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Summary

The effects of the visual features of prey-like objects be grouped into five clusters. Among individuals, the rank
on the orienting behaviour of the salamanderPlethodon  order of stimuli was similar for high- and low-ranking
jordani were studied. Two stimuli (cricket dummies, stimuli and varied for those of intermediate rank; stimuli
rectangles), moving in opposite directions, were presented could be grouped into 3-5 clusters. Our findings favour
simultaneously on a computer screen. They differed in the view that, in amphibians, prey recognition is guided
size, contrast, velocity and movement pattern of the entire by a number of visual features acting either alone or in
body or the body appendages. Size and velocity appeared combination and depending on internal motivational or
to be the dominant features; shape was of lesser attentional states and individual experience.
importance. Contrast and movement pattern were of
intermediate importance and local motion of litle  Movie available on-line:
importance_ This rank order was the same when the http://www.biologists.com/JEB/movies/jeb3864.html.
probability of a response to the different stimuli was
estimated by means of the maximum-likelihood method. Key words: orienting response, object recognition, prey scheme, prey
Cluster analysis revealed that in all animals stimuli could experience, plethodontid salamander, amphitiéethodon jordani

Introduction

In vertebrates, the appearance of an object in the visual fiekbpears to be more complicated than assumed previously and
usually leads to an orienting response consisting of eye, he&al include a number of features that appear to influence
or body movements towards the object. Such responsesienting and feeding behaviour in amphibians (Roth et al.,
provide a gross categorization of objects as important, €.§998). For example, moving objects usually elicit orienting
dangerous, food-related or relevant for mating, or unimportantesponses more readily than still objects. Furthermore, the size,
They represent a simple type of sensory-guided attention asthape, contrast and movement pattern of a prey object seem to
are exerted to bring the object into the centre of the visual fielde important. However, a detailed analysis of the effects of
for further analysis. these features, alone or in combination, on the prey-catching

In amphibians, prey-catching behaviour is commonlybehaviour of amphibians is lacking, partly because of
initiated by such an orienting response towards a prey objeniethodological restrictions.
followed by approach and snapping. It is suggested that this To understand better the effects of various visual features
behavioural sequence is released more-or-less automatically lBjevant for feeding behaviour, orienting behaviour was
objects fitting a relatively simple prey scheme, i.e. objects thanvestigated in the salamand@ethodon jordaniThis species
move and are not too small or too large to be eaten or exhiliielongs to the family Plethodontidae (lungless salamanders);
simple configural properties (Lettvin et al., 1959; Grusser and is terrestrial throughout its life. It has a well-developed visual
Grisser-Cornehls, 1976; Ewert, 1984, 1989). However, theystem and is an active hunter; its natural diet comprises a large
is clear evidence that, in amphibians, both visual and nonsariety of arthropods (Jaeger, 1972; Fraser, 1976). The method
visual prey recognition is experience-dependent. For examplapplied in the present study consisted of the simultaneous
amphibians can be trained by classical conditioning to ignorpresentation of two competing stimuli on a screen in front of
prey items and suppress orienting responses as a resulttoé animal. The stimuli were taken from a series of a computer-
negative experiences with noxious or impalatable prey (Cotgenerated variations of the image of a cricket. They differed in
1936; Sternthal; 1974; Dean, 1980). velocity, size, contrast and movement pattern of the entire body

In addition, prior to the orienting response, an evaluation adnd of the appendages, and were compared with dummies used
the visual characteristics of the prey item must occur. Sucim earlier studies (e.g. moving rectangles). The orienting
analysis of the visual properties of a potential prey objedbehaviour towards one or the other of the two stimuli was taken
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Table 1.Stimulus parameters of the different image sequences

Duration Velocity Distance Length

Stimulus (ms) (cmd) (cm) (cm) Other parameters
Standard cricket (ST) 4800 2.2 9 1

Small-sized cricket (S) 4800 2.2 9 0.6

Large-sized cricket (L) 4800 2.2 9 15

Contrast-reduced cricket (C) 4800 2.2 9 1 Contrast reduced to 70 %
Slowly moving cricket (SM) 4800 11 45 1

Fast-moving cricket (FM) 1500 7 9 1

Still-image cricket (Sl) 4800 2.2 9 1

Stepwise-moving cricket (STM) 4800 2.2 9 1 Step frequency 3Hz
Locally moving cricket (LM) 4800 - - 1 Local locomotion
Rectangle (R) 4800 2.2 9 x%6.5

