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Abstract

The aim of the present study was to investigate whether bottlenose dolphins have cerebral asymmetries of visual processing. The
monocular performance of the adult dolphin Goliath was tested using a large number of simultaneous multiple pattern
discrimination tasks. The experiments revealed a clear right eye advantage in the acquisition and the retention of pattern
discriminations as well as asymmetries in the interhemispheric transfer of visual information. As a result of a complete decussation
at the optic nerve, this right eye superiority is probably related to a left hemisphere dominance in visual processing. © 2000

Elsevier Science B.V. All rights reserved.

Keywords: Cerebral asymmetry; Cetacea; Interhemispheric transfer

1. Introduction

More than 50 million years ago the ancestor of
today’s dolphins ventured back into the sea to start a
remarkable evolutionary branch. Their phylogeny re-
sulted in a number of species which are second to
humans in their encephalisation [15]. However, the
enlargement of dolphin brains was also accompanied
by the development of several morphological differ-
ences to the brains of land mammals [7]. It is still
unresolved whether these differences also reflect a diver-
gent functional architecture. One way to approach this
question is to analyze cerebral asymmetries. Studies of
the last 3 decades showed that cerebral asymmetries are
not a feature unique to humans but can be demon-
strated with remarkable similarites in a wide range of
species [5]. Therefore, the aim of the present study was
to study visual lateralization in the bottlenose dolphin
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(Tursiops truncatus).

Several studies revealed behavioral lateralities in
marine mammals. Gray and humpback whales show a
right-side bias in flipper slaps and bottom feeding [6],
while captive beluga whales and dolphins have swim
paths which are biased towards one side [16,17,21].
Several studies reported of a right eye preference in
dolphins when approaching or scrutinizing novel ob-
jects (see Ref. [21] and references therein). Because
electrophysiological [23] and neuroanatomical studies
[13] revealed a complete crossover of optic fibers at the
optic chiasm, a right eye preference could be related to
a left hemispheric dominance in visual analysis. The
same feature offers a unique possibility to study lateral-
ized visual performance under behaviorally controlled
conditions using eyecups which temporarily cover one
eye and thus prevent primary visual input into one
hemisphere. Here we show that indeed pattern discrim-
ination and interhemispheric transfer is lateralized in a
captive bottlenose dolphin.

Goliath, a 15-year-old male bottlenose dolphin was
housed in a 22 m diameter circular outdoor tank in
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Mundo Marino (Argentina). Before and during the
learning experiments the eyes of Goliath were exam-
ined by a veterinary surgeon. These examinations
which included a detailed ultrasound analysis revealed
no unusual conditions in any of the eyes.

2. Simultaneous discrimination of multiple patterns

In the first experiment a pattern discrimination task
was used in which the animal had to discriminate two
out of 14 irregular shapes in each trial. Each trial
started with Goliath being positioned at the tip of a 2
m long pole, 80 cm above water level, and looking
with his binocular nasoventral visual field towards the
two stimuli displayed to the left and the right of the
experimenter (Fig. 1). In this position dolphins have
high aerial acuity for our stimuli which were 80 cm
above water level [12]. Two seconds later a whistle
blow indicated that Goliath could touch one of the
stimuli with his rostrum. The stimuli consisted of 14
black plywood patterns of irregular shape, each
mounted on a separate white board of 1 m? with an
interboard distance of 20 c¢m (Fig. 1). Seven patterns
were defined to be correct and responses to them
were reinforced with fish. Incorrect choices to one of
the other seven stimuli were followed by correction
trials. Rewarded and unrewarded stimuli were ran-
domly combined and left—right positions of patterns
alterned quasi-randomly [9]. Each of the two daily
session consisted of 20 trials. After reaching ten con-
secutive sessions with at least 75% correct perfor-
mance, monocular testing began. Out of 20 trials ten
interspersed ones out of the complete stimulus set

were run under monocular conditions (alternating five
left, five right) while the remaining ones were binocu-
lar. At the start of a monocular trial a half-circular
(12 cm diameter) rubber eyecup was fixed by suction
onto one eye, to be removed at trials end. The first
experiment ended after each of the 14 patterns was
displayed ten times within each monocular condition.

