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ST - Abstract .
The Eye of the Harbour Seal,

- B " Phoca vitulina

By

" Glen Stewart Jémieson

A}

The structural and fﬁnctional organization of the pinniped

' eye, as fepreseﬁted by the harbour‘seal, Phoca vitulina, is much
moré complex than pfeviously reélized.v The retina of the harbour
seal is -similar to that of the harp éeal, in that it shows 1little
. zonation of the inner nuclear layer, possesses large horizontal
cells, and has similar nuclear densities within the different
rétinal layers throughout the retina. The outer nuclear layer
is_thé thickest of all the retinal iayers.. Photoreceptor.

cells of typés B and C were'obséryed with é-ratio of roughly
1:23.respectively. Thié;ratio‘and photoreceptor density along
wifh.a well—developed and exténsivévpépetum, indicates_aihighly
1ight-sensitive»retina; The existencé of retinal foldihg in |
mar ine mammals isvalso‘quéstionéd and discussed.

Refractivé obéervétions 6btained through retinoscopy show
that‘ﬁhe harbour seal efe is veryAﬁyopic and astigmatic in air,
~and hypermetropic with no diséernable astigmatism'in water. i
 The axis of ieast corneal curvéture is horiéontal; curfent
theories predict thatlthe_stenopeic.pupil would thus correct fof
astigmatism in'air.AThe functionéi significance of the éstigmafism,whic

- “is in the order of 7 to 13 didpters,fhas'not been adequately



determined to déte, however. These obéervations are in agreement
with those recently reported fof the hérp seal.

Behavioural studies have also confirmed the high sensitivity
of the harbour seal eye to light, as suggested by the histological
observations. Two captive harbour'seals were trained to select
a two-bar pattern over a one-bar pattern in both air and water,
discriminating for the preseﬁce of a gap. Their abilities to
~carry out this task were measured as the gép in the two-bar
pattern was.graduaily reduced in size. The. light intensity
of the white parts of the stimulué cards was 284-369 candela/mZ;
‘Under these conditions, the harbour seal can detect a gap as
smail as 1 mm at a distance of-i.7 m/in both air and water..
These studies fail to provide values of the visual acuity of the
harbour seal in the strict sense, however, owing to the physics
of the pattern utilized. Rather, they indicate a measure of the

absolute sensitivity of the eye to light.
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‘Introduction

Present evolutionary theory_dietates that the vertebrates
evolved in water and hence the eye was initially an aquatic
stfucture: ‘it's basic pian being established in the fishes.

The physicél properties of water which influence the eye and
vision - properties such as the absorption of light, scatteiing
effects and friction - are essentially exaggerations of the |
same properties that occur in air. Thus, when the veftebrates
finally took to land, they were faced primarily with a guantitative
disparity for most of the physical properties which influence

' vision, A few qualitative changes were required for aerial
vision, however, mostly relating to the difference in refractive
index of the medium. New features in the adnexa were also
_.feQuired to protect and moisten the now important refractive
surface in the eye; the corneda. All the above modifications
involved in this change of media are-quite well known (Wall,
1942). o

The secondary adaptation to water with an aerially-adapted
eye is not:so well documented and understood. This secondary
adaptaﬁion is obviously present in the cetaceans, which in
geﬁerel may be considered sompletely aquatic. It is in those
species.whieh are amphibious, though, that an adeptation problem
hight arise.since,somehow they‘must see well in both air and
water. Such forﬁs are*of.interest from an evolutionary point

of view since such a way of'lifelmay represent stages in the



. land to water transition.

There is little information on vision in amphibious mammals,
such_as pinnipeds, which breed on land but spend most of their
lives in water. Being only secondarily adapted to‘an aquatic
habitat, one would assume that the yisual difficulties of
amphibious mammals, if any, lie primarily underwater. The
problem of aquatio vision for the terrestrial eye is one of
developing enough accommodation to neutralize the hypermetropia
which results When'the cornea.isain contact with water.

- However, rather than using intra—ocular muscles  to increase the
curvature of the lens, as does-the'otter (Walls, 1942), pinnipeds
have achieved a moderate degree of hypermetropia underwater
.(Piggins, 1970) by means of a spherlcal lens. The'comhination
- of a stenopeic pupll arranged along the axis of greatest corneal
curvature’ and a sensitive retina is thought to make extensive
aooommodation inkair unnecessary'(Walls, 1942), although in
air,.the eyes are yery myopic and quite-aStigmatic (Johnson,
-1893; Plgglns, 1970) In Water,nthis myopia and astigmatismi
'dlsappear ow1ng to- the s1m11ar1ty of the refractlve 1nd1ces.
of the cornea and water.>’ | |

| "To date, most of . the emphas1s on the sensory - capabllltles
of plnnlpeds has been dlrected towards acoustlcs and whether
.plnnlpeds employ'actlve sonary(eg.;Poulter, 1966; Schusterman
et al., 1967; ‘Sh.aver and Pou“lter ~l967)., with relatively little

emphas1s belng devoted to the study of the other senses, partlcularl*

vision. Prev1ous research on-. the harbour seal P. vitulina



(Feinstein and Rice, 1966), and the California sea lion,

Zalophus californianus (Schusterman et él., 1965), has been

COncernéd with the abilities of these animals to discriminate
betwéen targets of vérious siées in watér. Their size-
discrimination tests have shown that these species can make
fine discriminations and that both species perform'almost
equallylwell. No tests have been made to date, however, on>
the relative ability‘of phocids to see above and below water,
.althoughfséhusterman ahd Bélliet havé reported the visual.
acuity of the harbour seal and stéller sea lion underwater-
(1970a) and the visual acuity df the California sea liQn in
air"(1970b). | | |

_Accounts on the.struétural orgaﬁization of the pinniped
eye are also few and fragmentary. Initial studies by Wilson
(1865) and Johnson (1893) on the harbour seal were primarily
devoted to the description'of Ehe'dioptric mechanism and
contributed little to the understanding of the retina. It
remainea fér Putter (1903) to describe the gfoss morphology éf
the retina, which he did for sevéfal pinniped species} However,
owing to the histological ﬁechniqueS-available to him at that
time,_he was unable7t6 describe in detail theé retinal organization
at the cellglar le&ei. 'ﬁé-did describe the tapetum.and the
gross_chara;teristics of the different retinal layers. He
alSO”confirmed Johnsdnis (1901) earlier statement on the
absence of an area centraiié,»which disclaimed Chievitz's (1889)

report of the existence of such a feature.



The most complete account to date on the structure of the

pinniped retina is by Nagy and Ronald (1970) on the harp seal,

" Pagophilus groenlandicus. These authors also reported the
‘absence of an aréa centralis aﬁd were able to observe only rod
photéreceptbrs, although terminal'éedicles characteristic of

.cones Were-noted.- However, as they were unable fo discern any
further_morphological diffefences, they concluded that cones
are not present in this species. The huge horizontal cells énd
apparentiiack of zonation in the innér nuclear layer were also

particularly'emphasized.

To date, there has been no cdncerted attempt in pinnipéds
to feléte visual ability in both air and water with eye structure.

Among the local pinnipeds, the harbour seal (Phoca vitulina)

- is perhaps the most convenient fof study. It has large eyes
and‘is‘hardy. Thus, this species was chosen for a study of
the visual adaptations requifed for an amphibious habit. The
objectivés were:

1. a histological and morphologicél stﬁdy of the harbour
seal eyé with pérticular emphaéis on the structural organization 
of the retina.

2._a refractive study of the harbour seal eye in both air
and w%ter to see if the eyes are as astigmatic and myopic as
~claimed by Johnson (1893]. |
| 3. a.behavioural in?éstigation of the harbour seal's
.discrimihatory abilities in-both.air‘and water with the intent

of measuring visual acuity.



wWith this information, the degree and nature of the harbour
seal's visual édaptations to ah.amphibious habit will be evaluated

~and discussed.



Materials'and Methods

1. Morphology and Histology:

The structural aspecté of the harbour seal eye were studied
.at the.level of the light microscope. Eyes obtained from
seals caught in the Strait of éeorgia were fixéd whole in 10%
formalin. Eyes were fixed within a few minutes of the animal's
death,Aembeddéd whole in Bioloid, 56—58O C. mp (Will Scientific
Incorp., Ann Arbor, Mich.), ahd secéioned at 5-8 u in the
lvertical plane, ie. parallél to the orientation of the
: phOtoreceptors.. Staining was with Harris haemotoxylin and
" eosin, periodic-acid—schiff (PAS), or thionin.

In addition to therabove‘method, some eyes were removed
from animals a few minutes after all signs of body movement
had ceaséd following injection of a lethal dose of Barbeuthol
(Haver Lockhart Iab. Kansas.city) into the extradural vein.
_These eyes. 1mmed1ately after removal were slit open around the
ora terminalis and the posterlor hemisphere was cut into squares
‘ df épprox1mately one centlmeter, Large sections were found |
neceésary as with_smallef sections the retina detached itself
from ‘the choréid iﬂ. postfiXaﬁion'and became lost in the
-sdlution{ Owing to the thinness of the retinal layer, which was
diréctly-égposed to the fixation, no cases of poor penetration
of the fixéﬁive‘arose._ Fixafion was with glutaraldehyde
(Sabatiniyggrgi., 1963) ‘of ph_=.7.4 in Sorensen's phosphate

_ buffer’(Culling; 1962), followed by postfixation in osmium



teffaoxide, dehydration and embedding in Epon (Luft, 1961).
Sedtioning‘was.done with glass knives on the Sorvall ultra-
microtome, MT-1, at 0.5-1 u in both the vertical and horizontal
planes. Staining was with alkaline toluidine blue or alkaline
Azur II.

