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Abstract

In a two-choice discrimination paradigm, a bottlenose dolphin discriminated relational dimensions between visual numerosity
stimuli under monocular viewing conditions. After prior binocular acquisition of the task, two monocular test series with different
number stimuli were conducted. In accordance with recent studies on visual lateralization in the bottlenose dolphin, our results
revealed an overall advantage of the right visual field. Due to the complete decussation of the optic nerve fibers, this suggests a
specialization of the left hemisphere for analysing relational features between stimuli as required in tests for numerical abilities.
These processes are typically right hemisphere-based in other mammals (including humans) and birds. The present data provide
further evidence for a general right visual field advantage in bottlenose dolphins for visual information processing. It is thus
assumed that dolphins possess a unique functional architecture of their cerebral asymmetries.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction evidence for perceptual and cognitive lateralizations in
animals also provides the basis for understanding the
Over the last decades, a large body of experimental biological foundations of hemispheric specializations.
studies has accumulated, demonstrating that functional So far, only few studies have focused on lateralizations
asymmetries are not unique to humans, but representin marine mammals like dolphins. Apart from findings
a characteristic that many vertebrate species have inon lateralized motor functions in the bottlenose dol-
common Rogers and Andrew, 2002This growing phin (Norris and Dohl, 1980; Marino and Stowe, 1997
first investigations on cerebral functional asymmetries
were carried out byon Fersen et al. (200@ndKilian
fax: +49 9123 963049, et al. _(2000)de_monstrat|ng a ng_ht eye dominance in
E-mail addressakilian@marine-mammal-cognition.de two different visual tasks for their subjects. Due to the
(A. Kilian). complete decussation of the optic nerves in dolphins
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(Ridgway, 1990; Tarpley et al., 1994this right eye

dominance relates to a left hemispheric advantage. Re- m H . H

cently,Yaman etal. (2003)ave produced evidence that a b

t_hls ?erebral a_symmetry _for visual pattern dISCI’ImIna- Fig. 1. Example for a stimulus pair in Test 1 (a). Compared to the

tion is population-based in the bottlenose dolphin and stimulus pairs used prior to this test (b, example), the stimulus pa-

possibly is the basis for the right eye preference of rameter ‘overall surface area of elements’ is now controlled.

these animals in observing objects or situations, sub-

stantiating earlier anecdotal observations (described in hooks to the tank side. The distance between the frames

Ridgway, 1990, In the present study, we investigated and, thus, the stimuli was fixed at 1 m.

whether this right visual field advantage could also be

found for cognitive visual processes where behaviour 2.3. Procedure

is based on relational comparisons between visual ob-

jects. In a two-choice discrimination paradigm, the dol-

This was tested during experiments where a bot- phin had to choose between two simultaneously pre-

tlenose dolphin discriminated visual stimulidifferingin ~ sented stimuli. One trial of a session went as follows:

numerosity. The results as regards the animal’s accom-the dolphin’s right or left eye was covered with an eye-

plishment of the task were published recen#yli@n cup made of a special gelatine mixtukdifickert and

et al., 2003. It was demonstrated that the dolphin rep- Thale, 1992 He was then send to a stationing point

resented ordinal relations among numerosities, but thatat the opposite side of the tank. While waiting there

his performance was affected by non-numerical stim- with his head held above water, the experimenter hid

ulus attributes during initial experimental phases. The behind the tank walls and two stimuli were placed in

data presented here give the results of test series conthe water by an assistant. A starting signal (whistle

ducted during two different phases of this experiment blow) prompted the dolphin to swim towards the stim-

where numerosity stimuli were presented to the animal uli. He made his choice by touching one of the panels

under monocular conditions. This enabled us to reveal with the tip of his snout and pushing it slightly up-

possible hemispheric specializations for discriminating wards. The chosen panel would move above the wa-

relational features between visual stimuli as required ter surface which was observed by the experimenter.

for tests of numerical abilities. Thereafter, depending on the subject’s choice, there
were two possibilities of feedback. In a correct trial,
the dolphin would choose the stimulus with the lower

2. Materials and methods number of elements, which was followed by a con-
tinuous whistle blow (secondary reinforcer) and food
2.1. Subject (primary reinforcer). An incorrect choice, in which

the animal would choose the stimulus with the higher
The tests were carried out with a male bottlenose number of elements, was followed by a specific non-
dolphin, Noah, 7 years of age, born and housed at the continuous whistle blow without food being provided.
dolphinarium of the Zoo Nrnberg. Experimental ses- In both cases, the eyecup was removed directly after
sions took place indoors in a circular tank 14 m in di- the correct/incorrect signal.