Stepwise-moving rectangle (STMR) 4800 2.2 9 D5 Step frequency 3Hz

as an indication of the attractiveness of a particular visuand small-sized crickets (L, S, respectively), in which the ST
feature. This study attempts to obtain further insight into thevas modified in size using an image-editing program (Corel
mechanisms underlying visually guided orienting responses iRhoto-Paint 8.0); (iii) contrast-reduced cricket (C), in which the
amphibians and to provide a basis for studies on the physiologpntrast of ST was reduced to 70 %; (iv) slowly moving and fast-
of the neurons involved in visual attention. moving crickets (SM, FM, respectively) running at velocities of
1.1cmsland 7cmsl, respectively; (v) still-image cricket (Sl),
. moving at a standard velocity of 2.2 cmhsthus simulating a
Materials and methods forward-moving cricket without self-motion; (vi) stepwise-
Animals moving cricket (STM), in which images were taken out of the
SalamandersPlethodon jordaniBlatchley) were collected standard sequence to obtain a cricket moving at a step frequency

from wild populations in the vicinity of Highlands Biological of 3Hz and a basic velocity of 2.2 cm;s(vii) locally moving
Station, Highlands, North Carolina, USA (collecting permit,cricket (LM), in which the standard sequence was presented at
Highlands Biological Station). They were housed individuallythe same position on the screen to imitate a moving cricket
in glass boxes (15cr20cmx20cm) lined with wet rubber without forward motion; (viii) rectangle (R) and stepwise-
foam and covered with pieces of slate. The glass boxes hatbving rectangle (STMR), which were presented to compare the
removable opposite panes. Salamanders were kept at 20 °C lmeghavioural responses to prey-likersusnon-prey-like stimuli.
a 12h:12h light:dark cycle and were fed crickets roughly 1cm The rectangle was similar in size and colour to the standard
in length. Individuals that responded readily to the presentatiocricket and was moved either continuously (R) or stepwise
of crickets with orienting, approaching and snapping werdSTMR) at a step frequency of 3Hz at the same basic velocity
selected for the experimentsN<8; snout—vent length (2.2cms?). In total, 11 different sequences of bitmaps were
55-65mm). The experiments followed the guidelines of theised for presentation (Table 1).
animal welfare laws and also conform to the legal requirements

in the UK and the USA. Presentation
_ _ Stimuli were moved from the centre of the screen either to
Stimulation the left or to the right; the locally moving stimulus was

Visual stimulation was performed by presenting motionpresented on the right or left side of the screen in the middle
pictures on a thin film transistor screen in front of the animalof the path of the moving stimulus. The stimuli were
A movie was produced by recording a cricket (1cm in bodyandomized with regard to type and direction of movement
length) running at a characteristic velocity of 2.2chwgith a  using a computer program (JUMBO 6.2; W. Kdpcke,
digital video camera at 25frame3gSony TRV900E; Sony University of Miinster, Germany). A pre-test was performed to
Corp.) and read into a computer. The movie was fractionizedccustom the salamanders to the test situation and to assess the
into bitmaps (Adobe Premiere 5.1; Adobe Systems Inc.); thisfficacy of each stimulus. During this test period of 2 months,
series of bitmaps was taken as the standard sequence $&imuli were presented singly in each test, and the response of
presentation. In addition, this standard sequence was modifiite animal was noted (Fig. 1). The animal remained in its home
to obtain sequences of cricket images differing in size, contrasipx and was placed centrally in front of the screen at a distance
velocity and movement pattern. These sequences were preserméd5-20 cm. A pane was removed from the box, and a stimulus
on the screen using a program in Labview (Labview 4.0was presented. Immediately after the animal had responded to
National Instruments, OptStim 2.0 programmed in outthe stimulus with an orienting response, the presentation was
laboratory). The stimuli presented to the salamanders were tBtopped. After each animal had been pre-tested, experiments
following (see Table 1): (i) standard cricket (ST); (ii) large-sizedwith randomly paired leftward- and rightward-moving stimuli
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Fig. 1. The salamandétlethodon jordanresponding to a contrast-
reduced cricket presented as a single stimulus. The animal turns
head towards the stimulus and then follows it with its entire body.

were performed once a week with a maximum duration o
30min per animal. Pairs of stimuli were presented on th¢
screen by moving them from the centre in opposite direction
(Fig. 2); the locally moving stimulus was presented on the lef
or right side of the screen. The minimum interval between twc
stimulus presentations was 10s; the next presentation wi
started only after the animal had turned its head back to th
central position. If an animal failed to respond for three
consecutive presentations, the experiment was stopped for t
day. During the experiments, animals were randomly reward
with live crickets, which were presented with forceps in front
of the screen. The pairing of 11 different stimuli resulted i
121 combinations when the side of the stimulus presentati
(left or right) was taken into account and in 66 combinations
when the direction of stimulus movement was not considere¢ G