Cell types in the retina Wefe ideﬁtified in accordancé

With Polyak (1941) and-celi numbers were determined with the

equation P = A M as described by Abercrombie (1946),

L +M ' A
where P = the average number of nuclear points per section,
A = the crude count of nuclear numbers seen in section, M =

the thickness of the section in u, and L = the average length
of thevnucléi in.u. Five cell counts (A) for each cell type
were made from photographs of the central region of the retina.
"Eyeé‘werevalsé observed in living individuals throughout
fhe study and pupil.éhapes with different.light intensities
wefe néted. | | | | | |

2. Refraction:

The fouf séalé qonsiaered'in this study ranged in age
~from one to four years éndeere'all captive animals that had
beén held at either the UniVersity of B.C. or the Vancouver
Public Aquarium for at'ieaét]one yéar. Retinoscopy measurements
.weré“taken by two.optometriéﬁsb(Drs. D. Tennant and B. Jervis)
aﬁd.an ophthalmologist (Dr. A. McCormick), as I had neither

‘thg exper;enée nof the‘equipment'to undertake these studies
mYéelf.“ The eyes were refrac;ed under cycloplegia, With

3 drops of 1% atropine sulphate solution (Alcon of Canada



Ltd., Toronto) instilled in each eye; Cyclo?légia tYpicaliy
todk at least férty minuﬁes to complete and was judged by the
absence of a direct pupil reflex to light. After our first
attempt at refraction, I felt that more accurate ﬁesults could
be obtained if‘the seal was first anaesthetized, as a few
were quite active and,difficult to handle. Anaesthesia was
~accomplished with 2;5%Asodiﬁm thiopental solution kAbbott
Lab., Montreal) which was injected intra&enously into the
-extradural vein. The seal wés maintained just on the verge
of complete anaesthesia éo that bfeathing, which is a volun?ary
aétion in seals, could be maintained. Complete anaesthesia
runs the risk of killing the animal if maintained for moré
thaﬁ 5-10 minutes. |
Refraction was carried out with both a slit retiﬁoséope

and a round, or point, retinoscope, the onl& difference between
thé two instruments being the shape of the light beam produced.
| ‘An attempt was also made to refract the eyes underwater,
with.the‘animal's'head immersed in a plexiglass (methyl
methacrylate) container fillea with water (Fig. 1l). This
apparatﬁs,.ﬁade 6f-0.6 cm Plexiglass, consistéd of a>rectangular
container, 15'cm by 18.51¢m.by 60 cm, mounted at an angle of
40°._ The seal's hevad,could_‘ be"placed in this container and
-pOSitioned so fhat it was pbssiﬁle té obsérve the eye througﬁ
the plexiélaés wa1l.' | o |

. In:conjﬁnétién with thésé retinoscopy measurements, a

keratometer was used to measure the curvature of the anterior



Figure 1. Apparatus used in the underwater refraction of

the harbour seal.

Figure 2. Measuring the refraction of the harbour seal

in air.

<
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surfacé of the cofnea._ Its principle is the reflection of.
an image off the anterior corneal surface, which is then viewed
against a standard measurement built into the instrument. I

found I was unable to obtain even an approximate measure with
thig technique, however; as due to the extreme flatness of
the corneé, its measuré of cur&ature was well outside the
calibration.of.the keratometer whiéh was calibrated for human
use. By use of a Placido's disc, though, corneal astigmatiém
wés observed. This disc consists of alternating black and
white concentric rings and when held in front of the eye and
viewed through a hole in its center, elliptical images on the
sﬁrface of the cornea result if corneal irregularity exists.
Corneal moulds of the eye were then made to measure this
refractive error. The plan was to make a plaéter mould and
from this, a plastic contéct lens, which could be measured
through ultrasonic techniques. An initial_atfempt to make a
plaster.mould on a live animal faiied, for when the eyelids
were-forced apart to the e#fent required for a mould of the
complete corneal surface, theApressure exerted on the globe
distérted the corneal shape. Two attempts were then madé on
animals which had just been kilied with Barb—Euthoi. After
rémanl of the eyélids, a preliminary mould of the eye was
made with:prhthalmic Moldite“ (Obrig Lab., Inc.), a soft,
fast—hardehing mixture whichvhardens to the consistency of a
‘hard-boiled egg White. :A poéitive mould af coecal dental

stone, a very fine plastef,»was-then made from the "Moldite"



11
mould as soon as it was removed from the cbrnea. This was
necessary as the "Moldité“ mou ld soon undergoes shrinkage and
distortion as the water in 1t evaporates. From the plaster
mould, a crude contact-leﬁs was latér made and measured by
the Plastic Contact Lens Co. (Canada) Ltd.

Funduscopic examiﬁations were also made on two of the
seals examined as shown in Fig. 2 to'détefmine if retinal

folds were visible in the living eye.

3. Visual Discriminations:

Behavioural experiments were éarried out in the‘research
coﬁpound af the Vancouver Pablic Aquarium in Stanley Park.
»'Sait water was found essential to maintain the eyes invperfect
condition as many of the animals maintained in freshwafer
sooner or later showed a whitening of the cornea. . This condition
was found to be usually due to an in&asion of ;eucocytes into
the cornea as a result of cafneal ulcers. Why seals maintainéd
in freshwater seem to be mare susceptable to these ulcers is
not presently clear.

A total of seven seals were initially selectéd, with Scar,
~a two-year old male, and Blondie, a four-year old female,
being_chosen as the most manageable. Each seal was required
to discriminate between a two-bar pattern and a one-bar pattern
as the gapwin the two-bar pattern was gradually reduced in size,
with the presence of a gap being the critical parameter.

All tests weré undertakén in a plywood tank 1.22 m by

2.44 m filled with seawater. to a depth of 51 cm. The stimulus
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cérds were preéented‘in a smaller taﬁk 0;86 m by 0.90 m
adjacent to the testing tank (Fig. 3 ana 4) . _Plexiglass.
windows, 1.27 cm—by 25.4 cm by 55.9 cm, were built into both
tanks at the same level providing a clear view between the

two tanks. Two tanks were used, along with continuous flushing
of the seawater, to ensure that suspended debris in the larger
tank would nof inteffefe with the view; this debrié consisted
primarily of fish scales shed‘from the. rewards. The tanks
were enclosed in a hut to remove ény-external stimuli.and to
allow céntrol of lighting of the stimulus cards.

'_ The'Wélls of the testiné tank were a light gloss blue.
‘The light intensify of the white parts 6f the stimulusycafds
was 284-369 candela/mz, Thé walls of the smaller tank Were
a flat black to remove the poésibiiity of glare. Both patterns
were illuminated independently with 75 w floodlamps and the
~interior of the hut was illuminated with fhree, four-foot,

40 w, cool white flouresceﬁf‘tubes. Measurements wére made
with a "Photovolt Universél Photometér, Mod. 200", and the
intensity of 1ight dirécEed onto thé stimulus cards was controlled
by means of a dimmer switch. This range of illumination was
not cqnsidered to affect the results, since in all cases, the
animéls were adapted to an illumination of this magnitude
before com@encement of the day's testing.

The eéperimenter sﬁood behind the smaller tank and
preSéntéd-both stimulus cards simultaneously (Fig. 5). The

stimulus cards were white plexiglass, 0.32 cm by 30.5 cm by



Figure 3. Photo of the tanks at the Vancouver Public

Aguar ium where the behavioural aspects of this study

were done.
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Fig.f&, Appafatus used in testing the harbour seal's undefwater discrimination of
one— and two-bar pafterns presented simultaneously; The relationships of the tanks
are shown in'Both dorsal-(A) and latgral (B) Qiews. for testing in aif, the Water

. was drained from the stimulus presentation tank (P) and thé stimulus cards were
presented at the level of thé upper set of windows (Wz); the water level in the
.testing tank (T) remained the same but the seals were trained to swim at the surface.
One seal'atAa time was let from the holding tank (H) inté the testing tank (T) by

means of sliding partitions.

E, experimenter; S, stimulus cards; wl, lower set of windows (for testing

underwater); PD, point of discrimination for the seal.



Figures 5.a-5.b-5.c. Photos showing détaiis of.the behavioural
discriﬁinationAtanké and the presentation of a typical problem.
A. Photo of the Stimulus.cards, with the positive card

| at the reader's right. Iﬁ‘a normal trial, the cards
would not’be héld as ﬁigh, so that the seal would bé
unable to see the cards. . |
B. A correct response by thé‘seai, as it chose the right- .
hand léver, _The seal's approach was made underwater,
with the cards.viewedbthrough fhe lower window.
.C.‘Photé showing détails of the stimulus presentation
tank. The étimulus'cards weré presentea just to the

fore of the bucket, which contained the herring rewards.
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61.0‘cm, with either_one or two black bafs. The bers were 
20.3 cm long and werevof 2.54 cm ACS tape. In the case of
the one-~bar (negative) pattern, the width of the bar was
5.08 cm plus the width of the gap on the corresponding two- .
bar (positive) pattern. The distahCe'betWeen the centers ef
any pair of patterns was 21 cm. By the use of vertical
partitions seperating the two targets in both tanks, the
" seals were forced to make their choice of targetstat a
distance of 1.7 m (Fig. 4). Any chenge of alleyways after
entrance ihto one was considered a wrong response. A trial
" consisted of the seal waiting at the far end of the testing
tank from the experimenter while the cards, a two-bar card
with its corresponding one-bar card, were placed in position
in the smaller tank. On the ringing of an elethic bell,
the,seel was trained to swim forward and after making a choice
of alleyways, raiee a lever withsits nose. A correct response

