illumination, strongly constricted pupil reduced to two pinholes (C) (Mass 

and Supin, 2007). 

 

Characteristics of the cetacean retina 

The retina is a tissue layer at the back of the eye that contains photoreceptor (light-

sensitive) cells. After the retina receives light focused by the lens, the resulting visual 

information is transmitted to the brain as electrical impulses. Vertebrate retinas contain two kinds 

of photoreceptors, rods and cones. Rods are specialized for low-resolution, monochromatic 

vision in dim light, while cones are specialized for high-resolution, polychromatic vision in 

bright light (Cronin et al., 2014).  

Cetacean retinas possess many rod photoreceptors (Schweikert et al., 2016; Walls, 1942) 

and few cone photoreceptors (Peichl et al., 2001; Schweikert et al., 2016). Most terrestrial 

mammals are cone dichromats, with retinas containing two cone types – short-wave-sensitive S-

cones (commonly blue light) and middle-to-long-wave-sensitive (commonly green light) L-

cones. Only L-cones are found in cetacean retinas, however, implying that cetacean vision is 

likely monochromatic (Meredith et al., 2013). This S-cone deletion is also found in several 

species of pinnipeds (seals, sea lions, and walruses), another significantly aquatic clade (Peichl, 

2005). The adaptive value of this characteristic – or whether this characteristic is adaptive at all – 

is not well understood. The fact that nocturnal terrestrial mammals retain both S- and L-cones 

suggests that S-cone deletion is not an adaptation to low light levels, as was originally thought 

(Peichl et al., 2001). S-cone deletion seems puzzling because S-cones are better tuned than L-
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cones to the wavelengths of light that penetrate deepest in the ocean. Hypotheses to explain the 

loss of a cone type in cetaceans include the possibility that it frees cortical capacities for other 

sensory abilities (Peichl, 2005), or that it reduces the confounding effects of chromatic aberration 

at depth, thus simplifying the image that is cast onto the retina (Newman and Robinson, 2005). It 

may also be that the loss of S-cones is due to genetic drift and is neither adaptive nor 

maladaptive (Meredith et al., 2013). 

Another characteristic feature of the cetacean retina is the presence of ‘giant’ ganglion 

cells. Retinal ganglion cells receive visual information from the photoreceptor cells and transmit 

it to the brain via the optic nerve. In terrestrial mammals, retinal ganglion cells would be 

considered giant if the cell size reached 15 to 35 µm in diameter – in cetaceans, giant retinal 

ganglion cells can reach 50 to 80 µm or more in diameter (Kastelein et al., 1990; Mass and 

Supin, 2007; Murayama et al., 1992). Terrestrial mammals typically have one area of high retinal 

ganglion cell density, but almost all cetacean species have two, one in the temporal and one in 

the nasal regions of the retina (Fig 3; Mass and Supin, 2007; Miller et al., 2013; Murayama et al., 

1992). Areas of high ganglion cell density suggest areas of high retinal resolution. Having two 

areas of high density might contribute to cetaceans’ ability to see well both above and below 

water. Notably, in high-light environments when the operculum is closed, the two small holes 

left open in the temporal and nasal regions of the iris sit immediately in front of the two areas of 

high resolution (Mass and Supin, 2007).  
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Figure 3: Topographic distribution of ganglion cell density in the retina of the bottlenose 

dolphin. Cell density is expressed as number of cells per mm2 and is shown by various 

shadowing, according to the scales. Concentric circles show angular coordinates on a retinal 

hemisphere centered on the lens. D, V, N, T, dorsal, ventral, nasal, and temporal poles of the 

retina, respectively (Mass and Supin, 2007). 

 

Characteristics of the cetacean sclera 

The sclera is the white of the eye and forms a supportive wall around the eyeball. One of 

the most distinctive features of cetacean eyes is their highly thickened sclera. The scleras of other 

orders of marine mammal such as sirenians (manatees and dugongs) and pinnipeds are not as 

thick as those of cetaceans (Pardue et al., 1993; Mass and Supin, 2007). The function of a highly 

thickened sclera remains unknown, though several hypotheses have been proposed. These 

include that the sclera protects the eye from deforming pressure caused by fast swimming 

(Kastelein et al., 1990); that it protects the eye from heat loss in the aquatic environment (Mass 

and Supin, 2007; Walls, 1942); and that it provides a basis of attachment for the large retractor 
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muscles found in cetaceans, thereby protecting the eye from harmful deformation by those 

muscles (Bjerager et al., 2003). This last hypothesis seems to be one of the most convincing. 

Cetaceans lack or have poorly-developed ciliary muscles, the muscles employed by terrestrial 

mammals to change the curvature of the lens in order to focus on objects at varying distances 

(Bjerager et al., 2003; West et al., 1991). It is hypothesized that cetaceans, in contrast, focus on 

objects by protruding and retracting their entire eyes using their retractor muscles (Mass and 

Supin, 2007; Supin et al., 2012). The fact that the sclera is thickest posteriorly suggests this 

thickening could indeed be an adaptation to withstand deforming forces applied from behind the 

eye such as those caused by the action of these muscles (Bjerager et al., 2003). 

 

Current research 

Many scientists studying cetacean vision have only had access to samples or data from a 

limited number of species. The large majority of cetacean visual research has been done using 

Tursiops truncatus, the common bottlenose dolphin, due to the relative ease of studying this 

species in captivity. Other cetacean species present greater difficulties to in-depth study because 

they are difficult both to maintain in captivity and to locate and study in the wild. Good-quality 

tissue samples are limited because they are often collected from stranded animals in which the 

tissues have already degraded significantly. As a result, data on how ocular features vary at the 

level of cetacean species, families, and suborders is sparse. It is also unknown how eye structure 

and function might relate to ecological factors like diving. 

In addition to the difficulty of obtaining suitable samples, studying soft tissues in 

preserved specimens in a nondestructive and relatively inexpensive way has historically been 

difficult (Metscher, 2009). Micro-computed tomography (micro-CT) is the oldest tomographic 
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imaging method and has a long history of use in clinical settings (Metscher, 2009). Micro-CT 

uses x-rays to generate cross-sections of an object from many different angles, which are then 

assembled to reconstruct a three-dimensional model of the object. Thanks to the increasing 

sophistication and availability of software to view, analyze, and manipulate three-dimensional 

images, micro-CT has found increasing success in applications outside of clinical research, such 

as in the study of morphology (Metscher, 2009; Gignac and Kley, 2014).  

Micro-CT is an established technology for studying the morphology of dense tissues and 

artifacts (Neues and Epple, 2008). In cetacean research, micro-CT has been used to study bones 

(Fahlke et al., 2011), teeth (Kiel et al., 2013), and fossils (Collareta et al., 2015). Soft tissue is 

harder to study using micro-CT due to the naturally low x-ray contrast of non-mineralized tissues 

(Metscher, 2009; Gignac and Kley, 2014). The components of the eye, however, such as the lens 

and the surrounding fluid chamber, differ sufficiently in contrast to be easily identified within 

micro-CT scans.  

Traditionally, cetacean ocular morphology has been studied by dissection, rendering the 

tissue specimens unsuitable for future study. Micro-CT, in contrast, is nondestructive and can 

therefore leave already rare tissue specimens like cetacean eyes intact for future research.  

The goal of the present study is to answer the following research questions while 

establishing the efficacy of micro-CT as a method to study ocular morphology: 

1. Does eye morphology differ between cetacean families? Does eye morphology differ 

between odontocetes and mysticetes? 

2. What is the scaling relationship between eye size and body size for cetaceans, and 

how does it relate to that of other mammals? How do morphological features of the 

eye scale with increasing body size? 
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3. Does eye morphology relate to diving ecology (e.g., to the maximum dive depth 

characteristic of each species)? 

