
A northern elephant seal pup (a few months 
old). Image courtesy of C.W. Oliver at San 
Miguel Island, California, Feb. 1984. 

Marine mammals are unique in 

their need to see equally clear 

both above and under water. 

Three theories of how their 

eyes adapt to these different 

environments are discussed. 

I work with a group of scientist who 
use an oceanographic LIDAR (light 
detection and ranging) system for fish 
detection.1 As we shone the laser beam 

on the ocean in the course of our work, 
we wondered about the eyes of seals and 
oilier marine mammals who spend time 
above, as well as below, the surface. If 
their eyes were hit by the laser's light, 
would they be harmed? This concern led 
us to investigate laser eye safety for 
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marine mammals. 2 Fortunately, we learned that lasers 
that meet current laser safety standards for humans 
should be safe for cetaceans (i.e., dolphins and whales) 
and pinnipeds (i.e., seals, sea lions, and walruses) as 
well. During the course of this research we also learned 
some very interesting aspects of marine mammal vision, 
mostly having to do with the dual environment in 
which they live. 

While most terrestrial animals live exclusively in air 
and most aquatic animals live exclusively in water, 
marine mammals spend time both above and below 
the ocean's surface. Cetaceans and pinnipeds must 
adapt to light levels ranging from bright sunlight to 
almost total darkness. The structure of the eye must 
withstand large changes in pressure, and the optical 
system must adapt to the difference in refract ion 
between water and air. This article will focus on the 
latter, examining mechanisms that evolved in cetaceans 
and pinnipeds that enable them to have good vision in 
both environments. 

Seeing the problem 
Recall for a moment the last time you opened 
your eyes underwater. If you really wanted to 
see well, you probably wore a pair of goggles. 
In humans, the cornea is the primary refractive 
element, but when underwater, the cornea is 
ineffective because the aqueous humor—the 
l iqu id beh ind the c o r n e a — a n d water have 
almost equivalent refractive indices. 3 Without 
the focusing power of the cornea, an image 
becomes blurry because it is focused behind 
the retina (see Fig. 1). Wearing goggles rein
states the cornea-air interface, allowing you to 
see more clearly. Mos t cetaceans and p i n 
nipeds, like other aquatic animals, have devel
oped a nearly spherical lens that acts as the pri
mary refractive element and allows them to see 
well underwater . 4 , 5 However, when they are 
out of the water, the cornea has the capability 
of focusing light, resulting in an image that is 
focused in front of the retina (see Fig. 1). Any
one who has seen seals or dolphins jumping 

for t h r o w n f ish at a place l ike "Seawor ld" knows 
cetaceans and pinnipeds have good vision in air, so they 
must have a mechanism to adapt to the refractive effects 
of the cornea in air. Researchers have proposed a num
ber of adaptive mechanisms; however, there is still much 
debate. The three theoretical solutions presented here 
involve each of the primary optical elements of the eye: 
the cornea, the pupil, and the lens (see Fig. 2). In actual
ity, the solution is probably some combination of the 
three. 

The cornea 
A flattened area on the c o r n e a 3 , 6 is the most effective 
adaptive mechanism in pinnipeds. Without curvature, 
the cornea cannot focus light. In the California sea lion, 
the flattened area has a diameter of about 6.5 m m . 6 

Curvature of the cornea was also studied for bottlenose 
dolphins. 6 While there were localized flattened areas, no 
significant regularity was found among the five dolphins 
examined. 

The pupil 
The pupil area range of cetaceans and pinnipeds is high
er than in humans, reflecting their necessity to see well 
in a range of light levels. For example, the pupil of bot
tlenose do lph ins 7 ranges f rom 5-70 m m 2 , while the 
human pupi l ranges from about 7-38 m m 2 . O n the 
extreme end, the northern elephant seal, an animal 
which dives down to 500 m to forage for food, 8 has a 
pupil that ranges from 0.9-422 m m 2 . While the pupil's 
main function is to control the amount of light that 
reaches the photoreceptors, it may also be an important 
factor in the visual acuity of marine mammals. 