. was annoﬁnced by a 5 second flash of light into the testing

tenk and Was,rewarded with 1/3 of a herring (Clupea pallasii).
An.incorrect response wae followed by a two minute "time-
out" per;ed.durihg which the seal was re%uired,to wait twov
miﬁutee befere,the next trial»Was’presented;

..Eoth eeals were first treined to push the levers after
making an underwater apéreachQ - Sixty triale were presented
daily and Ehe amount of food fed to each seal daiiy was 2.7 kg
of'hefrihg (included_in this are the rewards for eorrect

~ responses). This amount of food was such that both seals were
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able(to.maintain Eheir appetite and remain in‘a generally
healthy condition. R
The positive card was randémly altérnatéd between the

kright and left sides in order to prevent lever preference.
'fhe-following initial series of gap sizes were used (in cm) :
2.54, 1.27, 0.63, 0.32, 0.25, Of21, 0.13, 0.09 and 0.05. Each.
day's trials consisted of from twobto three gap sizes randomly
pfesented with the ratio biased in favour of the larger gap‘ |
sizes. This ensured that a majbrity of the trials were such
thét the seals had no difficulty in making a correct responsé.
A smaller~gap size was only introdﬁced when the data (Table 1)
showed evidence that the seal was able to see the smallest
gap size being presently used. Fihal measurements of their
discriminatory abilities in both air and water were taken in
~the first half of 1969 and weré based on approximately 600
trials with gap sizes between 0.05 - 0.3 cm (Table 1).

| -Forltesting in air, the watér was drained frém the smaller
tank and the stimulus cards wére presented at the level of
the upper set.of windows (W2 in. Fig. 4). Thé water level in‘
the testing tank remained the same and the seals weré tfained
to swim on fhe water surface.

Ait will be noticed that in Table 1, some of the gap

siZe; mentioned are hot inéludea in the inifial series mentioned
above. This is.a result éf-shrinkége of the ACS tape due to
the frequent immersions of the.étimulﬁs cardé in water. It

was therefore found necessary;to'remeasure the gaps after every
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30 tfials and note any changes in their sizes which may havé
occured. -‘High periods of humidity were‘also found to affect
the tape, making daily measurementé during aerial testing
also essential. All measﬁrements were made by.eye.with the
use of a ruler calibrated in 1/50Ebg of an inch. Each of
~these measurements Was further divided on the baéis of where
the border of thé!gap fell and although if is realized that

a few errors Were no doubt made, it is feit that over 600
trials they would cancel out. Furthermore, a definite value
below which the seals could not see and above which théy.couid

" is not claimed, but rather simply that their lower threshold

level is within a certain range of values.
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Results

1. Morphology and Histology

The basic morphological features of the_harbour.seal eye
"are.shown in Fig. 6. Briefly, the eyes are large, both in
absolute éize and in relative size to the body, with a globe
diameter of 39—40 mm in the adult. Thg cornea 1is roughly
circular and flattened, being only slightly arched over the'
anter ior chambef which has a depth of 2-2.5 mm. The lens is
spherical and al£houghllarge, is not out of prdportion tb the

" rest of the eye; it has an equatorial diameter 37% that of the
vertical diaﬁeter of the eye. The iris is Qery.muscular and
heavily vascularized, and is anchored to the inner aspect

of the cornea by means of a very profuse fiber nétwork

(Fig. 7). The sclera is thickened slightly in the posterior
portion of the eye but is also not out of proportion to the
other cdmponent layers ‘when comparéd to a typical terrestrial
mammalian eye. .The choroid ié heavily vascularized and pigmentéd
and in addition, contains an extensive tapetum which  lines |
virtually the whole of the vitreous cavity. ©No fovea nor

‘area centralis could be'distinguished.

'éupil size and shape.in‘air appear'to_be primarily
influehced'by tﬁe ambunt of'light'present, élosing down to a
'pinhdle at'the upbermost énd‘bf a vertically constricted silit
~under high light intensitiesﬂandbopening up to an o?al or

elliptical shape under low light intensities (Fig. 8). No



Figures 6.a-6.b-6.c-6.d. Photos of histological Sections»

of pinniped eyes. Scale = 1 cm.

A. ‘Harbour seal. (Phoca vitulina)

~ B. Northern fur seal. (Callorhinus ursinus)

C. Harp seal. (Pagophilus groenlandicus)

D. Killer whale. (Grampus orca)
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Figure 7. Close-up of the extensive fiber network
characteristic around the periphery of the harbour

seal iris (I). Arrow points to pupil.

2.1
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Figure 8.a-8.b-8.c. 3Pﬁpil'shapeSQunder different light

intensities.

.

A. Very high light intensity;' This is’

as the pupil may be made.

B. High light intensity;» The pupil is
shaped than in A. |

C. Effect of atropine. This shows'the

' size obtainable, and represents the

as small

more tear-

maximum

pupil size

found under very low light intensities.
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pupii slit that is funétioﬁal along‘its entire length is
formed in bright light, such as would exist on a sunny day.
In water, the pupil is the same’'size as in aif, with pﬁpil
size and hence shape in water appearing to be also primarily
influenced by light intensity.
“The gross histolqgical‘features of the harbour seal

»retina are seén:in Fig. 9.-:Deep fo the nerve fiber layer is
a single léyer of ganglion cells (fig. 10) intefspersed around
the vertically tranéveréing radial fibers of Muller. The
.ganglion célls vary‘little in siée except.for the occasional
“giant ganglibn cell. These latter cells may be eaSily identified
by their hugé boaies (Fig. 11) and extensive dendritic branching.

. The inner nucleaf layer is distinguished by the absence |
of any distinctive zonation and by the very large horizontal
cells which extend throughoﬁt this léyef (Fig. 12) . .  Interspersed.
around these cells énd their extensive axis cylinders are the
bipolar, amacrine and neuroglial cells. The bipolarICells
are characterized by procesées which extend oﬁt@aid into &he
outer plexiform layer, where they synapse wifh the terminal
pedicles of the photoreceptorvcells,'and inward into the
inner plexiform layer, where.they synapée wifh the ganglion
cellgl The bipolars‘ére located predominately in the outer
regiéns of the inner nuclear layer and may be identified in
: Fig.v12 byf£heir oﬁfward extending processes and oval nuclei.
Other occasional cells here identifiéd as amacrine ceils, with

" only broad, .single processes extending into the inner plexiform



Explanation of Figures 9-21

Abbreviations used in Figures:

nf 

ip.
‘in
op

on

ris

ros

pe

optic nerve fiber layer
ganglion cell layer
inner plexiform layer
inner nuclear layer

outer plexiform layer

,» outer nuclear layer

layer of photoreceptors
receptor inner segments
receptor outer segments

pigment epithelium

‘“tapetum

bipolar cell
hofizontal cell
radial fibers of Muller

amacrine cell

'neuroglial cell

blood vessel

| polysynaptic pedicle

oligosynaptac pedicle
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Vertical cross section of the central area of the

retina. Toluidiﬁe blue.

Vertical sectionAthfough the optic nerve fiber
and ganglion 1ayers. Large radial fibers of

Muller can be seen vertically transversing these

'layers. Arrows point to ganglion cells and a small

blood vessel. Toluidine blue.

Vertical section through a giant ganglion cell.

Haemotoxylin and eosin.

Vertical section through the inner nuclear layer
showing large horizontal cells (h), amacrine cells

(a), bipolar cells (b) and neuroglial cells (n).

 Horizontal cell axis cylinders are marked by arrows.

Toluidine blue.

Vertical section through the inner nuclear layer
showing the synapses between bipolar cells (b)
and a polysynaptic pedicle (arrow). Toluidine

blue.
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layer, were obéérved'on the inner aspécts of the inner nuclear
layéf. The sméll, darkly-stained nuclei surrounded by litfle

~cytoplasm in the inner regions of this-layer-(Fig. 13) are the
nuéleivof néuroglial cells.

Two varieties of photoreceptnr pedicle can be distinguished
.in thé outef piexiform-layer, rod-like oligosynaptic.pedicles
and cone—iike poleynaptic nédiéles (Fig. 14). The oligosynaptic
pedicles are most numerous, with a ratio bf approximately 23:1.
‘Théy are also much smaller thén the polysynaptic pedicles and
contain only one basal filament in contrast to the many short,

. converging filaments found in boleynaptic pedicles. The
polysynaptic pedicles are also situated slightly closer to
the inneflnuclear layer than érg the oligosynaptic pedicles;
There is no outer fibre layer of Henle.

The outer nuclear layer is the thickest of éll the retinal
layers, being 10-12 cells deep. Regional variation in the
thickness of tnis_layer was only observed in tne outer per ipheral
- areas where it'gradnally.thinned out. The photoreceptor
nuclei appear to be of twoitypes, with most of the nuclei
containing twn relativeiy'large clumps of chromatic material
and chated in from the outer limiting membrane. A few, however,
contain manynsméiler Clﬁmpé of chromatin and'nre directly
~adjacent td.this membrane:(Fig. 14 and 15). These latter cone-
typefnucleiiarenalso offen associated with a large gap in thé

“outer limiting membrane.



Fig. 14

Fig. 15
Fig. 16
Fig. 17
Fig. 18

Vertical section through the outer plexiform and

‘outer nuclear layers showing oligosynaptic (o)

and polysynaptic (p) terminal pedicles. Arrow
points to cone-type photoreceptor nucleus. Toluidine

blue.

Vertiqal section Ehrough thé outer limiting membrane
and layer of rods and conés, showing photoreceptor
inner (ris) and outer kros) éégments. Arrow

pdints to cone-type photoreéeptor nucleus.

Toluidine blue.

Vertical section through pigment epithelium.

Arrows point to fine cytdplasmic processes extending

towards the photoreceptor outer segments.

Toluidine blue.