Increasing our knowledge of cetacean ocular morphology is important from an 

evolutionary standpoint because it will help us understand more about the pressures that have 

operated on the visual systems of these remarkable mammals. The findings of this work may also 

help marine mammal veterinarians and ophthalmologists provide better care for animals in 

captivity and in the field. Finally, knowing more about how cetaceans see the world is important 

from a conservation standpoint. Entanglement with fishing gear is currently a major source of 

mortality in this clade (Read et al., 2006), and cetaceans may rely at least partly on vision in 

order to avoid this anthropogenic source of mortality. 

 

Methods 

Identity of specimens 

Eleven cetacean eyes were acquired from the Smithsonian National Museum of Natural 

History Division of Mammals Collection. Two of these eyes were from mysticete species and 

nine were from odontocete species (Table 1). These eyes were primarily collected from stranded 

mammals, but most were of useable quality for the present research.  

 

Table 1: Specimen identity. Suborder, family, genus and species, common name, sex, date of 

collection, and place of collection, if known, for specimens used in this study.  

Suborder Family Species Common 
name 

Specimen 
sex 

Date 
collected 

Place 
collected 

Mysticeti Balaenopteridae Balaenoptera 
physalus 

Fin whale    
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Mysticeti Balaenopteridae      

Odontoceti Delphinidae Globicephala 
macrorhynchus 

Short-finned 
pilot whale 

F 15 Jan 
2005 

Dare, NC, 
USA 

Odontoceti Delphinidae Grampus 
griseus 

Risso’s 
dolphin 

F 12 Oct 
2010 

Accomack, 
VA, USA 

Odontoceti Delphinidae Stenella 
longirostris 

Spinner 
dolphin 

M 9 Dec 
1976 

Currituck, 
NC, USA 

Odontoceti Delphinidae Tursiops 
truncatus 

Bottlenose 
dolphin 

   

Odontoceti Ziphiidae Hyperoodon sp.  F 17 Sep 
2008 

Iceland 

Odontoceti Ziphiidae Mesoplodon 
bidens 

Sowerby’s 
beaked whale 

   

Odontoceti Ziphiidae Mesoplodon 
densirostris 

Blainville’s 
beaked whale 

M 3 Jan 
1973 

Ocean, NJ, 
USA 

Odontoceti Ziphiidae Mesoplodon 
europaeus 

Gervais’ 
beaked whale 

F 24 May 
1977 

Brunswick, 
NC, USA 

Odontoceti       

 

Specimen preparation 

The specimens were originally fixed in formalin. Prior to being scanned, they were kept 

in glass jars at room temperature in a 70% ethanol solution. In preparation for scanning, I 

constructed an apparatus to hold the eyes in a stable position when on the revolving micro-CT 

plate (Fig. 4). The ethanol in the bottom of the jar helped counteract specimen desiccation. A 

paper towel moistened with ethanol was also placed beneath the specimen in the funnel, and the 

top of the funnel was covered with flexible film. The eyes were oriented with the cornea facing 

downwards.  
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Figure 4: Apparatus used to keep eye specimens stable and combat desiccation while inside 

the micro-CT machine.  

 

Micro-CT measurements and evaluations 

The eyes were imaged using an XTH 225 ST micro-CT scanner (Nikon, Melville, NY) in 

the Duke University Shared Materials Instrumentation Facility. Scans were performed at 80 to 

120 kV and 105 to 140 μa, depending on the size of each eye. Scans were taken with 2500 

projections at two frames per average. No filter was used.  

ImageJ software was used to evaluate the quality of the completed scans and determine 

whether the specimen had shifted position or dried out during the scanning process. If the scans 

indicated any changes to the specimen through the duration of the scan, a second scan was 

performed.  
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Avizo software (Waltham, MA) was used to convert the image stacks from ImageJ into 

three-dimensional projects. The three-dimensional rendered images were digitally sliced along 

the X and Y axes (Fig. 5). Morphological measurements taken along the X axis slice included 

eye axial diameter (AD) (from the front of the cornea to the back of the retina), eye horizontal 

diameter (HD) (across the eye at its thickest point), eyecup depth (from the back of the cornea to 

the front of the retina), lens AD, lens HD, and maximum scleral thickness (maximum scleral 

thickness was found at the back of the eye, adjacent to the optic nerve). Measurements taken 

along the Y axis slice included eye vertical diameter (VD) and lens VD. The X and Y slices were 

generated twice, independently, for each eye to better establish robust measurements. 

Measurements were then averaged and rounded to the nearest hundredth of a millimeter. 

Focal length (from the middle of the lens to the retina) could not be measured reliably 

from the micro-CT scans since the lens had shifted from its original position within the eye in 

many samples. Focal length was approximated by subtracting half the lens AD from the eyecup 

depth.  
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Figure 5: Generation of X and Y slices used for measurement. Schematic showing the X and 

Y slices of the three-dimensional scan images from which morphological measurements were 

taken. For simplicity, morphological features like the retina and sclera have been omitted from 

this schematic.  

 

Corneal HD and corneal VD were measured by hand with a ruler. The eye specimens 

themselves were used rather than the three-dimensional images because the tissue differentiation 

was easier to discern on the physical eyes than on the micro-CT scans. Measurements were 

rounded to the nearest millimeter.  

The specimen sample size from this research (n = 11) was too small to perform effective 

statistical analyses. Therefore, data from two other studies of cetacean ocular morphology that 
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employed some of the same measurements used here (Table 5; Lisney and Collin, 2019; Miller et 

al., 2013) were combined with data from this study in order to increase the breadth and strength 

of the analyses. Both previous studies analyzed cetacean ocular morphology via dissection.  

To analyze morphological characteristics while correcting for overall size differences 

between eye specimens, morphological measurements taken from the same specimen were 

transformed into ratios. For example, the maximum scleral thickness was divided by the eye AD 

in order to find the proportional thickness of the sclera relative to eye diameter. All ratios used 

are listed in Table 2. Ratios were rounded to the nearest hundredth of a millimeter.  

 

Table 2: Ratios used to analyze the relative size and shape of different morphological 

features of the cetacean eye. These calculations were performed both on data from the current 

study and, where possible, data from Lisney and Collin (2019) and Miller and others (2013).  

Proportion Reason 

maximum scleral thickness/eye AD Measures the relative thickness of the sclera.  

eye VD/eye HD, eye AD/eye HD Measures the shape of the eye. 

lens VD/lens HD Measures the shape of the lens. 

lens AD/eyecup depth Measures the relative depth of the lens.  

corneal HD/eye HD Measures the relative size of the cornea on the horizontal 
axis. 

corneal VD/eye VD Measures the relative size of the cornea on the vertical axis. 

corneal VD/corneal HD Measures the shape of the cornea.  

 

To analyze diving ecology, estimates for the maximum dive depth of each identified 

species were collected from the literature (Alves et al., 2013; Baird et al., 2008; Gillespie et al., 
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2009; Schorr et al., 2014; Schreer and Kovacs, 1997; Shirihai and Jarrett, 2006; Wells et al., 

2009). 

Pearson correlation coefficients were used to test the strength of linear relationships 

between eye diameter and body mass, between ratios of the eye components and body mass, and 

between ratios of the eye components and maximum dive depth. Each analysis was performed 

twice, once for all the specimens with applicable measurements and once for odontocetes alone. 

The mysticete specimen sample size was too small to perform mysticetes-only analyses. Best-fit 

lines for significant correlations were calculated using reduced major axis regression.  

 

Results 

Specimens 

Most of the scanned eyes were well-preserved, with the exceptions of Hyperoodon sp., 

which had an inverted cornea, and Grampus griseus, which was highly degraded (Fig. 6). Most 

scans were only performed once. The scans for Grampus griseus, Hyperoodon sp., Stenella 

longirostris, and Tursiops truncatus were performed twice in an effort to increase scan quality. 

