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Abstracl—1. In the laboratory, eve movemenis in tbe harizontzl and vertical plases of @ nermal human
znd two adult delphing Tarsiops fruncares, were analyzed and compared. Several of the visual cen-
aditbors inctuded structured, unstructured and mosang stinvulug Gelds

2, Power spectral densaly analyses of the delphin eye movements showed mazimal powes around

01,1 Hz, lowsr thon ihe heman coudlenpar

3. Ceefficienis of desermination (r*) and cosrelation cosllicents (7 derived from antecorrelation and
crosscarrelation of dolphin eve sipnals produced typacally small values scattered rardamly around 2ere.

4, From 51,200 correlations, the greaies P

valps indicated thal movemenls of one dalphin oy

peedict no mare than 3% of the movement varianes of the lelbyw cye !
3. Allheogh delphin eyes are miphile ot bewer fandamental frequencies than in hamans, there is n low

level of synchrony bulweon The Two cycs

IS TRAODLCTION

Important cantributions are msade ie the synchrony
af humian eye movements by the balanced mscrvation
and extraccular musculature, The resulling conjugate
mislwre af huoman eve movensents as been formalized
s Herinp's Low and i cescribed i detail by Alperm
(1969 Motwithstanding the lack of information on
miobor nnervialion, Walls {H“]ﬁﬂl- comssdersd the dol-
phin, Tursiops rragcainy eve amel the ayes ol whales in
gencral to be “immobile” and incapable of “bincgular
copperation”, While eyve movements have never been
mepsursd, obszrvations by Lilly have been e ileed
by Hedipger (19699 who claims that dolphing may
sleep with one eve closed. MoCormick (1969 also
neticed aye independence o the extent thal one eyve
might look ferward and dorsal while the opposite eye
might lock o the rear and sentral. More recent ob-
servations on eve movements of dolphins in the Libor-
atary {Dawson, in press) describe a relatively indepen-
dant protractor-—retractor funcion whech proveded liwr
the retraction of the kef eye of o Tursiops several cm
it the bead while the conralateral eve lid was open
with the eve scanmng the enviranment.

We have measursd the electrical annlog of eye
oeovensents in 2 adult dolphins, T, rramcaties, wnder
laharatory conditicns and lind, 1n mln]‘:-a:'iﬁl'.‘u:l I a
normal human subject, that dolphin eye movements
are al requencaes lower than teose of humans and ars
nal comjugaie

METHOTE ANT MATERLALS

The exporomental animeals weee I adull dalphns, T, rean-
coing, one male (animal JA) and eoe female (animal JEL
U separate doys the dolphing were hrowght into the
labaratory and rested in a special retaining sling with desp
fram cushions for best wiighl dotribulson and werd
covered with wed toweling. All the exposed areas were kept
ool ard maoist by frequent water sprayings. Controllsd
illumination i the laboratory prossded 378 1% an eye lewcl,
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Walls were painted flat white and were a1t Zm from the
L3 1=

Eve navcment polennials wers recorded bilaterally using
hipalar Teliff Alloy © wire (M Cr, Fe alloy: Jeliff Meaals,
Ine, Sowth Part, O} electrodes in pairs on the borizontal
anis LA em Troen ths inner and awter canthus of the eye ans
vertically 2.5 em above and below ghe oves peomeins
penter. The measuring lechnique lakes advantag: of the
starrding porential lownd along the nxis of mammalinon eves
ardl which presents a varying polential @ slecirodes placed
in the harizontal and vertical plancs when Che eye moves in
tiose planes (Alpern, 1969: Krogh, 1979) The procedures,
measarcmenl accurackss and wariability nssaciated with
thiz 1ype of recomding and several olbers have Dboen de-
seribed by Young & Sheenn (19750 amd by Aldpern {15690
Young & Shecna claim an accuracy af 1,57 for this record-
ing technigue following calibration. Mors recemtly, Con-
nally & Kleinman (1978} repart acouracy of 17 or beller m
the measerement of eye movements Several other fechs
nigues for the measarement of e mavements witl grevier
nocaracy and stahility hive been discribed (15965, bt s
sacrifice sensitivity for range which rarely exeeeds 200,
reguire oplical connediond teo the eve such a8 contagl
lerses, ar nre extremely expensive.