Horizontal sectdion (slightly oblique) through
region of outer limiting membrane (points). Arrows

point to photoréceptor nuclei. Azur II.

Vertical section through pigment epithelium and
tapetum. Arrows point to chorio-capillaries

transvérsing the tapetum. "Toluidine blue.
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.The photoreceptor layer shows two distinct zones when‘
stained (Fig. 15), a lightly staining inner segment layer and a
darker staining outef segment layer. iny one type of" |
photoreceptor can be distinguished on the basis of inner segment
mérphélogy (Figs. 15 and 17). Closely associated with the
photoreceptor cell layer is the pigment epithelium (Fig. 16),

a unicellular layer, from the cells of which fine cytoplasmic
processes éxtend down between the outer segments of the
photoreceptof cells. No pigment granules could be observed.v
| Although nof part of the retina, there also exists a very
'well;deQeloped and extensive tapetum cellulosum (Fig. 18). It
is composed of 20—22 layers of flattened cells lying in the
superficial choroid deep to the pigment epithelium, thinning
gradually towards the periphery. This layer is>regﬁlarly
penetratéd by many small capillaries arisihg from the choroid
which transverse laterally in the region between the éigment
epithelium and tapetum.'. |

Two types of "retihai folding" were observed in the whole
sections embedded in paraffin. The most common tYpe of folding
was a slight oﬁe (Fig. 19 and 20) involving the outer nuclear
and photoreceptor but not the inner layers of the retina. This
foldiﬁg-was obsérved in four of the seven ha;bour seal eyes
eXaminéd and in these éyes,_was only absent in the periphérai
regions of éﬁé retiﬁa. Thé.seCOnd type of folding (Fig. 21),
much m&re intricate_and_compiex and involving the whole retinal

layer, was observed in three Qf the seven harbour seals studied



Fig. 19 and 20 Vertical sections through the retina
'showing the slight form of retinal folding. Only
the outer nuclear layer and layer of rods and cones

are folded. Haemotoxylin and eosin.

Fig. 21 Vertical section through the retina showing the
complex form of retinal folding. All the retinal-

layers are folded. Haemotoxylin and eosin.
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(thése three also showed the first typé of retinai folding).
This folding is much more localized than the first type of
folding mentioned, and was only observed to occur on a small
proportion (10% at the most) of the retina shown through
sectioning, usually in the cenfrai‘or middle retinal regions:
Owing to its magnitude, this folding should be clearly visiblev
through fundusdopic examination. . Since ﬁone was observed,
it was not pdssible to éonfirm that this type of folding occurs
as a natﬁral phenomenoﬁ. |

No folding‘of either'type was observed in those sections
embedded in prn. It is not possible therefore to describe in
~detdil the retinal orgénizétion about thése folds.
| The peripheral terﬁination of the sensory retina, the ora

terminalis, was observed to be at the base of the ciliary

muscles. There was thus no pars plaina as occurs in the human
eye. -

2. Refraction

Réfractive measﬁrements éf the four harbdur seals examined
by retinosco?y aré given in Table 1. Initial difficulties in
 cont£oliing thebseals were overcome by means of~anaestﬁetics,
but‘probléms wére’still encoﬁntered in meésuring the optical
axes correbtly, All three bepplé that‘took these measurements
are profeséioﬁal doétors and well-skilled in the measurement
of.refrécﬁion-in humans, but nohe‘of them could state with
icertainiﬁy the values for the harbour seal. The effect of

the tapetum, a layer not preéent in man, in reflecting back
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|

Seal Refraction _ Refraction Astigmatism  Instrument Operator

Axis " Axis (Diopters)
Vertical Horizontal
(Diopters) (Diopters)
Susi. -7.0 (B)  -7.0 (B) 0.0 slit 1
Orphie  -5.0 (B) -5.0 (B) 0.0 slit 1
Scar 1.5 (B) 2.0 (B) 0.5 , Slit 1
- -3.5 (R) 3.0 (R) 6.5 Round 2
2.5 (1) 4.5 (L) 7.0 '
3.0 (1) 5.5 (L) - 2.5 s1it 2
8.0 (B) 1.0 (B). 7.0 s1it 3
Blondie -11.5 (B) - 1.5 (B) .  13.0 Round 2
-11.5 (B)* = 1.5 (B)*  13.0% Round 2
Orphie 4.0 (B) 4.0 (B) 0.0 Slit 1
(Water) ‘
- . -13.0 -4.0 9.0 ' - | Johnson
Mean of ~12.5 (-16.5 -8.0 (11.5 to -é 0 (12 to 5) - Piggins
12 eyes ' . : : ) El

(harp seal) t9 _11'5) -f3°5)

Mean of 5 55 (9 to 4.70 (9 to 0.0 (2 to 0) - - Piggins

12 eyes ~
(harp seal) 3.75) _ 3.75) _ '

(Water)

Téble‘l_:  gefracﬁivé measurements of the‘harboﬁr seal as obtained
in‘this'study‘and by Johnson (1893).A Harp seal measurements were
taken by’Piggins’kl970). These values were obtained in air by
méans of retihoéCopy, with those values obtained in water noted.

B = iﬁ both eyes, R =-rigﬁt eye; L = left eye, * =.without

anaesthesia..
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thefretinoscopy light, combined with'the large eye andvité
upward tilt, made all the measurements questionable; it was
not possible to definitely state that measurements obtained
were along the optic axis.

Both attempts at obtaining‘accurate measureﬁents by the
use of contact leﬁses_failed; for when the lenses were later
~ studied, it was noted that}dimpling of the cornea had occured.
This was presumably as a result of a drop in ‘blood pressure
within thg eye owing to death. Furthermore, the lenses were
also found to be too flat to be measured by conventional
commercial uitrasonic equipment, which is calibrated forv
- human eye measurement. Owing to a shortage of seals, efforts
in measur ing corneal curvature by this téchnique wefe not
pursued.

Corneal astigmétiSm was observed to occur, however, by
means of a Placidoﬂé disc. This~astigmatism had its distortion
effect in the vertiéal, which indicates the radius of least
corneal curvature in the horizontal. No guantitative values

are obtainable with this technique however.

3. Visual discriminations:

..-The greatest problem encoﬁntered in thi§ phase of the
study was the long period of ﬁime required. to train the seals
to respond to‘the‘correct'stimulus card (Fig. 22). As
menfioned earlier, Blondié and Scar were the two seals chosen
as beiﬁé the most ﬁénaéeabié from seven initially selected

.~ seals. However, even these two were very slow learners.



Figures 22.A-22.B. Performances of the two harbour seals

during conditioning. Each day's trials were broken down

into blocks. of twenty trials each to better describe

per for mance behaviour.

A.

B.

The performance of the four-year old female, Blondie.
The perﬁormance of the two—year old male, Scar.

Dotted line = stage at introduction of the baffles
into the tank; Star = simplification of the problem
from a two-bar (positive) : one-bar (negative) one

4

. to'a one card one (only the two-bar (positive) card

was presented) .
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Bloﬁdie, the-female, was tréined first and reqﬁired 1540

trials béfore she was able to respond correctly to all of one

| block's trials (the day's 60 trials were subdivided into three
blocks of 20 trials each), the criterion for solving the

problem. The problem which she was required to éolve was a

three card one, consisting of oﬁe positive stimulus card, a
two-bayr pattérn, and two négative stimulus cards, a blank

white card and a blank black card. This combination was

used as some generalization'expériménts were initially pléﬁned,
but owing to the_long period of time required in tréining the
seals,.this éspect was later dropped. The sudden improvement

in Blondie's responses‘after 940 trials occurred after increasing
the "time-out" period'followiné an incorrect response from

30 seéonds to 3 minutes. This suggeéts that perhaps one'of

the reasons for the large numbe# of trials reguired té solve

~the problem was ine%perience‘in training on my part. However,
Scar was trained after Blondie and yet still required a comparable
number of trials.. Schusterman (1968) also encountered similar
difficultieé in his training of the harbour seal.

Scar, the male, reguired approximately the same number of
trials (Fig.‘22) £o learn the tWo—bar (positive): one-bar
(negétive) problem as Blondie required to iéarn the three
card Oné} even when the problém.was simplified after 600
triais to:a one card ohe'(dnly theltwo—bar'(positive) card 

’ Qasbpresented,.with thé only requirement being to pusﬁ the

lever on the same Side as thé*card). Once the problem was

learnt, however, both séals showed considerable.retentibn of
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the problem ahd would perform correétly even'aftef a two mbnth
lapse in testing. |

The responses of Blondie and Scar in both air and water
for the final set 6f measurements, ie. for gap sizes between
0.05—43.0 cm, is given in Table 2 and Figs. 23 and 24
respectively.%bighted regressions were performed oh.the data
. for both air‘and water,;ana'when the standard psyéhophysical
"criterion is applied to the data (the difference threshold
. being defined as the gap siée'correspohding to the 75%
per formance level), it is fOuna that both seals could resolver
a verticai gap between two black bars as small as 1 mm when af
a distance of 1.7 m. There is no significant difference
(p = 0.05) between the values in_air.and water for éither éeal
. and between seals in air. There is a significant difference

between the two seals in water.
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Table 2: Responses of both seals in both air and water for finél

testings. Values aré given in % correct for each gap size.