The scan that was judged as having the highest quality was then used for measurements. As can 

be seen below (Fig. 6), the tissue differentiation of the major internal components of the eye 

(lens, retina, sclera, and optic nerve) was very clear, making it easy to take morphological 

measurements.  
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Figure 6: Schematics and micro-CT images of all specimens. Right: screenshots taken along 

the X-axis slice of the micro-CT images for each specimen. Note that the lens has shifted from 

its original position (behind the cornea) in some specimens. Note that the Hyperoodon sp. and 

Grampus griseus specimens have suffered damage due to tissue degradation or deformation. 

Left: schematics showing eye morphology for each species, with major components labeled. 

Schematics are based on the scan images, but defects like lens shifting or tissue deformation 

have been corrected by moving the lens to the front and center of the eye and attempting to 

restore symmetry. The Grampus griseus specimen, however, was too degraded to create a good 

schematic. Note that for some specimens (Balaenoptera physalus, the unknown balaenopterid, 
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Stenella longirostris, and Mesoplodon europaeus) the optic nerve was not visible on the micro-

CT X axis slice and is therefore not represented in the schematic.  

 

Micro-CT measurements and evaluations 

Measurements of the scanned eyes are presented in Table 3. For specimens that were 

highly degraded or deformed (i.e., Hyperoodon sp. and Grampus griseus), measurements were 

estimated and may not reflect the actual values for the living organism. For this reason, the data 

from Hyperoodon sp. and Grampus griseus were not included in subsequent analyses.  

Table 4 gives the classification of the specimens used by Lisney and Collin (2019) and 

Miller and others (2013), and Table 5 presents morphological data from the two respective 

studies. Information on specimen sex, body mass, and maximum dive depth for each identified 

species across all three studies is given in Table 6.  

For analysis, measurements for duplicate species across different studies (Balaenoptera 

edeni, Tursiops truncatus, and Mesoplodon europaeus) were listed separately rather than being 

averaged.  

 

Table 3: Morphological measurements from all scanned specimens. Measurements of eye 

morphology for all scanned specimens taken using the 3D-rendered images generated by micro-

CT. An asterisk (*) indicates that the datum is based on a single measurement (as opposed to two 

measurements taken using independently-generated axis slices). Two asterisks (**) indicates 

uncertainty in the measurement due to shrunken or misshapen tissue. All measurements are in 

millimeters. 
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Species Eye AD, 
HD, VD 

Eyecup 
depth 

Focal 
length 

Lens AD, 
HD, VD 

Scleral 
thickness 

Corneal HD, 
VD 

Balaenoptera 
physalus 

79.62,  

104.02,  

93.57 

42.46 35.51 13.89,  

14.98,   

15.16 

38.00 46, 32 

Balaenopterid 92.2*,  

119.95,  

108.84 

49.74 40.92 17.64,  

19.75,   

18.04 

36.60 44, 31 

Globicephala 
macrorhynchus 

31.89,  

41.65,   

34.35 

24.80 18.90 11.80,  

12.19,   

12.74 

5.76 24, 21 

Grampus 
griseus 

21.63**,  

36.81**,  

35.39** 

22.19** 19.56** 5.27**,  

4.93**,  

5.32** 

6.03** 24**, 21** 

Stenella 
longirostris 

21.84,  

29.14,   

28.53 

16.37 12.52 7.71,      

8.54,      

8.67 

4.10 20, 19 

Tursiops 
truncatus 

25.64,  

36.46,   

33.35 

20.50 15.85 9.31,     

9.92,    

9.87 

5.02 22, 20 

Hyperoodon sp. 30.90**,  

44.54,  

41.23** 

22.83 17.28** 11.11**,  

12.86**,  

12.40** 

6.96** 28, 24 

Mesoplodon 
bidens 

34.90,  

49.02,   

45.07 

27.67 22.03 11.27,  

10.64,   

11.45 

6.63 29, 28 

Mesoplodon 
densirostris 

35.70,  

57.71,   

51.06 

27.43 20.96 12.95,  

13.98,   

14.04 

6.80 27, 24 

Mesoplodon 
europaeus 

53.66,  

68.62,   

36.48 68.62 8.83,  

10.27,     

16.30 28, 23 
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62.25 9.10 

Unknown 
Odontocete 

 

36.94,  

53.79,   

50.46 

29.50 53.79 12.42,  

12.21,   

13.47 

6.65 32, 28 

 

Table 4: Specimen identity from other studies. Suborder, family, genus and species, and 

common name of specimens studied by Lisney and Collin (2019) and Miller and others (2013). 1 

indicates a specimen from Miller and others (2013), and 2 indicates a specimen from Lisney and 

Collin (2019). 

Suborder Family Species Common name 

Mysticeti Balaenida Balaena 
mysticetus2 

Bowhead whale 

Mysticeti Balaenopteridae Balaenoptera 
edeni1,2 

Bryde’s whale 

Mysticeti Balaenopteridae Megaptera 
novaeangliae1 

Humpback whale 

Odontoceti Delphinidae Cephalorynchus 
commersonii2 

Commerson’s 
dolphin 

Odontoceti Delphinidae Delphinus 
capensis2 

Long-beaked 
common dolphin 

Odontoceti Delphinidae Delphinus 
delphis2 

Short-beaked 
common dolphin 

Odontoceti Delphinidae Globicephala sp.2  

Odontoceti Delphinidae Lissodelphis 
borealis2 

Northern right 
whale dolphin 

Odontoceti Delphinidae Orcinus orca2 Killer whale 

Odontoceti Delphinidae Stenella 
coeruleoalba2 

Striped dolphin 

Odontoceti Delphinidae Steno 
bredanensis2 

Rough-toothed 
dolphin 
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Odontoceti Delphinidae Tursiops 
truncatus2 

Bottlenose 
dolphin 

Odontoceti Kogiidae Kogia breviceps2 Pygmy sperm 
whale 

Odontoceti Monodontidae Delphinapterus 
leucus2 

Beluga whale 

Odontoceti Physeteridae Physeter 
macrocephalus2 

Sperm whale 

Odontoceti Ziphiidae Mesoplodon 
europaeus2 

Gervais’ beaked 
whale 

Odontoceti Ziphiidae Ziphius 
cavirostris2 

Cuvier’s beaked 
whale 

 

Table 5: Morphological measurements from other studies. Measurements of eye morphology 

by Lisney and Collin (2019) and Miller and others (2013). All measurements are in millimeters. 1 

indicates a specimen from Miller and others (2013), and 2 indicates a specimen from Lisney and 

Collin (2019). 

Species Eye AD, 
HD, VD 

Eyecup 
depth 

Lens AD, 
HD, VD 

Scleral 
thickness 

Corneal HD, 
VD 

Balaena mysticetus1  

70 

 

   36.67, 28/33 

Balaenoptera edeni1 60.07,   

84.92,    

70.90 

34.67  20.00 36.84, 23.88 

Balaenoptera edeni2 63.5,       

88.0,        

79.0 

 11.4,      

16.1,      

15.5 

 42.1, 28.5 

Megaptera 
novaeangliae2 

48.5,       

62.0,        

 8.4,        

12.3,      

 34.0, 26.4 
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57.4 12.2 

Cephalorynchus 
commersonii1 

23.05,   

25.59,    

22.95 

   18.21, 13.97 

Delphinus capensis1 26.92 

 

 

25.00  3.85  

Delphinus delphis1 29.47,   

36.36,    

29.30 

19.38  3.13 24.87, 19.81 

Globicephala sp.1 24.0 

 

 

19.20  9.44  

Lissodelphis 
borealis1 

23.75,   

32.41,    

28.14 

22.92  4.17 21.03, 19.38 

Orcinus orca1 31.05 

 

 

27.11    

Stenella 
coeruleoalba1 

25.61, 

38.02, 

32.35 

20.43  4.13 23.32, 18.15 

Steno bredanensis1 25.96, 

36.71, 

32.79 

22.59  4.44 24.74, 21.36 

Tursiops truncatus1 26.70, 

36.73, 

33.80 

  5.43 21.63, 21.36 

Kogia breviceps1 29.18, 

48.47, 

42.90 

25.45  4.11 29.07, 24.82 
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Delphinapterus 
leucus1 

23.66, 

29.63, 

28.31 

  3.6 19.26, 16.17 

Physeter 
macrocephalus1 

24.95, 

39.64, 

36.01 

20.67  8.0 18.48, 14.43 

Mesoplodon 
europaeus1 

34.70, 

59.17, 

52.01 

   34.87, 25.44 

Ziphius cavirostris1 36.14, 

63.88, 

56.74 

33.18  6.59 45.34, 30.93 

 

Table 6: Specimen sex, average adult body weight, and maximum dive depth for each 

identified species in the dataset. 1 indicates a specimen from Miller and others (2013), 2 

indicates a specimen from Lisney and Collin (2019), and 3 indicates a specimen from the current 

study. Sources for body mass and maximum dive depth are listed in the right-most column. Body 

mass is rounded to two significant figures.  