The anteriar electrode of ench pair was posilive an the
horizontal axis, and the dorsal ebectrodes were positive an
the verticnl Consequently, the hocizontal movement, paze
farward would produce o relative positive polential in the
horizental amplifier, A paze-upward eye movemend weald
produce 2 relative positive potential i the seriicad ampli-
fier, Two pairs of recording electrodles for cach oye pro-
vided @ vertical arsl Bosizental data channel whese signals
were amplified IO = by Girass modsl T30 palvgraph
amplifiers with & passhonad af (011000 Hz (345 pomisi
The pre-amplificd signaks were recorded om 4 channeds of
nn Ampex FR OO0 FM lape recorder with voues anmafanon
chaneel, Records of the elecirical signals produced by
mevements in the Bosizontal ad wvertical planes were
made from bodh animals under several visual conditions,
These werg: dlluminntion of 1he enviconmenl  wilhowt
slmulus manipalation: tetal darkness; one ave luminated
with the Bllow oye covercd by an apague SUCTION CUp;
vertically or herizontally oriented high centrast groting
(I9cm black and 1.5cm  white allermatling  siripdsh
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presembed Lo one or both gyves, moving (h3-1.% He; 45
sinusaidol displacements) and stationary, The striped fields
subtended 54 = 617 visual angles at 15 ¢ rom the =N,
Bixlh animals were testad npder all visval conditions. Mare
reverds and repstiticns with an unorganized wisual en-
virpmenend were niade from delphin JE whils those records
from delphin JA tend to emphasize prating stimuli, The
duration of each viswal condition was koog enough o
assurs f 2-min dala somple afier diminating seme tape
reprons which contained large electrical artifacts caused by
blinks and pross bedy movements Sisleen complete
records werg available from JE and 34 records from JA.
Edch record cansisted of a horizental signal from the right
(O ard beft 10950 cyes ard o wertical sipnal fvom O35 and
(o, respitivedy.

Each of these 4 signals from FM tape was digimsed and
slored on dise by & general purpase computer, Power den-
sity spectra (W by Frequency) were calcalnted an esch
record morder 1o hetier pnderstand the freqeency chiarac
teristics af the movements of the delphin eye under the
varions eonditions, Then, crosscorrelograms were caleu-
lated for vither the horizontal or vertical sipnal com.
penents. Briclly, & boricontal movement crodscorrelogram
was calgnlaled by loading bath horizental signals inta
cone. Each record acoupicd 1034ecore addresses, Under 2
subroutineg, o 512 address window was delined beginning
with address 0 in the first signal Bock and ending with
address 511 in that signal Block. Thioses nddresses comtainesd
in the windew were then correlated 10 produce 2 single
Pearsan r value with respect o the lisst 512 addresses in
ik second signal, in the wpper core memory block. The r
value caloulated in this Fashion would be desipnated a5
27 e = 0] and imdicative af @ temporal <hifl between the
twe coareluted data blecks, The w:cond Penrsan r was cals
culaled similarly excepa that the “window” was shifted g0
the right (117 msec or one nédress) in data block Moo 1
The eocilficient r caloulated al this time represenied Tl
Subsequently, 510 ather r values wers caloulated Lo charac-
lerize the similarity of these two signals, It may he scen
that similarities in the signals, offsel in time {phase shifted)
waild ke represented i Lhe crosseorrelogram as o high
correlatian far the appoopriate © valiss, The rna_in:hrh].‘ of the
datn comparing movemends of the two eyes was analyzed
by crosscorrelation techndque. Some signals were autooor-
telaled Autacorrclation provides an exeellent method of
defecting “rhythmscily™ in o signal A briel thearetical dis-
cussion of the analytic methods & provided by Gaskill
{1978