Gap Size - R "Blondie . Sscar

(mm) (min. of Air‘. . n _Water ,.-n Air n Water n
arc) ' ‘
2.16 435 100 30 - - 100 20 - -
2.03  4.10 -~ 85 108 - - % 9 - -
1.79 3.57 90 100 96 24 00 100 - -
1.66  3.34 84 98 - - 9 100 - -
1.54 3.07 -  . - 100 58 - - - L
l.42 2.83 . 99 101 - - 83 59
1.29 2.57 - - 99 144 - - 95 141
1.22 2.43 - - - - - - 92 22
1.16 - 2.31 85 60 97 105 95 60 94 130
1.08 2.15 - - 9a . 17 - - 69 48
1.02  2.05 83 119 ' 90 51 88 120 - 83 24
0.97 1.95, 80 20 - - - 75 20 - -
0.90 1.80 . -8l 47 - - 62 21
0.76 . 1.54 . 64 .24.:~‘75 44 58 30 57 99
0.71 ‘1.41' - - 74 19 - - - -
0.64' ) .i-283'_ | 59 - 55 70 33 | 63 70 62 26
0.57 1.13 “. - - 71 17 - - 63 30
o.51 . 1.02 - 46 40 - h § | 58 50 = - -

654 660 660 600
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Fig. 23.A comparison of the ability of the four-year old
female harbour seal to disériminate_small differences in the
gap size of the two-bar pattern in both air and water. A
weighted linear regression was performed to determine the
difference threshold which is defined as the gap size

corresponding to the 75% (60 afcsinnﬁZ) performance level,
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Fig.24. A comparison of the ability of‘the two~-year old male
harbour seal to discriminate small differences in the gap size
of the two-bar pattern in both air and water. A weighted linear
regression was performed to determine the difference threshold
which is defined as the gap 51ze corresponding to the 757(60

‘arcsin J%) performance level.
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Discussion

,The general aim.of this study is to determine the nature
and degree of the harbour seal's v1sual adaptations to an‘
amphibious habit. I will flrst discuss the gross morphological
and histological»features,-as an adequate understanding of the
structure of the eye is essentiai before its functiooal
capabilities may be assessed.

This study shows that the eye of the harbour seal is
morohologically similar to that of other pinnipeds and confirms
.'AWallS'.(l942) descriptiontof-the pinniped eye. Briefly, the
eyeball;is large, both.in absolute size and in relative size
to the body, and is roughly spherical in shape. The cornea is
fiattened in its center regions, where it is much flatter than
in humans. It is not more convex as stated by JohnSon:(l893).
The anterior'chambef is relatively.deep, at least when compared
to the agquatic teleost eye, which typlcally has the lens in
direct contact w1th the cornea, it is not "very deep" as again
stated by Johnson. The lens is eseentially spherical in shape
and although large, is not out of proportlon to the rest of
the.eye and is not “nocturnal"lln size. By this I mean that
ite equatorlal diameter relatlve to the vertical dlameter of
"the eye is only O 37 . a value much closer to that of the twenty-
four—hour ungulates (0. 40) than‘that of the nocturnal carnivores
(0.50) (Walls, 1942). _This’incfease in curvature, as Walls

points out, seems thus to be an adaptation to the 'loss' of
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the-cornea under water and nét to noCturnality,.an hypotheéis_
- further supported by the diurnal habit of pinnipeds.

The sclera in the harbour seal is not out of proportion
in thickness to the rest of the eye, as is the case in cetaceans;
it is thickened slightly in the region surrounding the optic
nerve. This would seem tovquestion Walls' (1942) claim that
the thickenedvsclera in cetaceans functions primarily as a
.sﬁpporting structure owing to.the large absolute size of the

eye, as the Pacific white—sided_dolphin, Lagenorhynchus

obliguidens, which has a smaller absolute eyeball size than
the harbour séal, has a thickef sclera. However, perhaps the
greater swimming speeds attained by éetaceans, with the fesulting
incfease in corneal stress, necéssitates this difference.

With regard to fine structure, this study shdws that the
1retina?6f the harbour seal is histologically similar to that
of other pinnipeds,.especiaily that of the harp seal as described‘
by Nagy and Ronald (1970). Both species showllittle zonation
in the inner nuclear léyer,.possess\large horizontal cells,
have the outer nuclear layer as the thickest of all the retinal
layers, and have similar nuclear densities within the different
retinal layefs throughoUt7the;retiﬁé.A The degree of summation
of fééeptor cells to-biédlar cells to ganglion cells is also‘
quité high-ana.similaf betweén.the two species, roughly lOd:lO:l.
The'extensive‘hofizontal cell:network also suggests that a
well-developed laterally cbnductihg network exists, although

the functional impdrtance of such a network is still speculative.
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In the inner nuclear layer, fhé bipoiar, amacrine and
neﬁfogliél'cells were initially identified and classified by
the methods of Golgi and Ehrlich (Polyak, 1941). Since these
methods wére not used in this study, identification of these
elements is uncertain, owing to their similar morphological
appearances. The shape, size and position of the nucléi,

-and the appearaﬁces of thescellular processes, are not sure
cfiteria. | |

In contrast to Nagy and.Ronald (1970), however, it-is
felt that cone-type receptors are present, although not perhaps
"in the classical context as described by Polyak (1941) Pedler
‘(i969) has recently proposed;a new morphological classifiéation
of photoreceptors involviﬁg three basic varieties: Types a,
B—and C. The presence of tYpe A; receptors relatively
ihsensitive,.polysynaptic-cells representative of Polyak's

(1941) "cones", was not conclusively demonstrated, as it was
impossible to discern any définite morphologiéal differences
between the inner segments of the photoreceptors in vertical
(Fig. 15) or horizontal (Fig. 17) section. However, there is
.some evidence indicating that this cell type may in fact be
present on the basis of the large gaps in the outer limiting
membrane thch are characteristically associéted with cone-type
nuclei (Fig, 15);.]» | | |

In lieu of thé_inébility.tO'cbnfirm the presence of fybe
A féceptors; type B receptoré, felatively sensitive, polysynaptic

cells, are suggested as;the_cbne—like type observed in thé retina
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owing ﬁo the presénce of polysynaptic pedicles. Those ceils
- possessing oligosynaptic pedicles are type C receptors, sensitive
cells of the type termed "rods" by Polyak (1941). These latter
redeptors compr ise the majority of the photoreceptors found
in the harbour'seal retina. Type B énd C photoreceptors would
also appeér to be présent in the harp seal on the basis of
the presencevof both rod-like and cone-like receptor tefminals
(Nagy and Ronald, 1970).1.They also reported only one morphélogicall
3 distinct inner segment variety.

Lacking neurophysiolégical data, the implications of such
a photoreceptor composition in.the phocid retina are not -
clear. The presence of tYpe B receptors does not neéessafily
give them better visualJacuity than an all rod eye, dwing to
the sparse numbérs that are present. The extensive summation"
undergone by the éensitiVe receptors through the bipolar and
ganglion cells likely creates highly sensitive receptor groups
to deal with the relatively'léw light intensities such as would
exist at great depths, beneath snow-covered ice, or at night.
Those‘receptqrs posséssing'polysynaptic pedicles may in turn
be.connected to horizontal cells, connections which might
impart a high information pfocessing capability tovthe retina
’(Pedier, 1969)'as these cells conduct impulses in a lateral
directionzi_Such a system would certainly be aaVantageous to
a predatof'required to hunt a fast-moving prey in a three-
dimensional environment under low light intensities.

Retinal folding has been reported in the cetacean eye by
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Mann (1946) on the basis of his observations on the sperm

whale (Physter macrocephalus) and the fin whale (Balaenoptera

. physalus), and most recently, by Pilleri (1967) in the

beluga (Delphinapterus leucas), the hippopotamus (H. amphibus),

. and the otter (Lutra lutra). The.retinal folding reported

by Mann (1946) involved only the outer nuclear layer and
layer of rods and cones and was speculated to function in
_-movement—detection. He theorized that since movements are
‘better seen'ih the peripheral'regions of the‘retina than
‘centrally, the less the retina is adapted for acute vision,
the bettervwill be its ability to detect movement. Thus,

. the 1ncreased summatlon resultlng from undulations of the
photoreceptor layer, whlch increases the number of receptors
per unit area of retlnal surface without a corresponding
increase inlthe number of nervetfibers in the nerve fiber
layer, WOuld.decrease visual acuity and so>aid in movemente
detection. This situation with regard to physiological
factors is not borne out, however, although accordlng to Walls
(1942), psychic factors support better movement detection in
the periphery, where movements have a saliency and attention-
value qulte out of proportlon to the clarlty w1th which they
are'actually dlscrlmlnated.,vlt seems unllkely,'therefore,
that retiual foldlhg functions in movement-detection as Mann
‘ speculates.. ' | |
The foldinés reported by'Pilleri.(l967) involved all the

‘layers of the retina with thevexception of the pigment epithelium.
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As three mammalian orders were involved, he concluded that
folding was an adaptation to aquatic life, and suggested
that it functioned somehow in diving, this perhaps being an

adaptation to'changes'in‘water pressure to allow for fluctuating

s -
e A

eye volumeé. This is unlikely also - the éye contains no air
pockets whose compression would cause distortion;

This raises the question of the existence of retinal
folding as a'"real”.phendnom in the mammalian éyé,'be.it
adapted to an aquatic, amphibious or terrestrial mode of
life as it is hard to see’how such é feature might function.
AIf it is *"real", it must have some functional significanée
'(Cain, 1964) . Ié there, therefore, a possibility that it
might beiah artifact?