Species Number of 
specimens 

Specimen 
sex 

Body mass (kg)  Max dive 
depth (m)  

Sources 

Balaena 
mysticetus1 

1  54,000-91,000 300 Shirihai and Jarrett, 
2006; Schreer and 
Kovacs, 1997 

Balaenoptera 
edeni1,2 

11, 12   11,000-18,000 Unknown Shirihai and Jarrett, 
2006; Schreer and 
Kovacs, 1997 

Balaenoptera 
physalus3 

1  28,000-74,000 474 Shirihai and Jarrett, 
2006 

Megaptera 
novaeangliae2 

2  22,000-36,000 150 Shirihai and Jarrett, 
2006 
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Cephalorynchus 
commersonii1 

1 1F 35-86 Unknown  Shirihai and Jarrett, 
2006 

Delphinus 
capensis1 

1  80-150 280 Shirihai and Jarrett, 
2006 

Delphinus 
delphis1 

1 1F 70-110 260 Shirihai and Jarrett, 
2006 

Globicephala 
macrorhynchus3 

1 1F 910-3,600 988 Shirihai and Jarrett, 
2006; Alves et al., 
2013 

Grampus 
griseus3 

1 1F 300-500  400-500 Shirihai and Jarrett, 
2006; Wells et al., 
2009 

Lissodelphis 
borealis1 

1  60-110 250 Shirihai and Jarrett, 
2006; Schreer and 
Kovacs, 1997 

Orcinus orca1 1 1M 3,400-5,000 260 Shirihai and Jarrett, 
2006 

Stenella 
coeruleoalba1 

1 1M 90-160 700 Shirihai and Jarrett, 
2006 

Stenella 
longirostris3 

1 1M 75 600 Shirihai and Jarrett, 
2006; Schreer and 
Kovacs, 1997 

Steno 
bredanensis1 

1  90-160 70 Shirihai and Jarrett, 
2006 

Tursiops 
truncatus1,3 

81, 13 4M1, 1F1 150-650 535 Shirihai and Jarrett, 
2006 

Kogia breviceps1 3 1M 320-450 Unknown Shirihai and Jarrett, 
2006; Schreer and 
Kovacs, 1997 

Delphinapterus 
leucus1 

4 1M, 1F 400-1,500 1,000 Shirihai and Jarrett, 
2006 

Physeter 
macrocephalus1 

2 1F F 12,000-18,000 

M 39,000- 51,000 

2,250 Norris 1972; 
Shirihai and Jarrett 
2006; Ponganis 
2011 

Mesoplodon 
bidens3 

1  910-1,200 1,500 Shirihai and Jarrett, 
2006 
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Mesoplodon 
densirostris3 

1 1M 640-930 1599 Shirihai and Jarrett, 
2006; Baird et al., 
2008 

Mesoplodon 
europaeus1,3 

21, 13 2F1, 1F3 910-2,400 1,885 Shirihai and Jarrett, 
2006; Gillespie et 
al., 2009 

Ziphius 
cavirostris1 

1 1F 1,800-3,100 2,992 Shirihai and Jarrett, 
2006; Schorr et al., 
2014 

 

Morphological differences between clades 

The only statistically significant difference between the eyes of the two cetacean 

suborders was that, relative to eye diameter, mysticetes had proportionally thicker scleras than 

odontocetes (Z-test, p = 0.03). Another observed difference was that mysticetes seemed to have 

proportionally smaller lenses than odontocetes (Fig. 7); however, this was not statistically 

significant (Z-test, p = 0.31). 

Other morphological features such as the shapes of the eye, the shape of the cornea, and 

the shape of the lens did not differ significantly between Odontoceti and Mysticeti. Interestingly, 

the Physeter macrocephalus (sperm whale) specimen showed the mysticete-like feature of a 

proportionally thick sclera. One dolphin specimen, Globicephala sp., from Miller and others 

(2013) also showed a highly thickened sclera. There were not consistent morphological 

differences between cetacean families. 
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Figure 7: Morphological differences between mysticetes and odontocetes. The mysticete 

specimens (family Balaenopteridae) had proportionally thicker scleras and seemed to have 

proportionally smaller lenses than almost all of the odontocete specimens (all other families). 

The sperm whale specimen (family Physteridae) and the unidentified Globicephala specimen 

(family Delphinidae) share these characteristics. Note that the graph for maximum scleral 

thickness/eye AD shows data from all three studies, while the graph for lens AD/eyecup depth 

shows data from the current study only, since Lisney and Collin (2019) did not publish 

measurements of eyecup depth and Miller and others (2013) did not publish measurements of the 

lens.  

 

Scaling relationships 

To examine how the relationship between eye size and body size in cetaceans compares 

to that of other mammals, eye AD was plotted against the cube root of body mass (Table 6) for 

specimens that were identified to the species level. These data points were placed on a log-log 

plot with data from 231 other mammalian species (Fig. 8). All but one of the cetacean specimens 

fell below the best-fit (power law) line generated by the other mammalian species. The species 

with the proportionally smallest eye was Physeter macrocephalus. It is likely, however, that the 

Physeter macrocephalus specimen from Miller and others (2013) was a juvenile (specimen age 

is not given) and that its eye, therefore, had not reached its full size. Bjerager and others (2003) 

had access to a much larger sample size of Physeter macrocephalus specimens, and the ocular 

dimensions they report are much larger.  
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Figure 8: Scaling relationship of cube root of body mass versus eye axial diameter in 

mammals (log-log plot). Cetacean data points were added to an existing graph from the 

NESCent Workshop on the Evolution of Vertebrate Visual Systems. All but one of the cetacean 

specimens fell below the best-fit (power law) line. The equation for the best-fit line was 

calculated in Microsoft Excel.  

 

To analyze how the thickened sclera affects eye scaling in mysticetes versus odontocetes, 

the cube root of body mass was plotted against eyecup depth, eye AD, and maximum scleral 

thickness, respectively, for all specimens with applicable measurements (Fig. 9). Power law lines 

were generated using odontocetes only to see whether mysticetes appeared to follow the same 

scaling trends. For these analyses, the Physeter macrocephalus specimen was not included since 

its measurements were probably not representative of an adult animal. The mysticete specimens 
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were close to the odontocete-only best-fit line for eyecup depth but not close to those for eye AD 

and maximum scleral thickness.  
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Figure 9: Scaling of cube root of body mass versus eyecup depth, eye axial diameter, and 

maximum scleral thickness, respectively, in cetaceans. Mysticetes appear to follow 

approximately the same scaling relationship as odontocetes for eyecup depth but may follow 

different scaling relationships than odontocetes for eye AD and maximum scleral thickness. 

Odontocete-only best-fit lines have been extrapolated for better visualization of the observed 

trends. Best-fit line equations were calculated in Microsoft Excel.  