The pupil of the bottlenose dolphin is elliptical in 
moderate light and constricts to two pinholes in bright 
l i g h t . 9 , 1 0 A 1975 study 1 0 shows that the bottlenose dol-

Figure 1. a) Human eye in air is e m m e t r o p i c , or normal . b) H u m a n eye 
in water is hyperopt ic , or far -s ighted. c) C e t a c e a n or pinniped eye in water 
is approximate ly e m m e t r o p i c . d) Represen ta t ion of c e t a c e a n or pinniped eye 
in air if there were no other adapta t ion m e c h a n i s m s at work . The eye is 
myopic or near-s ighted. 

Figure 2. Diagram of the human e y e . 
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phin has almost equal visual acuity in air and underwa
ter. This finding was attributed to the optical effects of 
the stenopaic pupil, or pinhole, which increases the 
depth of field and reduces the cornea to a fiat surface. 
Researchers have questioned this analysis, because there 
were no data directly correlating pupil size to visual acu
ity.4 Researchers7 also found evidence to suggest that the 
dolphin's pupil may not have been fully constricted in 
the 1975 experiment.10 In addition, a behavioral study 
conducted on bottlenose dolphins found that their 
response to visual tests was independent of the pupil 
size until there was not enough light to see.7 Only when 
the light is extremely bright do pinnipeds' pupils con
strict to vertical slits.3 It is apparent that a stenopaic 
pupil should increase the depth of field; however, since 
the pinholes and vertical slits are only seen during 
extremely high luminance conditions, it probably is not 
the main adaptive mechanism. 

The lens 
There are basically two possibilities for how the lens can 
be used to ensure that the image will be focused on the 
retina, and both are referred to as accommodation. 
First, the shape of the lens can be altered. In humans 
and many other mammals, ciliary muscles connected to 
the lens contract, changing the curvature of the lens to 
focus on a range of objects, from close-up to far-away. 
While humans have this capability, our accommodation 
cannot counteract the defocusing effect of being under
water because the primary refractive power is in the 
cornea. The second form of accommodation involves 
changing the distance between the lens and the retina. A 
camera is a perfect example of an optical system that 
uses a moving lens to focus on a range of objects. To 
discover if accommodation is possible in the eye of a 
particular species, researchers must examine the eye for 
muscles used in accommodation. 

At least four species of pinnipeds have well-
developed ciliary musc les . 3 , 1 1 Two of these—the 
elephant and the hooded seal—have well-pronounced 
circular ciliary muscle bundles embedded in the sclera, 
the tough outer membrane of the eye. It is possible that 
these muscles are used to move the lens.1 1 When the 
circular ciliary muscle bundles contract, the sclera wall 
would probably move inward. This could increase the 
intraocular pressure and the lens could move toward 
the retina. Three odontocete (toothed) whales—the 
beluga whale, the narwhal, and the bottlenose dol
phin—do not have well-developed ciliary muscles. 1 1 , 1 2 

Consequently, cetaceans probably cannot use this 
mechanism to counteract the refractive effects of the 
cornea in air. However, well-developed extraocular 
muscles have been discovered in cetaceans. It has been 
suggested that the extraocular muscles may be used to 
change the diameter of the eye, thus changing the dis
tance between the retina and the lens.4 This hypothesis 
has not been verified. 

More research is needed on intraocular and extraoc
ular muscles before we will know exactly what accom
modation mechanisms contribute to the adaptation. 

Seeing the future 
The combination of mechanisms used to counteract the 
effects of the cornea in air are still under much debate. 
It is apparent that the exact mechanisms are different 
between cetaceans and pinnipeds and probably even 
among different species, depending on their feeding, 
mating, and playing behaviors. As scientists learn more 
about the eyes of these magnificent creatures, we should 
be able to clarify which adaptive mechanisms allow vari
ous species of marine mammals to see well both under
water and in the air. 
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