The appearance of the folds éﬁ‘histological examination
supports their "real" stéﬁus, as little shearing of the retina
appears to have occurred. Often, the pﬁotdreceptor‘Cells
between folds‘are still connected té the pigment epithelium.
This is especially evident in the first type of folding,
which just involves the outer nuclear and photoreceptor layers;
Nevertheless, this observation should be qualified.. The
second type of folding,:involving.ail the retinal layers, is
almost certainly an artifact, oWing to our inability to
obsérvé any folding through funduécépic examination of the
living segi'eyé. AThis seébﬁd'fype,'because of its magnitude,

should be.clearly visible if present.
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That félding of any nature was prevented in fhe liviﬁg
animal and wés an artifact in the prepared sections seems
_likely for the foliowing reasons. The primary function of
»the outer limiting membréne is fo brient}the‘photoreceptor
cells in the samé meridiah as'the“light paésing through the
retina. This is necessary in order to provide a reasonable
degree of visual acuity, for if they weré perpendicular or
even dbliqueiy oriented to thé-light‘passing thfough the
fetiha, then the cells could.be stimuiated overva relatively
large retinal area as oppbsed to just the diameter of the
segment pqrtion of the photoreceptor cell. Also the effect
. of having only parts of the retiné with receptors 'in the same
meridian as the light path'is the formation bfvalternating
regions of acute and fuééy vision, a situation which Would
not seemAadvantageous in a prédator.' It is eQen more difficult
- to suggest a function for the seéond'type of folding (groés
folding), assuming that it is not an ar£ifact. |

An equally important coﬁsideration ig the problem of
retinél nutrition created by the folding.' The region of
‘the retina superficial to and including the outer plexiform
laYer is transversed by blood vessels’originating f;om the
: optié nérve‘region of the>retina'aﬁd receives its nutrition.
from thes§ vessel$. The outer nucleér and phdtoreceptor
layers hoWever,-receiQe their_nutrition through diffusionb
from the choroidal blood vessels transversing.between the

pigment epithelium and tapetum (Fig. 18). Distance from these

i
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vessels is therefore a critical factor. The disténce creafed
by folding, especially of the second type, would seem just
too great to ensure adeguate nutrition (McCormick, 1970).
However, tﬁese objeétions to folding as a "real" phemenon
are based primarily on an inability to associate’any specific
function to it, which as Cain (1964) points out, is not
sufficient criterion. Too ofteﬁ in the past such "conclusions
have proven false; .Eurther study is therefore required
‘before this question may belfully fesol?ed. Confirmation of
its presence could be obtained if folds are observed in
sections embedded in Epon, for the exact cellular reiationships
. could then be observed to see if localized shearing has.
occured.v‘Unfortunately, my Epon—embeddéd,sections showed
no folds. Their absence here does not necessarily rule out
their existence, however, as the distance between folds was
often greéter than the width of,fhe fetinai sections cut
with this techniqﬁe;~
'The tapetum cellulosum in the harboﬁr seal is as extehsi&e
as indicated by Walls (19425 and lines the whole vitreous
cavity, terminating jpst.béforé the retina does. According
to walls (1942), this gives pinnipeds the most extensive tapetum
amoﬁg maﬁmals. The mechanism of tapetal reflection is still
.uncertaini_although sevéfal havé been suggested. Walls has
suggestedlinterference effeqt#'but Pedlar (1963), although
ghdwing that this is likely, shoWs that interference as a

sole mechanism is unlikely. There may in addition be a pigment,
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t al.

although none has been isolated to date. Weitzel
(1956) have isolatédrzinc cysteine.from thé seal tapetum,

but no connectioné have been sﬁown‘to exist between the colour'
of this metal aﬁd the colour of the tapetum. Heller (1967)

haé shown that this compound posSesses.photoelectric properties,
‘however, and states that this is related to the increased |
visual power of carnivores in the dark. Nagy and Ronald

(1970) point out, however, that this would oeem unlikely,

when one considers the extensive knowledge.relating to
photoreceptor excitation as acclomolished by the photochemicai
>conversion of light energy into neural impulses.

If a pigment is indeed present, it may subserve the same

function as suggested for riboflavin in the lemur kGalago

.crassicaudatus) retina (Pirie, 1959). The fluoresence maximum

of riboflavin is 520 mu at neutrality, and is.maximally
activated by light of 370 and 445 mu: These wavelengths
will pénetraté-thé eye, be_absorbéd by the tapetum and then
be re-emitted as light of 520 mﬁ, owing to the fluorescense
of the riboflaViﬁ. ' Thus, if a pigment is present, it would
be.advéntageoos for it tovréfieot particular wavelengths of
light which areimorérsuitébleifo_fhe optimum sensitivity
of tﬁe:visoal oélls, for-it»oouid'therefore increase the

stimulus received by the.photoréoeptor‘cells.

Refraction:

my refractive results (Table'i) agree basically with

those reported by Johnson (1893) and Piggins (1970) for the
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harbour seal and harp seal respectively; by means of
retinoscopy, both noted considerable myopia and astigmatism
in air, and in water, Piggins found moderate hypermetropia
and negligible éstigmatism. Hypermetropia, or far-sightedness,
results if the eyeball is too short, so that the accommodation
process 1is inadequate to pull the image forward onto the
retina and the sharp image lies behind the eye. Myopia,
or near-sightedness, is the opposite, where the eyeball is
too elongated and the image lies too far forward, ie. in the
vitreous cavity. The third and last refractive error, astigmatism,
is when the retinal image of a point is not a point but a
line, owing to one of the refracting suffaces being partly
cylindrical as well as spherical in its curvature. This is
almost always in the cornea in humans, but it is possible to
have lenticular astigmatism or astigmatism reéulting from
the back of the eye itself. The location of the astigmatism
in seals is especially critical, as only if it is corneal
will it be removed under water, owing to the similarity in
refractive indices between the cornea and water. This is why
considerable effort was made to quantify the corneal astigmatism
independently of any which might be inherent in the other
eye components. Retinoscopy measures the refraction of the
eye as a whole, and cannot be used to determine the refraction
of any one refracting surface.

With respect to Johnson's (1893) and Piggins' (1970)

results, owing to the difficulties encountered by very competent
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doctors in the-téking of my measurements, the accuracy of
their results seems questiohabie,-as neither has had his
resﬁltS»confirmed; I found considerable variation in values
taken by differént doctors on the sameseal on the same day
and even by the same doctor with different instruments (a
round retinoscope versus a sliﬁ retinoscope) on fhe same
seal.on the same day (see Table 1, Scar). The reasons for
these difficultiés are not certain, but I feei the major
problems wefe the presence of a tapetum, the large eye, andb
the upward and horizontally (150) directed optic axis, all
vfeatures not characteriStic of the human eye with which they
were most experienced. These features combined made- it
very difficult to be sure that correct measurements along
the optical axis were taken. Anaesthesia appeared to have
:no'effect on eye refraction, as we were able to take the
refraction of one of thé éeéls (Blondie) withouf it; these
values.we;e similar to later onesvtaken while she was anaesthesized

vOneufurther speculationbas to why we had difficulty in |

determining the harbour seal's refféction is the influence
of>the.animal's nerVousvstétef It has been conclusively
demonstrated that among human§('éspécially children, nervous
tehéion cén and does éhange,ﬁhevrefractive state of the eye
.significqptly, often up to 3 diopters (Radler, 1955). This
change'is.typically,one of inéreased myopia, and appears to
be related to the difficulty‘of‘the taSkApfesented. Thereb

is no reason to suppose that a similar reaction to stress
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couid not occur in otherAanimals, and if.such cﬁahges took
place while the seals were being tested, this could perhaps
accoﬁnt for a part of the variation‘observed. Refraction
involved tying fhe animal down and.shining a light into its
-eyes and was definitely bothersomé‘to at ‘least some of the
seals.

With a Placido's disc, I was, howevér, aﬂle to cbnfirm
Johnson's (1893) and Piggins'I (1970) observation of the axis
of least corneal curvatufe in the horizontal. This observation,
therefore, questions some’éf the retinqscopy measurements,
as some showed no éstigmatism (Table_l,vOpgrator 1, Susie
“and Orphie) and astigmatism with thisiaxis in the vertical
(Tablenl, Operator 3, Scar). Only those measurements showing
the axis of least corneal curvature in fhe horizontalvare
#herefore consisteﬁt with my observations, as all other
evidence to daté sﬁggests that thé lens‘and pésteriorlcurvature
of‘the eye are not significantly astigmatic. It is felt
that these values ae meaningful, for when combined with
Johnson's measurements for the‘hérbour seal, they_should
provide at least an indicative refractive value for'this
species. 1If this is indeed thé,case, and only further
vmeaSﬁfements Qill confirm it,,fhen Walls' (1942) thebrizing
séémé partly confirmed'iﬁ‘thaﬁvthe astigmatism will be
eliminateéAby the verticaliy é¢hstricted pupil. The power
of a cylinder is direéted ét QOO to‘its axis of least curvatute,

ie. the horizontal. However, .the function of’astigmatism
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in the dioptric mechanism is still not explained. ‘A refractive

study of tﬁe bearded. seal, Erignathus barbatus,' would now
be interesting;vas‘its pupil slit is almost horizontal in |
contrast to that of other pinnipeds (Walls, 1942).‘ Its axis
OfAleast corneal curvature would fhus be expected to be
vertical, 1f indeed astigmatism is present at all.