 

To analyze how components of the eye scale with increasing body size, the cube root of 

body mass was plotted against the ratios of the eye components (Table 2). For these analyses, the 

Physeter macrocephalus specimen was included, since data were in the form of ratios, not 

discrete measurements. Significant correlations were found between cube root of body mass and 

the following ratios: maximum scleral thickness/eye AD for all specimens (R = 0.94, p < 

0.00001) and for odontocetes alone (R = 0.79, p = 0.0003) (Fig. 10); lens AD/eyecup depth for 

all specimens (R = -0.85, p = 0.02); corneal HD/eye HD for all specimens (R = -0.73, p = 

0.0001) and for odontocetes alone (R = -0.65, p = 0.005); corneal VD/eye VD for all specimens 

(R = -0.88, p < 0.00001) and for odontocetes alone (R = -0.82, p = 0.00005); and corneal 

VD/corneal HD for all specimens (R = -0.56, p = 0.007) (Appendix 1).  

The Physeter macrocephalus specimen had a proportionally thicker sclera than any other 

identified odontocete species and thus could potentially skew the results in favor of a linear 

relationship. For this reason, the correlations that were found to be significant for odontocetes 

(the cube root of body mass plotted against scleral thickness/eye AD, corneal HD/eye HD, and 

corneal VD/eye VD, respectively) were re-analyzed without Physeter macrocephalus. A 
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significant negative correlation was found between the cube root of body mass and corneal 

VD/eye VD (R = -0.69, p = 0.003) (Appendix 1).  

 

Figure 10: Scaling of cube root of body mass versus proportional scleral thickness in 

cetaceans. The correlation between these variables was significant when odontocetes and 

mysticetes were analyzed together and when odontocetes were analyzed alone, but not when 

Physeter macrocephalus was removed from the odontocete cohort. The best-fit lines for all 

odontocetes and for odontocetes without Physeter macrocephalus have been extrapolated for 

better visualization of the observed trends. Best-fit line equations were calculated using multiple 

axis regression and can be found in Appendix 1. Graphical representations of other correlates of 

body mass were not included due to space constraints.   
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Eye morphology and diving ecology 

To analyze whether diving ecology affects eye morphology, maximum dive depth (Table 

6) was plotted against the ratios of the eye components (Table 2). There were significant 

correlations between maximum dive depth and the following ratios: maximum scleral 

thickness/eye AD for odontocetes alone (R = 0.55, p = 0.04); eye AD/eye HD for all specimens 

(R = -0.78, p = 0.0002) and for odontocetes alone (R = -0.75, p = 0.001) (Fig. 11); corneal 

VD/eye VD for odontocetes alone (R = -0.75, p = 0.001); and corneal VD/corneal HD for 

odontocetes alone (R = -0.54, p = 0.03) (Appendix 1).  

The correlations involving ratios that were influenced by the thickness of the sclera and 

that were found to be significant for odontocetes (maximum dive depth plotted against scleral 

thickness/eye AD, eye AD/eye HD, and corneal VD/eye VD, respectively) were re-analyzed 

without Physeter macrocephalus. Significant correlations were found between maximum dive 

depth and eye AD/eye HD (R = -0.74, p = 0.003), and between maximum dive depth and corneal 

VD/eye VD (R = -0.71, p = 0.004) (Appendix 1). 

The cube root of body mass was also plotted against maximum dive depth for identified 

species of good quality. A significant positive correlation was found for odontocetes alone (R = 

0.78, p = 0.001). 
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Figure 11: Correlation between maximum species dive depth and eye shape (eye AD/eye 

HD) in cetaceans. Deeper-diving species appeared to have eyes that were more flattened along 

the axial diameter. This correlation was also significant when odontocetes were analyzed alone 

and when Physeter macrocephalus was removed from the odontocete cohort, but the best-fit 

lines lay too close to the best-fit line for all specimens and so were not included on this graph. 

Best-fit line equations were calculated using multiple axis regression and can be found in 

Appendix 1. Graphical representations of other correlates of maximum dive depth were not 

included due to space constraints. 

 

 

 



 

 

 

40 

Discussion 

In this study, micro-CT was used to study cetacean ocular morphology. Eleven cetacean 

eyes were imaged, and the data were combined with morphological measurements from two 

previous studies that employed dissection of specimens (Miller et al., 2013; Lisney and Collin, 

2019). Mysticetes were found to have significantly thicker scleras relative to eye diameter than 

odontocetes and appeared to have smaller lenses relative to eyecup depth. Cetaceans in general 

had proportionally smaller eyes than one would expect given their large body mass. 

Measurements made along the axial diameter of the eye (eyecup depth, eye AD, and maximum 

scleral thickness) were found to scale differently in odontocetes and mysticetes. Some features of 

the eye, such as eye shape, were found to be significantly correlated with maximum dive depth.  

 

Morphological differences between families and suborders 

Previous studies have found similarities in the organization of the eye, retina, and optic 

nerve between odontocetes and mysticetes (Lisney and Collin, 2019; Mazzatenta et al., 2001), 

suggesting that the cetacean visual system largely adheres to a common plan and that many 

features of the eye are plesiomorphic, having emerged before the evolutionary divergence of the 

two suborders (Lisney and Collin, 2019; Mazzatenta et al., 2001). It has been previously noted 

that the sclera is particularly thick in mysticetes, however (Mass and Supin, 2007). 

There are currently no settled explanations for why mysticetes might have proportionally 

thicker scleras than odontocetes. It is unlikely that it is an adaptation to cope with diving since 

mysticetes are not known to dive to great depths (Noren and Williams, 2000; Shirihai and Jarrett 

2006). Mysticetes can swim quickly – the fin whale (Balaenoptera physalus) has been 

documented swimming as quickly as 30-40 kph (Ford and Reeves, 2008) – and it has been 
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suggested that the thickened sclera serves to protect the eye from the pressures of fast swimming 

(Kastelein et al., 1990). This explanation seems unconvincing, however, given that odontocete 

species have been documented swimming at comparable speeds (Fish and Hui, 1991). As 

reviewed in the introduction, Bjerager and others (2003) observe that the sclera is thickest 

towards the posterior part of the eye and thinnest towards the anterior part. This suggests that the 

sclera would be better suited to withstand deforming forces from behind – such as the action of 

the retractor muscles – and not from ahead (Bjerager et al., 2003). Perhaps mysticetes have a 

greater need than odontocetes to protrude and retract their eyes, resulting in larger retractor 

muscles and a need for a thicker sclera. A morphological study of the retractor muscles in 

mysticetes compared to odontocetes could provide useful data on this subject.   

A well-known difference between odontocetes and mysticetes that could potentially 

affect the eyes is vocalization. Unlike odontocetes, mysticetes communicate using low-frequency 

vocalizations that can travel thousands of miles underwater (Payne and Webb, 1971; Au, 2000). 

Perhaps the extremely thick sclera could serve to stabilize the eye against these powerful, low-

frequency vibrations. To the best of my knowledge, there has been no research to date on how or 

whether the vocalizations of mysticetes affect their eyes.  

The odontocete eyes that did show very thick scleras were the Physeter microcephalus 

and Globicephala specimens from Miller and others (2013). The difference between the scleras 

of the Globicephala sp. specimen (Miller et al., 2013) and the Globicephala macrorhynchus 

specimen (current study) is large: the former was measured at 9.44 mm, and the latter at 5.76 

mm. The eye axial diameter of the Globicephala sp. specimen, however, was smaller than that of 

the Globicephala macrorhynchus specimen. This difference is intriguing, as it seems unlikely 

that such a large difference in the proportional thickness of the sclera could exist between 
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members of the same genus. Perhaps one specimen or the other was misidentified, mislabeled, or 

improperly measured. Although it seems unlikely, the possibility that this difference truly exists 

should not be ruled out without additional study. The major limitation here is, of course, the 

small sample size of specimens. Data from more Globicephala species are needed to further 

investigate this observation.  