As o methedalogical “calibration™ and Tor COMParis
parpesss, several of the measures and annlyses were pers
formed o data from & single human male volunteer. The
vilunleer was 3 owr of age, was in good health, and had
nermial correctad vision with oo history of eye dissass, The
recording parameters were idenlical 1o thoss desenbied for
dolphins JE and JA, The positive electrods 0D was placed
at 1he temporal canthus rather shan anteriorally for dol-
phin. Comsequently, meovemerts of the human subjegts
cxes Lo the right produced a postive signal in e horgon.
12l plane shtrodes while moving ik dolphin's eyes for-
ward produced o positive slpnal in the herizontal clec
Ieades, Hluman records wero made in total darkness or
during viewing a while field with an illumization of ap-
progimately 175 I Stimeli were provided o evoke follow-
ing e movernents of W at a rate of 0.5 Hz, Analyses for
human and delphin dala were similar,

For ihe dolphins, there were 50 record sets resalting in 2
crosscorrelations sach and l1otaling 100 crosscarrelations.
A power densily spectoum was ealeulatsd for each of the 2
sagnals am gvery record tobaling 200 power density speciea,
Finally, each crosscornelopram consisted of 312 corres
latians mnibe between two 512 dats poiat pecords. There
was & Ledal of 51,200 such correlations. For the human
subgect, there were fhres visual coaditions from which 12
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Fig. L. Eye signal during human saccadic movements
evoked by hormontal 107 target shills at o 005 He rate, A,
right eye gignal in the horizontal pline. B, corresponding
el eye sgnal, O [ E, decimal values are correlation cosf
ficiemt 7. O, aslacorrelation funciiosn of signals A T, auto-
carrelation funclion of sipnale B. E the crosseesrelalion

funetion of A, B, Arrows mark =i, Iy B, repeesent 512 ¢
shilis

power densaly spsclra wers enlewlated lor harmsonlz] andd
virlical signals. Six crosscorreloprams and 4 antocorrelo-
grams were caleilated fesdlting in 2 todnl of S130 Pesrson r
coefficicnis

RESLILTS

Figures 14 describe human data and its analysis
which will be usedd as perspective for resulis from the
dolphins where signals were taken under similar con-
ditions and analyzed in a similar fashion. Signals (Fig.
1} were produced by horizental eve movements [sac-
caces) from the left (B} and right (A) eves following
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Fig. 2. A, C, power densiiy spoctra of signals in Fig. 1A, B,

O were caleulaned from the vertical signals recorded simul-

lanegusly wilh signals Fig. DAL B Axis calibralions refer oo
A-Dn



Dislplnn &ve movsments

10 nargel shilfts 1n the hareeonlal plane which occurred
at & rate of approximately 0.5 He The 10° msoveament
gave about a 350 uY (peak-peak) analog polentil,
Irrepularities embedidded within the raw data 5.i[;|'|,..'|l5
[A and B) are indicative of small eve movements and
jerks, The extent to which there 15 consistency in the
repenting of & signol in record A i indicated by the
autocorrelogram (] in which A was correlated with
itsell. The expected r = + 1.0 peak at o) 15 marked by
the arrow 1o the left, Yalwes for the correlation coffi-
cient ¢ are o the right and indicate the high degree of
ﬁiguﬂ! oonAmElEncy wilhin A. A= in other amalyses
which will be presented. the » values to the riglt of
the aulocorrelogriom are ¢ lor 1= 511 anad lor the
procesding negative minimum where the taw shilt had
provided a 1807 phase shift condition. Aulooorrela-
pram ([ imchicales & somewhit higher internal con-
sistency in the horizental sipnal components on the
left eye. This s probably dwe o the early transients
recorded i i 1A, The extent 10 which the rig;h.l amel
left eves track one ancther in the horizontal plam: is
mdicated by the crosscorrelogram resell prssented in
E., The value ol =} in this case indecoles the ¢ value
aehieved when records A and B were correlated in the
phse relations shown, Shils of A wath resped 1o B
(7 to 5117 are indicated by the remainder of E. The
unifermity of the positive and pegative coreelation
ks imdicates noe [3ilure m Agreement throughout
two records, Caloulation of power density spectra for
the horizonial eve movement data (Fig, 1) viekds the
power densities shown in A and C (Fig. 2. Power
density (W) of wvertical signals recorded  simul-
taneously 15 shown in B oand [0 Whibs the power den-
sity peak is shown to reflect the freguency of the cye
movemeni-inducing sttmali, there was 3 harmonie
[nit shown] ot qust grepfer than 1 Hz,