ameter (depth 4.7 m). Each session consisted of six trials. Right and left
monocular conditions alternated within a session as
2.2. Apparatus and stimuli well as for the first trial in successive sessions. The

positions of the correct stimuli changed in a quasir-
The numerosity stimuli consisted of elements andom sequence for each sessigellpws, 1967, but
(pieces of white adhesive film) that were stuck on black were balanced across the two monocular conditions.
square panels (1 m side length; 6 mm thickness) of syn-  The dolphin underwent regular medical examina-
thetic material. The elements differed in form and size tions by a veterinary surgeon including a check-up of
(seeFig. 1for examples). The panels were hung un- the eyes. These revealed that the animal was in good
derwater in stainless steel frames, which were fixed by health. Before running the monocular tests, the dol-
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phin had training sessions where his eyes were alter-these pairs, there were seven sessions with six trials
nately covered by an eyecup. His behavioural reactions each, that is, 42 right eye and 42 left eye trials in all.
to subtle familiar hand signals showed no differences Note that the set of stimulus pairs for the numerosi-
according to the viewing conditions. Therefore, any ties 2 versus 5 is virtually identical to that used in
acuity differences of the eyes are unlikely. Test 1.

2.4. Testl
3. Results
This test was conducted after the dolphin was
choosing correctly between two stimuli representing 3.1. Test 1
different numerosities (either 2 or 5). At this ex-

perimental stage, the non-numerical feature ‘overall  The dolphin achieved 69.4% correct responses for

surface area of elements’ covaried with numerosity. the right eye trials, whereas his performance when
To test whether the subject’s choice behaviour was in- seeing with his left eye was 47.2% which is close

fluenced by these stimulus dimensions, we introduced to the chance level of 50% (sé@g. 3). This differ-
stimuli with an overall equal surface area of elements. ence between the Viewing conditions was Significant
Each stimulus consisted of elements of different forms (\wilcoxon-testz=2.0, T=0, P<0.05).

but identical sizes, combined in such a way that, in
every choice, the overall surface area for the two pre-
sented stimuli was the same (either 0.072 or 0.126 m
This novel stimulus set, where the attribute ‘overall
surface area of elements’ was controlled, was first pre-
sented under monocular conditions. An example for a h
novel stimulus pair is depicted Fig. 1a; for compari- ~ 81% (right eye) and 76.2% (left eye) correct re-
son,Fig. 1b shows a stimulus pair of the set used inthe SPONses. There were no significant - differences
preceding binocular sessions. In the monocular test, 12Petween the viewing conditions ~ (Wilcoxon-test,
sessions consisting of six trials each were conducted, 2= 0-4: T=6, P>0.6). In the sessions with nu-

resulting in an overall of 36 right eye and 36 left eye Merosities 3 versus 4, his right eye performance
(85.7%) differed significantly from his left eye

3.2. Test2

The results of this test are depictedHig. 4. For
the number pairs 2 versus 5, the dolphin achieved

trials.
performance (61.9%), Wilcoxon-test,=2.0, T=0,
2.5. Test2 P<0.05.
This monocular test was carried out after confound- 100 - * *

ing stimulus dimensions were controlled and the dol-
phin then based his choice on stimulus numerosity. In
binocular sessions, he had achieved a successful trans-
fer to new stimulus pairs consisting of intervening nu-
merosities (e.g., 3 versus 4). These new number pairs
had been introduced in non-rewarded test trials. There-

% correct responses
~
o
1

after, we introduced monocular trials presenting the 40 -
number pairs 2 versus 5 and 3 versus 4 [Sge2) with 30 A ; i
a normal feedback and reward procedure. For each of right eye left eye binocular
Fig. 3. Performances in the two monocular conditions with the nu-
I E H m merosity pairs 2 vs. 5 with an overall equal surface area of elements
a b (Test 1). The column ‘binocular’ depicts the performance over four

binocular sessions with the same stimulus set carried out directly
Fig. 2. Examples for stimulus pairs presented in Test 2: (a) 2 vs. 5; after the monocular tests. Asteriks indicate significant differences at
(b) 3vs. 4. the 5% level.
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@ 100 . plicit assumption that stimulus information projected