The sperm whale, Physeter macrocephalus, is the only species in its family, 

Physeteridae. Its closest relatives are species in the family Kogiidae (the pygmy and dwarf 

sperm whales); however, the sclera of the Kogia breviceps specimen from Miller and others 

(2013) is not as proportionally thick as that of Physeter macrocephalus. Physeter macrocephalus 

is the largest odontocete (see Table 6) and one of the deepest-diving (Bjerager et al., 2003; 

Shirihai and Jarrett, 2006). In this dataset, the diameter of the Physeter macrocephalus eye is 

proportionally smallest in comparison to its body mass. As previously mentioned, however, it 

seems likely that the specimen from Miller and others (2013) was a juvenile, since its reported 

measurements are much smaller than those reported from a larger sample size by Bjerager and 

others (2003). Bjerager and others (2003) mention the presence of a very thick sclera in the 

Physeter macrocephalus eyes they studied but, unfortunately, fail to provide precise 

measurements. Additional data are needed to more fully understand the eye morphometrics of 

the sperm whale. 

The observation that the mysticetes specimens used in this research had proportionally 

smaller lenses relative to eyecup depth was not statistically significant, possibly due to the small 

sample size. Since Lisney and Collin (2019) did not publish measurements of eyecup depth and 

Miller and others (2013) did not publish measurements of the lens, the analysis of lens size was 

limited to the nine good-quality specimens from the current study, of which only two were from 
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mysticetes. To the best of my knowledge, there is no current recognition in the existing literature 

that mysticetes have proportionally smaller lenses than odontocetes. The size of the lens is 

determined by the size of the pupil, since the lens must intercept incoming light. The pupil lets in 

maximum light when it is fully open – in cetaceans, this occurs when the operculum is fully 

raised (Mass and Supin, 2007). While many species of odontocetes dive to feed, mysticetes feed 

on small creatures found at or near the surface (Pauly, 1998; Shirihai and Jarrett, 2006), meaning 

they spend more time in a high-light environment. If odontocetes do indeed possess larger lenses 

than mysticetes, these larger lenses and pupils could represent an adaptation for admitting as 

much light as possible into their eyes while at depth, thus increasing sensitivity (Cronin et al., 

2014). This hypothesis is speculative, however, given the small sample size considered here, the 

fact that not all odontocetes dive to great depths (see Table 6), and the fact that some odontocete 

species forage at depths where light does not penetrate at all (Baird et al., 2008; Gillespie et al., 

2009; Schorr et al., 2014; Shirihai and Jarrett, 2006; Soto et al., 2006).  

While there is no current recognition that mysticetes have differently-sized lenses than 

odontocetes, it has been observed that mysticetes may have differently-shaped lenses than 

odontocetes. There are several accounts in the literature that the lenses of mysticetes are flattened 

rather than near-spherical, with the axial diameter being around 30-40% shorter than the 

horizontal and vertical diameters (Walls, 1942; Zhu et al., 2001; Buono et al., 2012; Rodrigues et 

al., 2014; Lisney and Collin, 2019). This observation also seems to hold true for the mysticetes 

species studied by Miller and others (2013) (Table 5). Interestingly, the two mysticete specimens 

from the current research (Balaenoptera physalus and an unidentified balaenopterid) do not seem 

to follow this pattern, with the axial lens diameter being only around 10% shorter than the 

horizontal and vertical diameters (see Table 3) and the lens still having a near-spherical shape 
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(see Fig. 6). To the best of my knowledge, dimensions of the fin whale (Balaenoptera physalus) 

lens have not been previously reported in the literature. More data on the morphology of 

mysticetes lenses – perhaps particularly fin whale lenses – is needed to determine whether 

mysticetes truly have differently-shaped lenses than odontocetes.  

While consistent morphological variations between cetacean families were not observed, 

there was some variation within those families that, in this study, were represented by more than 

one species (Balaenopteridae, Delphinidae, and Ziphiidae). The fact that, for most species, only 

one eye was analyzed means that these differences may be individually-based and therefore not 

representative. Nevertheless, eye morphology is generally considered to be a consistent, species-

specific characteristic (Hughes, 1977; Lisney and Collin, 2019). For the few species that were 

represented in more than one study (Balaenoptera edeni, Tursiops truncatus, and Mesoplodon 

europaeus), most of the duplicate measurements were within millimeters of each other, with only 

a few exceptions (see Tables 3 and 5). While it is also possible that interspecific variations 

reflect species-specific adaptations, specimen shrinkage and other deformations resulting from 

decay or the preservation process cannot be ruled out. More data are necessary to establish how 

much individual and species-level variation exists in cetacean eyes.  

 

Scaling relationships 

The best-fit line for eye size in mammals follows a power law function with an exponent 

that is less than 1, meaning that larger animals have proportionally smaller eyes than smaller 

animals (see Fig. 8). The fact that almost all cetaceans fell below this line means they have even 

smaller eyes than would be expected for their size. Larger eyes have greater resolving power 

(Walls, 1942). Having a greater axial length (more distance between the cornea/lens and the 
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retina) increases the size of the image on the retina (Walls, 1942), which can be useful for 

animals that rely on vision for finding food and avoiding predators (Howland et al., 2004). 

Nevertheless, the relative performance benefits conferred by larger eyes gradually decrease as 

eye size increases, meaning that, after a point, it is no longer beneficial to increase eye size 

proportionally with body size (Nilsson et al., 2012). This is known as a law of diminishing 

returns (Nilsson et al., 2012). For small eyes, an increase in eye size would result in a large 

increase in range of vision; however, for eyes that are already large, an increase in eye size 

would result in only a small increase in range of vision (Nilsson et al., 2012). Being neural 

tissue, eyes are metabolically expensive (Laughlin et al., 1998; Brady et al., 2005; Niven et al., 

2007; Niven and Laughlin, 2008), and increases in neural tissue mass must be met with increases 

in nutrient intake (Moran et al., 2015). Cetaceans must also keep their eyes warm in the aquatic 

environment (Ninomiya and Yoshida, 2007). Ocular structures are sensitive and require large 

amounts of metabolic energy to function at low oceanic temperatures (Miller et al., 2013). It 

seems that, for cetaceans, the costs of proportionally larger eyes outweigh the benefits.  

Because a thickened sclera has a large effect on overall eye size in cetaceans without 

directly impacting vision, I analyzed how eyecup depth, axial eye diameter, and maximum 

scleral thickness, respectively, scale with body mass. Mysticetes appeared to follow the same 

scaling relationship (power law) as odontocetes for eyecup depth, meaning that larger cetaceans 

would be expected to have proportionally smaller eyecups. This is likely due to the above-

mentioned fact that eyes follow a law of diminishing returns. By contrast, mysticetes appear to 

lie far from the scaling trend of the sclera in odontocetes. The graph illustrating the scaling of 

eye axial diameter appears to be intermediate between the former two, which makes sense, given 

that axial diameter is comprised of both eyecup depth and scleral thickness. Unfortunately, the 



 

 

 

46 

sample size of mysticetes specimens used in these analyses was small; thus, the observed trends 

may not be accurate. An additional complicating factor is that the odontocete specimen with the 

proportionally thickest sclera, Physeter macrocephalus, was not used in these analyses since I 

hypothesized that it came from a juvenile individual and that its morphological measurements 

were therefore not representative of an adult.   

As previously mentioned, Physeter macrocephalus is anomalous among odontocetes in 

terms of its large body size. Physeter macrocephalus may also be anomalous among odontocetes 

in terms of its very thick sclera (see Fig. 7). More data are needed to research whether Physeter 

macrocephalus follows the same eye scaling trends found in odontocetes, whether the 

morphology of its eye is intermediate between odontocetes and mysticetes, or whether its eye 

morphology has diverged from that of other cetaceans and does not follow any of the same 

scaling relationships. Data from more mysticetes specimens are also needed to establish 

mysticetes-specific scaling trends and compare them effectively to odontocete-specific trends.  