[t is valwable to compare Fip. 2 dirccily wath the
power densities prodeced by eye movements which
accurred in the abssnee of o stroctored visual Geld
Fig. 3 pepresents the power densities al varows mowve-
ment requencees produced by “wanderings” ol the
unstimulated homan eye in light adaptation. Theres
was voery little power at feequencies above 1 Hz
]'-I.E_l.lrl.' 4 demonsteates that an the absence of an or-
gumized visual field, the human eves continoe to track
one ancther with kigh accuracy s the hght {C and [X)
and with somewhal redoced gocuricy in the dark (A
and 1), The lower correlation values at times other
than =0 indicate that the movenients are nol tepelilive
and have no snple [unclarmental frequency. Chser-
vition of spontaneses dolphin eye movements during
recording irdicated that the potential produced by o
I movement 15 of the same erder of mapnitude oz in
human (Fig. 11 Mo direct measures of the eve stand-
ing potential of & dolphin bave been made.

Figures 5% deseribe the lndings and analvses of
resulls on animal JA. Animals JE and JA  final
analyses are presented in Figs 10 and 11, Theee wens
no molable differences m the eyve movement results
from the  animals. Figure 5 shows raw signals pro-
duced by eve movements from the cight (A) and el
(B eves of dolphin JA during @ perisd when vertical
black and white bars were moved horizentally befors
the right eye The left eye was covered with an opagqus
SLCLICL cupr Aulacorralaiion of the signal & in record
Cosugpests o very weak repeating element within AL
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Fig 3. Fower density specira lor human eve movemenls m

the horizental and vertical planes when viewing a lenture-

less illpmmnated zuiface A, B, hormantal aivd verteal mglit
ez, ) 1, hormonial and vertical el eye.

Similar results were obtainsd ond are presented in
record [ for the left eye Crosscorrelation of records
A and B indicate very low mierselationships, particus
Tarly ot 7b (record E) Analysis of records A and B for
power spectral deasity and for the simulianeously
recarded verteenl componants are presented in Fig, 6,
Peak power spectral densitics for the dolphin secords
were in lower regions of the frequency domain than
those of the human subject (Fig, 31 and were found
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Fip. & Crosscorrelation lanclions for signals prodoeced by
the lelt andd right human eyes viewing o fealureless surluce
in darkness (A, Bl and G0 light 10 09, A, C, horzomal
signals crosscorrclograms B, O verissal sapral erosscarme-
lagrams. Each correlogram represents 512 ¢ shifis
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Fig. 5. Horizental cve movement signals frem dolphin JA
during right eye dimualation by vertienl bars mevsd hari-
auntally, kil eye cavered, A, right cyo. B, &N eye. C, aute-
correlation function af record A, D, aulaocorrelntion lome-
tion of record B, Crosscorrelation function of records A, B.
Arpaws bo the left indicate o (C, [, EL Arrows Lo right
mirk points at which +r values [fhown) were messursd,
Lines ag ends of O, D, E imlicate r = 0. Time shifis Tor
r = 511,

where penk power was approximately 0.2 Hez All
records from “stimualated™ dolphin eves  produced
power spectral densives ke thoss shown in Fig. 6.
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Fig. . Pawer density spacira of delphin JA oye signals in
the vertical nnd hosizontal planes (Fig. 55, B) duaring right
ey viewing al vertical bars moved kerizontally. &, B, from
tight andl lefl eye signals, horizonial eledmods arentalion
C, I, from right apd lefi cye, vertical electrode acientation.
Arraws mark poinis of pewer densilty measarement indi-
cating vertical scale mognificatien, Vertical axms scaling is
0ol equoal belween records
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Fig. 7. Power densily specica of dolphin JA eve signal
recarded indarkness, A and B are right exe harizonial and

vertical, respectivedy. © and D are lefi eye horzonial and
weriieal, respectively. Otherwize /s Fip, &