3. Monocular acquisition of pattern discriminations

In this second experiment Goliath successively
learned ten new pattern discriminations with each eye
under monocular conditions. Thus, 40 new patterns
were successively introduced (ten discriminations x
two eyes x two stimuli [one correct + one incorrect]).
Two sessions were run daily and each session con-
sisted of 20 trials. In 12 of these trials, two new
stimulus pairs (one pair for the left, one pair for the
right eye) were presented under monocular conditions
by use of eyecups (six right, six left eye trials). In the
remaining eight trials, stimuli from the previous ex-
periment were used. Within each new pair, one pat-
tern was defined to be correct. Learning criterion was
analyzed separately for each eye and was reached
when Goliath had no more than two errors within
ten consecutive trials with the same new stimulus
pair. Once Goliath had reached criterion with one
eye, the next pair of unknown stimuli were intro-
duced for this monocular condition. This procedure
lasted until Goliath had successively learned ten new
pattern discriminations with each eye. All other as-
pects were identical to the first experiment.
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Fig. 1. Schematic overview of the testing situation with the apparatus, the stationing device and the position of the dolphin while watching with
his right eye (left eye covered) the stimulus display. The inset depicts some further patterns used in the study.
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Fig. 2. (a) Average percent correct responses under the three viewing
conditions in the simultaneous discrimination of multiple patterns
(experiment 1). (b) Average trials to criterion in the acquisitions of
the ten pattern discriminations which Goliath learned with each eye
(experiment 2). (c) Average saving scores in the transfer of pattern
discriminations from the left to the right eye (left bar) or from the
right to the left eye (right bar) (experiment 3). Bars depict standard
errors of mean.

4. Interhemispheric transfer of pattern discriminations

The same ten pairs of patterns which had been used
for each eye in the second experiment, were now pre-
sented in the same succession to the other eye. The
denomination of S+ and S — as well as the behavioral
procedures and the learning criterion were identical.

Goliath learned all pattern discriminations and easily
accustomed to the eyecup without showing signs of
discomfort. In the first experiment, his discrimination
performance in the simultaneous discrimination task
with multiple patterns was clearly affected by viewing
conditions. After monocular testing began, his average
discrimination capacity was virtually identical for

binocular (89%) and monocular right (87%) conditions.
However, Goliath only reached 71% using his left eye
(Fig. 2a). These differences between viewing conditions
were significant (Friedman-test, k =3, n="7, y2=11.2,
P <0.05). Wilcoxon-tests revealed significant differ-
ences between binocular and left (Z =2.37, P < 0.05) as
well as between right and left (Z =2.2, P <0.05) view-
ing conditions, while binocular and right eye perfor-
mances did not significantly differ (Z =0.53, P > 0.05)
(all alphas Bonferroni—Holm adjusted).

In the second experiment, Goliath learned ten new
pairs of patterns with each eye. In nine out of these ten
acquisitions he reached criterion in less trials with his
right eye. A between-eye comparison of the number of
trials for each new pair of patterns revealed a signifi-
cant difference (Wilcoxon-test, Z = 2.45, P < 0.05) (Fig.
2b).

In the third experiment the interhemispheric transfer
of the previously learned patterns was tested. A success-
ful transfer results in reduced trial numbers to criterion
with the naive eye, compared with the inital acquisition.
This saving score was calculated as:

saving score = TIL — TCL

with TIL being the number of trials in initial learning
with the ipsilateral eye and TCL being the subsequently
needed number of trials with the contralateral eye. A
successful transfer results in positive values. The higher
this index is, the more tranfer was achieved. A value of
0 or negative scores indicate that no interhemispheric
transfer had occurred. As shown in Fig. 2(c), saving
scores for transfer from the left to the right eye were
higher than vice versa (Wilcoxon-test, Z=1.82, P <
0.07). The correlations between the number of trials to
criterion to learn a pattern discrimination with one eye
(experiment 2) and the saving scores for the same
pattern with the other eye (experiment 3) were r = 0.62
(t=2.26, P <0.06) for right-to-left, and r=0.97 (=
11.12, P <0.00001) for left-to-right eye transfer. To
determine the significance of the difference between
correlation coefficients we computed an analysis for
dependent samples [4]. The difference between both
correlation coefficients was significant (Z= —3.41,
P <0.001), indicating a closer relation between left eye
learning and transfer from left to the right eye, than
vice versa.