As noted, the mysticetes specimens had proportionally thicker scleras and greater body 

mass than most of the odontocetes, and the Physeter macrocephalus specimen had a 

proportionally thicker sclera and a greater body mass than any other identified odontocete 

species (see Fig. 10). (Again, note that, while discrete morphological measurements from 

Physeter macrocephalus were not used, data from Physeter macrocephalus in the form of ratios 

was used, since ratios help correct for size differences between specimens.) This makes it 

unsurprising that the thickness of the sclera relative to eye diameter was positively correlated 

with body mass across all specimens. The significance of this correlation disappeared, however, 

when the odontocete cohort was re-analyzed without Physeter macrocephalus. This result is 

intriguing because it indicates that the relationship between scleral thickness and body mass may 
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not be straightforward in odontocetes. Again, more data are needed to clarify how the 

proportional thickness of the sclera scales with eye size.  

The significant negative correlations found between body mass and the proportional 

width and height of the cornea are related to the correlation between body mass and scleral 

thickness noted above. As the proportional thickness of the sclera increases, the proportional 

dimensions of eye HD and VD also increase while leaving the dimensions of the cornea 

unaffected. The lack of a significant correlation between body mass and corneal HD/eye HD in 

odontocetes when Physeter macrocephalus was removed from the cohort also makes sense given 

the above correlations. It remains puzzling, however, why a significant correlation would be 

found between body mass and corneal VD/eye VD in odontocetes (without Physeter 

macrocephalus) when there were no significant correlations between body mass and the 

proportional thickness of the sclera (scleral thickness/eye AD), the shape of the cornea (corneal 

VD/corneal HD), or the shape of the eye (eye VD/eye HD), respectively. It is worth noting that 

the correlations between body mass and both corneal HD/eye HD and scleral thickness/eye AD 

are near significance in odontocetes without Physeter macrocephalus (p = 0.08 and p = 0.16, 

respectively). It may be the case that, with more data points, a stronger positive correlation 

would emerge between body mass and proportional scleral thickness in odontocetes, thus 

explaining negative correlations between corneal HD/eye HD and corneal VD/eye VD in 

odontocetes.  

The significant negative correlation found between body mass and lens AD/eyecup depth 

for all specimens illustrates the previously-mentioned observation that the mysticetes in this 

study seemed to have proportionally smaller lenses than the odontocetes. Again, however, the 

sample size is too small to reach a firm conclusion.  
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The fact that there was a significant negative correlation between body mass and corneal 

VD/corneal HD for all specimens considered together but not for odontocetes alone is intriguing 

because it suggests that, on average, mysticetes may have more oblong corneas than odontocetes. 

Given that the cornea is visually inert underwater, i.e., it does not contribute much to refraction 

(Cronin et al., 2014; Lisney and Collin, 2019; Pardue et al., 1993; Thewissen and Nummela, 

2008; Walls, 1942), it is not clear why mysticetes would have evolved differently-shaped 

corneas than odontocetes.  

 

Eye morphology and diving ecology 

Body mass was positively correlated with maximum dive depth for odontocetes in this 

study. This relationship has been previously reported in odontocetes (Noren and Williams, 

2000). A proposed explanation is that oxygen storage capacity increases linearly with body mass, 

while oxygen demand increases non-linearly as a power law function with an exponent less than 

one, allowing larger animals to sustain longer dives (Schreer and Kovacs, 1997). Beaked whales 

have been noted to confound the allometric relationship between body mass and maximum dive 

depth in odontocetes, taking deeper dives than one would expect given their body mass (Joyce et 

al., 2017). It is hypothesized that beaked whales extend dive depth and duration by exceeding 

their aerobic dive limits and switching over into anaerobic respiration (Joyce et al., 2017). 

In this study, proportional scleral thickness, body mass, and maximum dive depth were 

all positively correlated with each other in odontocetes. However, when the Physeter 

macrocephalus specimen was removed from the cohort (the specimen with the proportionally 

thickest sclera that was identified to the species level), the correlations between dive depth and 

proportional scleral thickness and between body mass and proportional scleral thickness were no 
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longer significant. Perhaps significant correlations would emerge with access to more data 

points, or perhaps the proportional thickness of the sclera in odontocetes is correlated with 

another variable that was not analyzed in this study.  

Since body mass is correlated with both maximum dive depth and with corneal VD/eye 

VD in odontocetes, it is unsurprising that maximum dive depth is correlated with corneal VD/eye 

VD in odontocetes. What was unclear when studying the scaling of the eyes with body mass in 

odontocetes was whether this decrease in the proportional height of the cornea was due to an 

increase in the relative thickness of the sclera (which would increase eye VD) or a decrease in 

the relative height (VD) of the cornea. This question cannot be resolved with the current data 

since neither the proportional thickness of the sclera (maximum scleral thickness/eye AD) nor 

the relative shape of the cornea (corneal VD/corneal HD) were found to be significantly 

correlated with body mass in odontocetes. That said, both the proportional thickness of the sclera 

and the relative shape of the cornea were found to be significantly correlated with maximum dive 

depth in odontocetes; the former, positively, the latter, negatively. Given the current data, it 

seems that deeper-diving odontocetes may have both proportionally thicker scleras and more 

oblong corneas. Mysticetes were also tentatively hypothesized to have more oblong corneas than 

most odontocetes (see Scaling Relationships). It is unclear whether this characteristic serves an 

adaptive function or how it might differ between odontocetes and mysticetes. Additional 

research is needed to confirm whether these observed trends persist across larger sample sizes 

than those used here.  

A significant negative correlation was observed between maximum dive depth and eye 

AD/eye HD. This was the only morphological ratio that was significantly correlated with dive 

depth when mysticetes were included in the analysis (see Fig. 11). It seems that deeper-diving 
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cetaceans have eyes that are more compressed along the axial diameter. It is unclear whether this 

is the result of the shape of the eyecup, the shape of the sclera, or a combination of both. This 

trend is in contrast to that seen in many deep-sea fish, in which the eye becomes more tubular 

with depth (flattened along the horizontal diameter) to increase photon capture while obeying 

overall space constraints (Fernald, 1988; Collin et al., 1997; Wagner et al., 1998). To the best of 

my knowledge, there is no recognition in the current literature that deep-diving cetaceans have 

differently-shaped eyes than shallow-diving cetaceans. This could be an intriguing direction for 

future research.  

 

Limitations and future directions 

The biggest limitation of this research was the small sample size of specimens, 

particularly for mysticetes. Often, only one eye was available to represent each species, meaning 

that individual variation, deformations associated with preservation, or specimen age differences 

latent in the data could not be corrected. Additionally, the complete dataset couldn’t be used in 

all the analyses given that some specimens were of poor quality, some were not identified to the 

species level, and not all applicable measurements were available. More data from more species 

and families of cetaceans will be necessary to continue to study interspecific and interfamilial 

variation in ocular morphology.  

That the post-mortem fixation process itself can cause shrinkage and deformation in 

specimens created another study limitation. The only solution would be to acquire specimens 

from freshly dead cetaceans. Unfortunately, finding freshly dead carcasses due to stranding or 

other causes is rare, let alone harvesting high quality organ and tissue samples for immediate 

study.   
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A third limitation in this study was that the sex was unknown for the majority of 

specimens. Most species of cetaceans are sexually dimorphic in size, meaning that the 

estimations for body mass used here could have been off by a considerable degree for certain 

specimens. Cetacean populations also vary in size depending on location, another variable that 

was unknown for almost all the specimens considered here.  

It is important to note that this study only begins to scratch the surface of how ocular 

morphology might relate to diving ecology in cetaceans. Maximum dive depth – the only 

variable considered here – represents only one element of diving ecology. Estimates of 

maximum dive depth change continually as the technology used to study cetaceans in the wild 

grows ever more sophisticated and ever more species are studied. Further research should 

examine how ocular morphology relates to other aspects of diving ecology such as average dive 

depth, maximum and average dive duration, and the time of day at which most dives occur.  