These resulis contrast sharply with the powsr speciral
density calenlated from the human stimulaied eve
data (Fig. 2. They bear mose resemblance 10 the wn-
stimulated human reselis (Fig. 3. However, when the
dalphin eyes arg completely unstiomelated as i dark-
ness, the power density spectia apgesar 1o “spread” 1o
useude higher frequencies such as in Fig 7. Binocular
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Fig & Fower density apectria of dolphin JA eve signals
recerded in lght banocularly viewing a featureless surface,
Ciberwise as Fig. 7.
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Fig. 9. Crosscorrelation lundlions of delphin JA Jell acd

right eye signals in darkness (A, B} and in light banocularly

viewing a leaturekss surfacs (O, [¥, Valaes of ¢ near D

pravide vertical anis cahibrations A ad © reprgsent hon-

sonial plane. C ardd [F represent vertical plane. Otheraise
as Fig. 3C-E.
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light adaptation of the dolphin prodeces power den-
ity specica (Fig. &) which are not distisctly different
froom Those which are recorded when one or both eyves
are viewing stationary or moving siripes (Fig. 6.

There ig very litle synchrony in sither the horizon-
1al or vertical eye movements af the dolphin in dark-
ness (Fig. 24 and Bl Howewer, there s a slight in-
crease inaye movernant synchrony in light adapation
(Fig. 9C and D) These results do not compare well
with the human cross correlations (Fig. 2) for similar
conditions.

Datp from animals 14 and JE provided 50 records
containing four seis of eye movement datp each
Thess data and the cesulting 1) coosscorreloprams
and 20 power density spectra are in good agreement
with the data sample which has besn provided in
Figs, 59, The human dita i comparsan with i1 ane
important  because the  correlation coeflicient  (r)
biecornes difftcult to interpret when the number of ob-
servilions coniribuling 000 becomes wery g a5 1l
has im these analyses (for & = 511, P =001 when
ro= (LOKE) () Thus, almoest any similarities between
datn ==tz will provide 2 statistically :-.'ip;nifi.:.ml rovitlue
when the number of data sets producing the v value is
very large, A more wseful statsie s the coelfeient of
determination () which is an estimate of the predic-
tive valwe of variable » for variabde p after the two
heve been correlated, r° o= 005 would indieate tha
304 of x variange could be predicted from ¥

Figures 10 and 11 summanze data from dolphins
JE pnd JA pocled inte hve genecil condiblions: (1)
illumination of both eves in the abstnce of visual
features in the fields seon by ether eye; (2) both eyes
in darkness; (3) one eye i feplureless allumimation
with the other eve covered; (4) ong or both eyes
presented with horeontal strpes, and (5) one or both
oyes presented with vertical stripes, r° conversions of
the peak correlation cocfficient ¢ (bevween o0 and 120
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are presented [oe hosizental signals (horizontal axis)
and vertical signals (vertical axisl of cach histopram,
Huran data is preseoted on the same axis as Lthe
d.-:'&-|[‘|l:|t|:| results where possible, For JE, the prelsst rl
vitlue was U1, associated with vertical eye move-
menis where horizontal atripes were present. For 1A,
the preialest rt vl wits (W21 which was Teund from
the correlation of horizental eve movements u the
presenos of vertical stripes. Human comparisen data
(range 0.2-0%) were consistently higher than those
from the dalphins

During the analyses For r values an = o 120, peak v
values al any ¢ value were also noted, The maximuam
rowalue (40,347} for animal JE cocurred when both
eyves were unstimulated bt were ofiented Loward fea-
tureless felds, The high valws (r = —060) for anineal
JA accurred wihen black and white horizontal siripes
werg moved vertically before the beft eye. The major-
ity of ¢ maxunum values for bath JE and JA runged
betwesn 0025 and 0,35, There was a near equal disiri-

button ol positive and negative r values in both ani-
rls.