The present results clearly show that the bottlenose
dolphin Goliath reaches higher levels of performance in
a pattern discrimination and acquisition task when
using his right eye. As a result of the complete optic
nerve decussation [13,23] this right eye superiority is
possibly related to a left hemisphere dominance. If
Goliath is representative for his species, our results
would indicate a left hemisphere dominance for visual
object analysis in bottlenose dolphins. Indeed, different
species of toothed whales including bottlenose dolphins
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have been repeatedly reported to have a right eye
preference when approaching or observing novel ob-
jects [21]. Thus, the present experimental results fit with
these observations.

In principle it is possible that the left—right asymme-
try arose as a result of acuity differences between the
eyes. However, this explanation seems to be unlikely
because this should have resulted in faster learning
scores with the right eye in all experiments, including
the third one in which the previously learned patterns
had to be transferred to the other eye. Contrary, Go-
liath was in this case faster with his left eye (Fig. 2c¢).
We therefore suppose, that the right eye dominance
resulted from a cerebral asymmetry and not from acu-
ity differences. Thus, the present experiments suggest,
that visual asymmetry affects acquisition, retention,
and, as discussed below, possibly also interhemispheric
transfer of visual information.

The more efficient visual transfer from the subdomi-
nant right hemisphere (left eye) to the dominant left
brainhalf (right eye) makes it likely that interhemi-
spheric transfer is asymmetrically organized. Possibly,
these results emerge from an asymmetrical transcallosal
cooperation during the acquisition of the visual pattern
discriminations. According to this scenario, the right
hemisphere (left eye) has to cooperate with the domi-
nant left halfbrain during visual discriminations learned
with the left eye. During such a cooperation the domi-
nant left hemisphere possibly also learns parts of this
pattern discrimination. Therefore, a subsequent transfer
from the subdominant right to the dominant left hemi-
sphere (left-to-right eye) will result in high transfer
efficiency. This scenario is different when the left hemi-
sphere learns a new visual task. Because the visually
dominant left hemisphere is probably not in need of
extensive transcallosal cooperations, this will result in
fewer learning traces in the right halfbrain. Conse-
quently, an interhemispheric transfer from the left to
the right hemisphere is less efficient and only loosely
related to the learning history in initial (left hemi-
spheric) learning. This hypothetical scenario accords
with numerous behavioral [14], neuropsychological [20],
and electrophysiological data [19] on asymmetrical in-
terhemispheric interactions in humans. Mukhametov
[18] reported that dolphins can sleep with one hemi-
sphere only, resulting in asymmetrical slow wave sleep
patterns. Thus, asymmetries of interhemispheric inter-
action as reported in the present study might be a
common neural principle in bottlenose dolphins.

In humans, figural comparison task generally result
in a stable right hemisphere advantage [8,22]. This also
holds for comparable simultaneous pattern discrimina-
tion tasks with cats and rats [1-3]. The situation in
monkeys might be in part comparable. Hamilton and
Vermeire [10] demonstrated that macaques have a right
hemisphere superiority in face but not pattern discrimi-

nation. Tachistoscopic tasks in humans usually reveal
right hemisphere advantages both in pattern and face
discrimination tasks, as a result of the activation of
common neural structures for visual feature analysis
[11]. Possibly the long stimulus exposure times in the
monkey experiment [10] might have reduced existing
asymmetries in the easier pattern discrimination as
often observed in human studies. Taken together, these
data indicate that in humans, rats, cats, and possibly
monkeys the right hemisphere dominates different as-
pects of visual feature discrimination. The left hemi-
sphere dominance of dolphins in a similar task could
therefore represent a remarkable deviation of their
functional cerebral architecture.
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