Despite the above limitations, this research project comprises an important resource for 

future studies of cetacean ocular morphology. Some of the differences between cetacean 

suborders and the scaling relationships relating to body mass and dive depth reported here have 

not been recorded before, suggesting both new hypotheses about adaptive function and new 

directions for future research. Additionally, some data have implications outside the realm of 

comparative morphology. For example, the focal length of the eye can be used in conjunction 

with a count of retinal ganglion cells to estimate an animal’s visual acuity. Establishing the 

efficacy of micro-CT as a method for studying ocular morphology is an important result in its 

own right, since it means that eye specimens need not always be dissected in order to study 

morphology. The paucity of high-quality specimens available to scientists reflects one of the 

fundamental and ongoing challenges in this realm of research; establishing that non-destructive 
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investigative techniques can generate meaningful results and insights has the potential to extend 

the useful life of the small number of extant high-quality specimens. 

A better understanding of the anatomy and function of cetacean eyes could lead to a 

better understanding of cetacean ecology and the selective pressures that have operated on each 

species in the past. Detailed knowledge of the eye is also important for veterinarians and 

ophthalmologists who care for cetaceans in captivity and in the field. Knowing more about how 

cetaceans see their world might also help us mitigate cetacean mortality by better regulating 

anthropogenic threats that can be visually detected, such as fishing gear.  
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Appendix 1: Statistical analyses of morphological relationships.  Pearson correlation 

coefficients were used for analyses. For those relationships where the correlation was significant, 

the equation of the best-fit line is also given. Best-fit lines were calculated using reduced major 

axis regression. N varies because the applicable measurements were not available for every 

specimen (see Tables 3 and 5).  

Variables Specimens n R p-value Best-fit line, when 
significant  

X = cube root of 
body mass (g) 

Y = max scleral 
thickness/eye AD 

All with applicable 
measurements 

18 0.9424 <0.00001 y = 9.70E-04x + 0.10 

X = cube root of 
body mass (g) 

Y = max scleral 
thickness/eye AD 

Odontocetes only 16 0.7909 0.000264 y = 8.89E-04x + 0.10 

X = cube root of 
body mass (g) 

Y = max scleral 
thickness/eye AD 

Odontocetes only, 
excluding Physeter 
macrocephalus 

15 0.3836 0.158104  

X = cube root of 
body mass (g) 

Y = eye VD/eye 
HD 

All with applicable 
measurements 

21 0.0231 0.92083  

X = cube root of 
body mass (g) 

Y = eye VD/eye 
HD 

Odontocetes only 17 0.0338 0.89753  

X = cube root of 
body mass (g) 

Y = eye AD/eye 
HD 

All with applicable 
measurements 

21 -0.0292 0.900014  

X = cube root of 
body mass (g) 

Odontocetes only 17 -0.4885 0.04663 y = -1.75E-03x + 0.55 
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Y = eye AD/eye 
HD 

X = cube root of 
body mass (g) 

Y = lens VD/lens 
HD 

All with applicable 
measurements 

9 -0.2548 0.508195  

X = cube root of 
body mass (g) 

Y = lens VD/lens 
HD 

Odontocetes only 6 0.0866 0.870425  

X = cube root of 
body mass (g) 

Y = lens AD/ 
eyecup depth 

All with applicable 
measurements 

7 -0.8497 0.015487 y = -5.57E-04x + 0.37 

X = cube root of 
body mass (g) 

Y = lens AD/ 
eyecup depth 

Odontocetes only 6 0.0458 0.931348  

X = cube root of 
body mass (g) 

Y = corneal 
HD/eye HD 

All with applicable 
measurements 

22 -0.7281 0.000122 y = -7.72E-04x + 0.48 

X = cube root of 
body mass (g) 

Y = corneal 
HD/eye HD 

Odontocetes only 17 -0.6516 0.004598 y = -1.37E-03x + 0.49 

X = cube root of 
body mass (g) 

Y = corneal 
HD/eye HD 

Odontocetes only, 
excluding Physeter 
macrocephalus 

16 -0.4481 0.081738  

X = cube root of 
body mass (g) 

Y = corneal 
VD/eye VD 

All with applicable 
measurements 

21 -0.8799 <0.00001 y = -1.16E-03x + 0.40 

X = cube root of 
body mass (g) 

Odontocetes only 17 -0.8217 0.000052 y = -1.49E-03x + 0.45 
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Y = corneal 
VD/eye VD 

X = cube root of 
body mass (g) 

Y = corneal 
VD/eye VD 

Odontocetes only, 
excluding Physeter 
macrocephalus 

16 -0.6943 0.002843 y = -1.90E-03x + 0.44 

X = cube root of 
body mass (g) 

Y = corneal 
VD/corneal HD 

All with applicable 
measurements 

22 -0.5586 0.00689 y = -8.68E-03x + 0.70 

X = cube root of 
body mass (g) 

Y = corneal 
VD/corneal HD 

Odontocetes only 15 -0.3183 0.247595  

X = cube root of 
body mass (g) 

Y = max dive 
depth (m) 

All with applicable 
measurements 

17 -0.007 0.978726  

X = cube root of 
body mass (g) 

Y = max dive 
depth (m) 

Odontocetes only 14 0.7757 0.001112 y = 15.51x – 345.54 

X = max dive 
depth (m) 

Y = scleral 
thickness/eye AD 

All with applicable 
measurements 

15 0.1305 0.642957  

X = max dive 
depth (m) 

Y = scleral 
thickness/eye AD 

Odontocetes only 14 0.5497 0.041715 y = 5.58E-05x + 0.12 

X = max dive 
depth (m) 

Y = scleral 
thickness/eye AD 

Odontocetes only, 
excluding Physeter 
macrocephalus 

13 0.4266 0.146027  

X = max dive 
depth (m) 

All with applicable 
measurements 

17 0.0256 0.922308  
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Y = eye VD/eye 
HD 

X = max dive 
depth (m) 

Y = eye VD/eye 
HD 

Odontocetes only 15 0.0889 0.752714  

X = max dive 
depth (m) 

Y = eye AD/eye 
HD 

All with applicable 
measurements 

17 -0.7799 0.000222 y = -9.03E-05x + 0.61 

X = max dive 
depth (m) 

Y = eye AD/eye 
HD 

Odontocetes only 15 -0.7534 0.001182 y = -9.01E-05x + 0.60 

X = max dive 
depth (m) 

Y = eye AD/eye 
HD 

Odontocetes only, 
excluding Physeter 
macrocephalus 

14 -0.7352 0.002735 y = -9.37E-05x + 0.60 

X = max dive 
depth (m) 

Y = lens VD/lens 
HD 

All with applicable 
measurements 

8 0.1845 0.661833  

X = max dive 
depth (m) 

Y = lens VD/lens 
HD 

Odontocetes only 6 0.0457 0.931498  

X = max dive 
depth (m) 

Y = lens AD/ 
eyecup depth 

All with applicable 
measurements 

7 -0.1421 0.761192  

X = max dive 
depth (m) 

Y = lens AD/ 
eyecup depth 

Odontocetes only 6 -0.3351 0.516165  

X = max dive 
depth (m) 

All with applicable 
measurements 

18 -0.0677 0.789537  
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Y = corneal 
HD/eye HD 

X = max dive 
depth (m) 

Y = corneal 
HD/eye HD 

Odontocetes only 15 -0.3314 0.227576  

X = max dive 
depth (m) 

Y = corneal 
VD/eye VD 

All with applicable 
measurements 

17 -0.3588 0.157274  

X = max dive 
depth (m) 

Y = corneal 
VD/eye VD 

Odontocetes only 15 -0.748 0.001342 y = -9.72E-05x + 0.47 

X = max dive 
depth (m) 

Y = corneal 
VD/eye VD 

Odontocetes only, 
excluding Physeter 
macrocephalus 

14 -0.7141 0.004119 y = -8.24E-0.5x + 0.51 

X = max dive 
depth (m) 

Y = corneal 
VD/corneal HD 

All with applicable 
measurements 

18 -0.2797 0.260973  

X = max dive 
depth (m) 

Y = corneal 
VD/corneal HD 

Odontocetes only 15 -0.5399 0.03776 y = -1.05E-04x + 0.74 

 