2 90 — to one hemisphere is quickly disseminated throughout

§ 80 - the brain. This assumption does not even completely

2 701 @ right eye hold for humans, where asymmetrical responses can be

g 60 - O left oy% elicited after lengthy periods of lateralized visual expo-

§ 50 sure Wittling and Roschmann, 1993Different from

2 401 humans, dolphins evince a complete chiasmatic cross-
30 A ; . ing, and their corpus callosum is comparatively mi-

2vs.5 3vs.4 nor relative to the extent of their cerebral hemispheres

(Tarpley and Ridgway, 1994 Therefore, this study,
like several previous onevdn Fersen et al., 2000;
Kilian et al., 2000; Yaman et al., 20Q3vas able to ob-
serve asymmetrical response levels during monocular
testing that very likely are due to asymmetries of visual
processing. Thisisin line with studiesin alarge number
of avian species that also have a complete chiasmatic

Fig. 4. Performances with the stimulus pairs 2 vs. 5 and 3 vs. 4 in
the two monocular conditions (Test 2). Asteriks indicate significant
differences at the 5% level.

4. Discussion

The present study reveals a visual asymmetry in
the bottlenose dolphin for discriminating relational di-
mensions between stimuli differing in numerosity. The
overall right visual field advantage suggesting a dom-
inance of the left hemisphere is in accordance with all
recent findings on lateralized visual functions for this

decussation and have the commissura anterior for in-
terhemispheric exchang@iintirkiin, 2003. Thus, the
presence of anatomical means for interhemispheric ex-
change does not necessarily imply that lateralized vi-
sual information has to be quickly transferred to the
non-stimulated hemisphere.

species \on Fersen et al., 2000; Kilian et al., 2000; An alternative interpretation of the right eye supe-
Yaman et al., 2003 riority of Noah could be the existence of acuity differ-
In Test 1 and forthe number pairs 3versus 4 in Test2, ences between the eyes. While we are unable to com-
the subject demonstrated a significantly better perfor- pletely exclude this possibility, we believe this interpre-
mance level when using his right eye. However, no dif- tation to be unlikely for four reasons. First, Noah'’s eyes
ference between the monocular conditions was found were regularly checked by a veterinary surgeon who
for the number pair 2 versus pair 5 in Test 2, a stimulus would have detected at least major problems. Second,
set virtually identical to that used in Test 1. We assume Noah showed no asymmetry in understanding even
that the absence of a significant asymmetry is due to asubtle hand cues. Third, the asymmetry for the first
ceiling effect. As a result of the ongoing training ses- stimulus pair disappeared after traigin a result un-
sions between Tests 1 and 2, Noah was meanwhile fa-likely to happen if acuity differences had determined
miliar with more demanding discriminations between the lateralized response. Fourth, previous experiments
stimuli differing in numerosity. Therefore, his perfor- had used in total six adult bottlenose dolphins and in
mance for the 2 versus 5 discrimination was higher for all of them an asymmetrical visual performance was
both eyes, reducing the possibility to find a significant demonstrated. In one of these studi&dign et al.,
lateralization. A dependence of asymmetry displays on 2000, the animals were allowed to approach and grasp
the amount of stimulus familiarity was also reported in the objects, making a lateralized performance due to
other studiesKagot and Vauclair, 1994; Doty et al., acuity differences unlikely. Taken together, we are in-
1999; Laeng et al., 1999Thus, overall both test se-  clined to believe that the asymmetrical performance of
ries demonstrate an advantage of the right visual field Noah was due to lateralized visuocognitive processes
for analysing relational stimulus attributes which pre- and not due to acuity differences between the eyes.
sumably implies a left hemisphere superiority forthese ~ Yaman et al. (2003juggested that the left hemi-
processes. spheric dominance for object pattern discrimination in
Lateralization studies in humans mostly use only the bottlenose dolphin is due to a strategy of analysing
very brief stimulus exposure times and require their localfeatures of stimuli. Thisasymmetry display would
subjects to respond very quickly. This is due to the im- then accord with the lateralized pattern in humans,
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other mammals, and birds which also demonstrate a Doty, R.W., Fei, R., Hu, S., Kavcic, V., 1999. Long-term reversal
right visual field advantage for encoding local details of hemispheric specia_lization for visual memory in a split-brain
(Fink et al., 1997; Hopkins, 1997; Peirce et al., 2001; _ Macaque. Behav. Brain Res. 102 (1/2), 99-113.