This removél of the astigmatism,.howevér, requires a
sténobeic_aperature, so that an approach to the performance
of a pinhole.aperture resulté. Only under very bright
conditions though, "such aé occﬁf.oﬁ é sunny day, does the
pupil ever fully,approach.this condition and often, as ié
-jthe case oh dull dayé and undér the cénditions of my
behavioufal experiments, the pupil adopts a rather more oval
or élliptical shape, depending on the actual light intensity.
Vision would thus likely be poorér uﬂder low light intensities
than under high light inténsities, as thefeffects of the
corneal astigmatism would notlbe éntirely eliminated by
the now widened pupil. If the mean value of £he degfee of
corneél astigmatism‘for the hafbour seal is cofrect (0.6
diopter of hypermetropia in the vertical meridian and 8.5
dioptérs of myopia in the hérizontal, resulting in 9 diopters.
of astigmatism) then this cannot be considered ligh£ly, and
any deviation from é sten6peic apérture would likely have_a
pronounqed.effect; | | | |

1n water, théjréfrééti?e“résults are questionable as

the operator taking them was unable to detect astigmatism



51

wheh testing in air, astigmatism definitely shown to exist
by use of a Placido's disc. However, they imply moderate.
hypermetropie with no astigmatism, results which seem
reasonable when‘compared'to thoee’of the harp seal (Piggihs,
1970) in Table 1. Both methods of measurement are comparable
in technique, although again, individual variatien should
be expected. As these are the only hndefwater refractions
carried out fo date on pinnipeds, it would appear that'these
-two}species\of phocids at least are similar in refraction
underwater. These findings also agree with the inferences
of Johnson (1893) and Walls (19425 thatfthe astigmatism in
~phocids is resident in the corhea, foriit is largely removed
in water; underwater, corneal astigmatism should be lost with
the reduction in effectiveness of the cornea (assuming that
iﬁs refractive index is the same as Oother mammals in being
similar fo thaf of water). Visidn under low light intensities
would thﬁe likely be poorer in air than water for the same
reasons menﬁioned earlier, as the astigmatism would only be
effective and detrimental ih'air.

The question is now ralsed as to why.seals possess
' astlgmatlsm at all and how they put up with such an extreme
degree as 9 dlopters. -Among the carnivores and higher mammals,
no elgnlflcant astlgmatlsm is the rule (Johnson, 1901),
although it is found to a small degree,'ie. between 0.5 -
1.0 D., throughQut the orderst_ Only among the pinnipeds end

cetaceans 1is it present to. such an extreme degree. Matthiesen

-
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(Johnson, 1901), who has reftactedAseveral Atlantic cetaceans’ eyes
reports a corneal astigmatism of between 4 - 4.5 diopters
among all the species he observed. Presumably, however, it
would be oriented differently from.that of the pinnipeds,
- as their pupil is of a considerably different shape. Johnson's
observations (1901) also show that among mammals, excluding
the domestic speciesh in which refraction varies considerably
in all directions of efror, vision is characteristically
hypermetropic. A slight degfee of.hypermetropia (under one
diopter) is typical of the higher mammals, while higher
hypermetropia ( 2—5 aiopters) is found in wild species of
. rodents, the edentates and the marsupials. Pinnipeds are
therefore unique, along with thelprimates, in possessing
myopia as a common and persistent character.

.Unfortunately, no acceptable explanation for'these
irregularities is preSently available, for although this
thesis confirms their presence, it is impossible to draw
conclusions on the functional significance of these characters
without further study. A stenopaic pupil will functionally
correct the detrimental effects imposed by astigmatism and
myopia, but these errors are still not required. In fact, the
primaty function.of thebslit pupil is presumahly simply to
cut down the intense light encountered by the rod-rich retina
.under photopic conditions.'.It is,under_low light intensities,
.when the pupil enlaiges and oeaSes to be functionally stenopaic,

that these errors become serious.



53

Visual Discriminations:

When the standard'psychopﬁysical criterion is applied
to the dafa (the difference‘tﬁreshold being defined as the
visual angle corresponding to the 75% perfOrmance level),
it is found that both seals could resolve avverticai gapb
between two black lines as small as l»mm at e distance of
1.7 m. Furthef{ for each-seai the visual discrimination
was the same in-air and in water (Fig. 23 and 24) although
there was a‘significant difference between the two seals
discriminations in water. 'This deviation is felt to represent
individual behaviour differences, however, rather thanlmorphologica
Vdifferences, owing to the seals personality differenees.

Owing to the wide variety of stimulus patterns ﬁsed:in
visual discrimination.studies, and their»different h
characteristics, it is alWays necessary to ask Qhat phyéioloéical
capecity‘has been measured Qith'the pattern chosen. Lit
(1968) hés summarized the types of experiments possible for
ﬁeasuring visual acuity and states that "when‘the subject 1is
fequired to discriminate only the‘presence or absence of the
test stimulus..., the task of detecting an illuminated target
‘against a black baekground becomes equivalent to that of
ivmeaéuring the absolute éensitivity of the eye to light."”

CIf both seals in the'e#periment reported on herein were
therefore oriented to the'defection of an illuminated gap
'égainst a bléck baekgrOund ratﬁef than to the.discrimination

of a separation between the bars,;térget size would not be
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critical, as the'resolution~bf target detail was‘not.involved.
The smallness of an objectvthaﬁ canibe detected is not an
adequate measure of visual acqity. Therefore, if visual
acuity is defined as the capacity of visual systems to
discriminate fine details of objeets located in the field of
niew, the absolute sensitivity'df the eye to light rather
than visual acﬁity in the strict sense would seem to have
. been ﬁeasured.

In‘the‘évaluation of tﬁe harbour seal eye's absolute
sensitivity to light in bbth_air and water, the effecfs of
the different physical proberties between the two media cannot
: bé ignored. For example, the absorption and scattering of
light are greater in water. As.a result, the further the
animal is away from the test stimulus, the greater will be
the loss of object light in water reiative to air. Since
~the seals in this study wefe diSériminating at a presumably
threshold level at a standard distance in both air and water,
the absolute sensitivity of Ehe eye wéuld therefore be
expected to be less in water; in this medium the light intensify
" per unit area would decrease ét a greater rate than the |
‘square of.the distance_owing to the exéggeratéd properties
of wéte#.. However,wthis was not the case - the results
indicate,similar values 1in 5oth media. There are two possible
explanatiéns: eithef,tﬁe»fange of illumination, 85 candela/m2,
was great enough fd‘hide ahy aifference whicb might exist,

with 1.2 m being too_short.anistancé to significantly
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influence the results, or there Qés an incréase in pupil
size, thereby counter-acting any scattering effects. Johnson
(1893) has suégested that the latfer occurs, stating.thaf
the pupil opens to the full, i.e., a complete circle, ih»

' water, as a correction for astiématism is'nbt needéd in this
medium. However, no significant éhéﬁge in pupil'sizevof
the seal eye in watef has been observed. The first
.possibility, that this technique was not designed to détect
this variation, would thus seem to be the case.. It should
be noted, however, that with inéreased testing distances
this property difference between the two media could become
significant.

 A wide variety of.tést objécts are available for
meésuring visual acuity, but both Riggs (1965) and Lit (1968)
have discussed visual acuity in terms of a claséification |
sfstem which,identifies four3different tasks: detection,
recognitioﬁ, resolution, and localization. In each case,
visual acuity is specified in térms of the reciprocal value
of the visual angle formed by sdﬁe‘detail.of the test object
whiéh is'diséfiminated. As disCﬁssed above,'the"task in this
- study appears to be one of.detéctioh, where only the presence
or absencé of the objecf»is askéd but owing to the broad
definition of visualvacuity,'it:is‘pOSSibie to consider this
task as ohé éf reéolution, Qhéfe discrimination of a separation
bé£weeﬁ elements of,the pattern is réquired. Wilcox and

purdy (1933) have discussed the ambiguity associated with
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this double line target in'detail, and distinguish two
aspects relating to the separafion threshold, the “minimum
visible fhreshold" is the least perceptible distance between
twokstimulus lines of inﬁinitesimal width, whereas the

"min imum ﬁzg;gi% threshold" is that resolution threshold
where the breadth of the lines is so great that a further
increase in_théir width would not improve the discrimination
of a gap between them. With these definitions, my measure
was of the latter, but it is still possible to consider thesé
values as a measure of visual acuity as this difference is
not.distinguished in the broad definition of visual acuity.

" Therefore, if oné defines the resolution threshold as
ﬁheh"minimum sepérable", i.e. the minimal angular distance
between  two objects,ih brder for theﬁ‘to be seen as separate,
‘it is possible to calculate values for this property for the
harbour seal in bdth media (see Table 3).

In considering the,visual”acuity of the harbour seal in‘
air, it‘has been shown tﬁat the‘eye is astigmatic with the
axis of most curvature being vertical, like ité slit pupil
(Johnson, 1893); ‘an approach to the characteristics of é
bpinhole épertufé is thus thought to result. However, it has
‘been observed that'only undér‘high light intensities, such
as occur -on a.bright'day; doés fhe pupil ever fully approach’
this narrow slitvcondition andgthat under low light intensities,
such as in the exﬁefiments,.the'pupil adopts a rathér more

oval or elliptical shape. If Johnson's (1893) measurements
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Table III: .Estimated resolution thresholds for both seals in
air and water. Values in'parentheses'refei'to.the 95%

confidence limits.

Resolution Threshqlds ) ' t“@afv
(min. of arc) :
_ ‘ v'Aif : Water
Two-year old male  1.64 (3.35-0.06  2.13 .('2.96—1.30»)“ 0.65
- Seals T | |
'_Four—year bidifeméle 2.13 (4.11—0.15)  1.32 (2.48—0:16). 0.69

toar - 0.44- 2.20 .