DISCUSSI0N

Thers is agreement belwesn liborptories that the
optical condition of the dolphin’s cye deteriorites
toward a high myopia when the eve s out of the
water |Dawgon & al, 1972 Dral, 19721, Behavioral
research (Herman o af, 1975) indicates that a mech-
anism exists for the correction of the high aerial myo-
pa in very bright daylight conditions. Herman er ol
[1975) postulated that the mechansm s the shi
(stenopaic) pupil. However, that mechanism may not
be ellective under laboratory conditions where the
typical ambient illumination 15 redeced by al least 2
log units [Dawson, in press). Further, there is evidenes
that dolphins have other metheds of accommoedanon
which are vsable in low light (Dawson e al, 1979,
The data we lave gathered provides no indication of
“reflex” fllowing of any of the moving hosizental or
wertical gratings which were presented o them as
potential saccade-induang stimuli. Without extensive
trivining, il is not possible o prove that the animaly
could see the gratings in the absensos of measorable
following eve movements, But the apparent absence
of visual lollowing is strengthened by the comparison
of Figs 3 6 and 7. There 15 no deteciable shifi in
power speciral densities from the stimuolated o wn-
stimulnted condition which compares even slighely to
the shift scen in the human doia (Figs 2 and 3).
Further, the summiry anolyses in Figs 10 and 11 give
nex clear indication of an cffect of light versus «dark
conditbons on the sime of the horizontal or wertical
plane  crosseorrelifions in delphin a: maght  be
expected from the comparative human <dnta (Fig. 41,
Both JE and JA showed a relatively large #* value for
the horizanial plane sipnal where thers wis unilprm
light adapiation for both eves. Suwch Jarge #* valucs
were nob seen [or any aiher condition and may sug-
gest o need for additiemsal rescarch on highly ligh
adapied cves. There i no obvioes reason for failure to
elicit “reflex” following, The gratings were certainly
oulsidds the near point of the dolphin eve in air. Yt
the “failure” 18 based on expectations consistent with
visuil moter contral in terrestrial mammals. Reflex

saccade induction has never been demonstrated in
derlphins,

| e -;.]ul‘:ﬂil.u:l ol Biliteral gye synehrony s central to
the discussion of eye movemenis in both humans and
dalphins. In the anilyses of these data (Figs 10 and
11}, synchromy was redefined to include the largsst r
value between £0 and 200 This Lbecal © valws was
clhaden Lo olfssl Che possthility  thal rnr.:.i|nir|.'|'1l:'|,:|| ¥
vilues might be rejected bocavse of (specics specific)
relatively short intraccular (phase) delays o move-
ment gnsel. T equals approx 2.3 sec and is the win-
dow we have aceepted for Ysynchrony”. Redefinition
of “synchrony™ with these relaxed  requirements
resulted in the detnibutions of ~* presented in Figs 10
and [1. Reloxation of the period of “synchrony™ o
even this largs degres did not discloss an onprasive
anount -:‘:-:I'E:.-u mivement simullaneily in either of the
dolphins

A small controversy revolves around e extent of
stmultaneity in human eye movements where il is
generally wocepted that intraccular delays in luman
arg rarely preater than 2 meec Williams & Fender
(17T have eeviewed the asynchrony coniroversy and
logether with new dola conclwds that binocular
viluptary tracking in humans @ oearly exsct and
exbabils mean errors less than + 0.8 mesz Any 5:i[_l||1iﬁ-
cimt departure from almost perfect svnclireny in
human eve movements las becn interpaeted i recent
YEArs Lo indicate the presence of central nervous S¥E-
tam pbnormolity {(Geoldstein & Gupta, 19760 Kimen &
MacLean, 1975; Mastaglia er ol 1974).

The pumerous “significant™ correlations obiained
from our delphin records are probably a consequenco:
ol the very large sample size and simlartes imointrin-
sac rhytbmmicities which might be expecied in LVEE
inmervated by the same cenfral nervous system andd
with zimilar E'rl:'l}'i:il'."il.l ad miolor charzctenshics, Buai
there were very few similorities between -Ijl:||]'!l]'|i|'| and
huaman ¢ye movements whether binocular o monocus
lar. The human eye movements Lypacally contained
higher signal power ot higher freguenciss. Eve signals
cresseorrelated very highly in the human data when
the movements were visually stimulated, somewhal
bess well in featursless light, and relatively poorly in
darkness. The dolphin eye moverents signal power
peaked typically o lower repons of the frequency
spectrum and showed little hinooular agregment re-
girdless of plane or conditben of sisual stimulation
We conclude that Walls™ (1963) view of ceticean ove
unmahilily was incorrect, but his estimated failuce of
“binocular cooperation” of eye movemenls seems
coEistent with aar cuantilifive measursmenls.

Aceroledipernent—This  project wns sapported by
Mutional Science Foundation Grant BMNS-75-20047,
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