Tommasi and Vallortioara. 2001However. this expl Fagot, J., Vauclair, J., 1994. Video-task assessment of stimulus nov-
0 aslia aflortigara, 9) owever, this expla elty effects on hemispheric lateralization in babodPapjo pa-

nation does not hold for the present results. A success-  pig). 3. Comp. Psychol. 108 (2), 156-163.

ful discrimination of relational dimensions betweenthe Fellows, B.J., 1967. Chance stimulus sequences for discrimination
stimuli presented here could not be accomplished by  tasks. Psychol. Bull. 67, 87-92.

analysing and comparing local details, consequently, Fink, G.R., Marshall, J.C., Halligan, P.W., Frith, C.D., Frackowiak,

hould t t d t f the left h . R.S.J., Dolan, R.J., 1997. Hemispheric specialization for global
we should not expect an advantage o ele emi- and local processing: the effect of stimulus category. Proc. Roy.

sphere. In humans, the right hemisphere is advantaged soc. London B 264, 487—494.

for magnitude judgements and for non-verbal assess- Giintirkiin, 0., 2002. Hemispheric asymmetry in the visual system of
ments of numerosity during subitizin@¢les, 1986; birds. In: Hughdahl, K., Davidson, R.J. (Eds.), The Asymmetrical
Klein and Mclnnes, 1988; Nicholls et al., 1999; Pasini Brain. MIT Press, Cambridge, pp. 3-36.

. . Hellige, J.B., 1996. Hemispheric asymmetry for visual information
and Tessari, 20()1Contrary to this, our data suggesta processing. Acta Neurobiol. Exp. (Warsz) 56 (1), 485-497.

specialization of the left hemisphere for these processesopkins, w.D., 1997. Hemispheric specialization for local and global

in the bottlenose dolphin. processing of hierarchical visual stimuli in chimpanzeRan(
Ageneral pattern thatemerges fromall theresultson  troglodyteg. Neuropsychologia 35 (3), 343-348.

lateralized functions in the bottlenose dolphin, includ- Ja9€". G., Postma, A., 2003. On the hemispheric specialization for

ina the or ntr Its. i nsistent riaht vi | field categorical and coordinate spatial relations: a review of the cur-
g the present resutts, Is a consiste 9 sualtie rent evidence. Neuropsychologia 41 (4), 504-515.

advantage for Visua”y gmded behaviours. This is VErY Kilian, A., von Fersen, L., @ntirkiin, O., 2000. Lateralization of
likely due to a dominance of the left hemisphere for visuospatial processing in the bottlenose dolpHirgiops trun-

several different visual processes. As against this pat-  catug. Behav. Brain Res. 116, 211-215.

tern, other mammals (including humans) and birds dis- Kilian A., Yaman, S., von Fersen, L.,i@trkiin, O., 2003. A bot-

| molementar ializations of the hemispher tlenose dolphin discriminates visual stimuli differing in numeros-
play complementary specializations orthe NemISpheres . oaming Behav. 31 (2), 133-142.

in encoding Vi_sual information, with left—right advan-  giein, R., Mcinnes, J., 1988. Visualfield differences in the processing
tages depending on the stimulus nature and the cog-  of numerical stimuli. Brain Cogn. 7 (3), 247-256.

nitive strategy appliedHellige, 1996; Vallortigara et Klinckert, H.-J., Thale, B., 1992. Digestible eyecups for dolphins.
al.. 2001: Gintirkiin. 2002 Rogers and Andrew. 2002: In: Proceedings of the 20th Annual Conference of the IMATA,

. . . Freeport, Bahamas.
Jager and Postma, ZOpRecent fmdmgs mdUdmg the Laeng, B., Shah, J., Kosslyn, S., 1999. Identifying objects in conven-

present data suggest an overall left hemisphere supe-  tional and contorted poses: contributions of hemispheric-specific
riority of dolphins for visual processing which could mechanisms. Cognition 70 (1), 53-85.
thus represent a remarkable deviation of their func- Marino, L., Stowe, J., 1997. Lateralized behavior in two captive bot-

tional cerebral asymmetries tlenose dolphinsTursiops truncatus Zoo Biol. 16, 173-177.
' Nicholls, M.E.R., Bradshaw, J.L., Mattingley, J.B., 1999. Free-

viewing perceptual asymmetries for the judgement of brightness,

numerosity and size. Neuropsychologia 37, 307-314.
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