1.960
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of Ehe>degree of éorneal astigmatism (9 diopteré) are-corréct
~ for the harbour seai then this cannot-Ee considered lightly,
and ény widening of the pupil would have a pronouﬁcedveffect
in air, even at the short distance of 1.7 m. Therefore, on
‘therbasis bf'cﬁrrent theories, visual acuity under the test
iconditions wouldviikely be poorer iﬁ air than in water, as
the effects of the corneal astigmatism would not be entirely -
eliminated by the now widenéd pupil. o

Since my results showed no difference in air and water

disériminations, and the pupil in air was rather oval (and the
eye hence astigmatic), it seems mostvlikely that the absolute
sensitivity of the-eye‘tQ‘liéhtj ﬁot visual acuity, was measured.
.Thus;imy exper iments do not necessérily imply that the visual
acuityvof the harbour seal is the same in air as in water.
.'Ihstead; I suggest the opposité, that under low light
.iﬁtenéities and moderate distances, visual acuity would be
better ip water;' | |

| Further support that-?isual acuity Egzlgg.Was not meésured
in.this_studi:is prQVided:by Schusterman and Balliet (1970a).
Their pétternévwere gratinéé consisting of lineé varying in
width, thereby COrrecting'thé ?:obiems inherent in my patterns.
Threéhold valuéé of 8.5 and 8.i' were obtained for Phoca
vituiina ip‘water, valde§ considerably aifferent from ﬁﬁose,
obtained.ih”this thesis.(z‘);vtlf should be noted, however,
that since éllvthese meaédremeﬁts Were made on-only a few

ihdividuais, it is not possible to decide the degree to’which'
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theéeAvélues are characteristic of the species.

These values,»therefore, are not as suitable as a
measure of visualiacuity might have been in the estimation
of the effectivéness of the dioptric mechanism in both media.
HoWever, they do support my histélogical observatioﬁs and
~indicate that the harbour seal possesses a very éensitive
visual system; it 1s comparable fo that of many nocturnal -

. species (Table 4). It must be borne in'mind, however, that
these values are not easily comparable with other values
published in the literature. Different workers may use
.different definitions, as poinﬁed out by Lit (1968), and
6ften differentbexperimental methods (Table 4). For example,
Walls (1942) presents a tablelpf the visual acuitiés of a few
animals for parallel linés (from various sources), but as he
fails to specify the patferns( distances and lighting used
in each case, the valués aré'meaningless for accurate comparative
purposés. Indeed, visual acuiﬁy in tﬁe strict sense may not
have been measured, as in this thesis.

The amphibious pinniped eye as represented by the harbour'
seal is significantly different from the terrestrial mammalian
eye. It possesses a spherical lené for vision in water, with
a cbﬁéle% dioptric mechanism for»air{ The most unique
feaéures are high myopia and astigmatism, characters not
commonly ééund in.terrestriél‘mammals. It should be noted
éhat although the eyes of many smail nocturnal mamﬁals also

possess spherical lenses, this is an adaptation to nocturnality.
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A comparison of visuél acuity thresholds (V.A.T.) and

retinal structure for a number of animals from various sources.

dolphln7
(Lagenorhynchus OblquldenS)

(1=walls, 1942; 2=McCormick, 1970; 3=ordy & Samorajski, 1968;
4=Schusterman &‘Balliet, 1970a; 5=Nagy & Ronald, 1970; 6=Pilleri,
1961; 7=Spong, 1968 (behavioural aspects only)). D = diurnal; -
N = nocturnal; D/N = 24 hr. habit; P.L. = parallel lines
Species # tested Pattern V.A.T. Outer Rows Gang- Habit
' (min.) nuclei of lion
’ Inner cells
nuclei
Dbmestic:pigeonlA - P.L. 2.7 3 15 2 D
(Columba 1livia) '
Human. adult®’ 2 - P.L. 0.44- 4.5 3.4 1 D
S.A. owl monkey 4 Str iae 4.0 10 4 1 N
~ (Aotus trivirgatus
Tree shrew3 4 Striae 1.0 2 5 2.5 D
(Tupaia glis)
" Bush baby®> 4 Striae 4.0 13 5 1 N
(Gagalo crassicaudatus) ' '

Lemur3 4 Striae 0.5 8 4.5 = 2.5 D
(Lemur catta) ~
Harbour seal in 1 Striae 8.3 10 5 1 D/N

water4 ' ‘ ' - '
(Phoca vitulina)

Harbour seal in air 2. 2 P.L. 2.0 10 5 1 D/N

and water
(Phoca v1tullna)_

Harp seal® oo - - 10 5 1 D/N
(Pagophilus groenladicus) ‘ '

Beaver6 ) - - - 7.5 5 1 N
(Castor canadensis) .

Killer whale o1 2 P.L. 6.0 9 4.5 1 D/N
(Grampus orca) o ' : -

Pacific_white- 51ded 1 2‘P.L{ 6.0 9 3 1 D/N
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In fhése animals; the lens is always very large in proportion
to eye size, thereby placing the optical cenfer of the eye
deep within the eye. This is not thé_case in pinnipeds. The
net result in noﬁturnai mammals is a smail but bright image
equally good in the peripheryiof the retina as in the center.
This feature in small mammals 1is also typically éssdciated
with a broad cornea in order to maintain a wide-angled visual
field (Wails, 1942). |
It is difficult to compare the amphibious pinniped eye

to the aquatic mammalian eye, for as in amphibious mammals,
rélatively little is known about their visual systems and
capacities. Gréss eye morphology is well-documented (Putter,
1903; Walls, 1942) but little is known about the sfructural»
organization of the eye. The cetééean ;ye, however, is
reported to containbmany rods which are bigger than fhose of
terrestrial mamméis (Slijper, 1962), as well as cones, a
tapetum lucidum, and a well-developed horizontally conducting
network within the retina (Mann, 1946). Morphologically,

the ciliary muscles are wéll—developed in odontocetes but are
almost non—e#istant’in'mysticetes.‘ Tﬁe lens is spherical

and has a greater refraétivevindex.than that of terrestrial
mamméls, while the cornea, agueous humof, and probably the
Xiffeous humor ﬁaVe_thevsamé refractive index as sea watef
(Slijper;?i962). 'According to Mann (1946), however, the main
feature of the cetacean eye is that the distance between the
lens'and retina is greater in the upper portion of the eye

and smaller in the  lower portion of the eye. The eye is thus
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'diQided into two parts, with air images receivedﬁat the bottom
.of the eye and water images received on the upper half of the
eye, the long-axis. This special method of seelng in air and
water he terms ”amphyophfhalmia"; This structural
organization has.hot been confirmed, however, and owing to the
visual‘habits of cetaceans, it is hard to see how such a
visual apparatus would:be>required.

:Nevertheless, it would seem froﬁ these fragmentary
observations that the cetacean eyé is indeed aguatically adapted
and that the pinniped eye has many basic similarities. It |
would thus seem that the pinniped eye has passed the "halfway
point" in the tfansition between a terrestrial and an agquatic
eye,_in that its wvisual systém is most "efficient" in water.
However, such a state is difficult to assess, as exactly
what stages’ are involved in the trarnsition are uncertain.

The presence of a spherical lens; as opposed to wringing
the lens (thevmethod employed by the turtle, the cormorant,
and the otter), would seem a major achievement, though.

Further studies on the extent of this adaptation are now
réqgired, utilizing electron miqroscopy andbphysiological
techniques. The exact nature of the visual pigments and
,whéthér of nbt a pigmen£ is present in the tapetum are

_suggestedisubjects for further study.
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SUMMARY

This study éhowé.that the harbour séél eye 1s mofphologiéally
different from that of terrestrial mammals and aquatic mammals,
being adapted for vision in both air and water. It possesses
a spherical lens to compensate for the loss in effectiveness
of the éornea'under water. In air, a'unique dioptric mechanism
"incorporating the retina and pupil prévent the need for
excessive accommodation. This mechanism also corrects the
refractive errors under high light intensities, but loses
effectiveness as the pupil enlarges with deéreasing light
‘intensity. | |

A detailed study of retinal Qrganization was also completed,
with type B photoreceptor cells being positively identified
for the-first time in a pinniped. A very extensive network
of laterally conducting elehents was also observed, impling
perhaps a higﬁ informéfion processing ability within the
retina. Owing to the very iarge number of type C photoreceptor
cells also present, the retiné may be assumed to be also very |
light sensitive; a condition which meets the requirements of
the dioptric mechanism;.a sensitive retina is required for
photbéic vision owing to the éffect of the stenopeic apertﬁre,
as wéll as for nécturnal visionE_vReﬁinal folds were also
observed, gﬁt theif existence iﬁ.the normal iiving animal is
considered unlikely oh,thefbésis_of present knowledge. Thé

organization of the harbour seal retina is thus basically
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similar to that reported for the harp seal (Nagy énd Ronala,
1970). |

Refractive observations have shown that the harbour seal
eye is very myopic and aétigmatic in.air, and hypermetropic
with no discernable asgigmatism'ih'water. The'axis of leasf
corneal curvature is horizontal, confirming Johnson's (1893)
observations and his and Walls' (1942) theorizing as to its
functionbin air. This latter observation is also in agreement
‘'with that reported'by Piggiﬁé (1976) for the harp seal.

Behavioural experimehts also confirmed the relatively high
sensitivity of the harbour eye to light, as suggested by the
“histological observatidns.“ Both éeals tested were capable of
discriminating a 1 mm gap at a diétance of 1.7 m in both air
and water. The similarity of these results in both media
Supports the contentioh that visual sensitivity and not visual

acuity in the strict sense was measured.
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Glossary of Terms

cycloplegia - péral?sis of the ciliéry mﬁscle; paralysis of
'accommodation.

diopter - the refractive power of ‘a lens with a focal distance

| of one meter (assumed as a unit of measurement for
.refracﬁive power) .

dioptric mechanism - pertaining to the eye structures

involved in refraction-

funduscopic examination - examination of the fundus of
the eye
keratometer - an instrument for measuring the curves of

the cbrnea

Placido's disc - a disc with concentric circles marked on it
used in examining the cornea. | |

stenopeic - having a narrow slit or opening.

retinoscopy - an objective method for investigating,
diagnosing, and evaluatingmrefractive errors of the eye,
by projection of a beam of light into the eye and
observation of the movement of the.illdminated area
on the retinal surface and of the refraction by the

':eye of the emergent rays.
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