Analyses and statistics

In the experiments, both orienting responses towards one
the stimuli and failures to respond were noted. Statistica
analysis was performed to examine intra- and inter-individua
differences. Thex2-test (Microsoft Corp., Excel 2000) was
used to test for side preferences and the occurrence of failur
of orienting responses. In the latter case, results fron
presentations of identicalversus different stimuli were
compared. A preference scale was created indicating th
probability of an orienting response towards a particula
stimulus. The maximum log-likelihood method was applied
assuming that the results from different trials are stochasticall
independent of each other (modified after Bradley and Terr
1952). The binomial distribution was estimated because only
orienting responses to the left or right side, but not failures tFig. 2. The orienting response of a salamander. (A) The head of
respond, were considered. The responses to the standihe animal is in a centred position in front of the screen. (B) A pair
cricket were taken as baseline. Discriminant analysis weof stimuli (a leftward-moving rectangle and a rightward-moving
performed to generate a confidence interval for each stimulul2r9€-sized cricket) appear in the centre of the screen. (C) After a
To measure proximity between stimuli, a cluster analysis wadglag Of izs the salamander tums its head towards the large-
carried out according to the complete-linkage method o'7ea cricket:
furthest neighbours (see Jobson, 1992; Fahrmeir et al., 199
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Table 2.Total number of paired stimulus presentations, orienting responses and failures to respond

Responses to Responses to
rightward-moving  leftward-moving
Total number stimuli stimuli Failures to
Total number of responses (% of total (% of total respond
of stimulus (% of stimulus number of number of (% of stimulus
Individual presentations presentations) responses) responses) presentations)
1 396 343 (86.6) 194 (56.6) 149 (43.4) 53 (13.4)
2 660 610 (92.4) 289 (47.4) 321 (52.6) 50 (7.6)
3 264 221 (83.7) 105 (47.5) 116 (52.5) 43 (16.3)
4 528 453 (85.8) 222 (49) 231 (51) 75 (14.2)
5 528 469 (88.8) 205 (43.7) 264 (56.3) 59 (11.2)
6 660 557 (84.4) 271 (48.7) 286 (51.3) 103 (15.6)
7 660 592 (89.7) 280 (47.3) 312 (52.7) 68 (10.3)
8 528 475 (90) 249 (52.4) 226 (47.6) 53 (10)
Mean 528 465 (88.1) 226.9 (48.8) 238.1 (51.2) 63 (11.9)

Data from each individual and pooled data from all individualsmoved back to the centre position. In all individuals, at least
were evaluated according to this procedure. 84%, and maximally 92%, of stimulus presentations were
responded to with head turns towards one of the stimuli,
irrespective of movement direction. Accordingly, 8-16% of
stimulus presentations were not responded to; animals remained
General observations in their position in front of the screen. The numbers of orienting
In the pre-test, all animals investigated readily took part imesponses to leftward- or rightward-moving stimuli were
the experiments and responded to single stimulus presentatiapproximately equal and ranged from 44 to 57 % of responses
with an orienting response of the head at a minimum latency ¢ either rightward- or leftward-moving stimuli (Table 2).
1s. Each individual responded to each of the 11 different
stimuli, although in some test sessions not all stimuli were Stimulus preferences
responded to and the readiness to take part fluctuated over timeThe number of orienting responses differed with regard to the
In the experiments with presentations of paired stimulidifferent stimuli (Fig. 3A). On average, all animals responded
readiness again differed over time among individuals, resultingest to the large-sized cricked (mean number of responses 78.6),
in different numbers of experiments in which individuals tookfollowed by the fast-moving cricket (69.8 responses), the
part. In general, the animal followed the stimulus that itstandard cricket (61.1 responses), the stepwise-moving rectangle
responded to first and did not switch to the other moving53.8 responses), the continuously moving rectangle (49.4
stimulus, irrespective of its nature. The animal responded torasponses), the still-image cricket (44.9 responses), the stepwise-
stimulus with an orienting response of the head, which washoving cricket (37.5 responses) the slowly moving cricket (32.6
sometimes combined with an approach towards the stimulusesponses), the small cricket (18.4 responses), the contrast-
When the stimulus had disappeared, the animal retained its he@dluced cricket (12 responses) and the locally moving cricket
position for a few seconds before moving it back to the centréseven responses). This rank order was the same when the
In some cases, animals snapped at the screen, but in most caBesction of stimulus movement was taken into account (Fig. 3B)
snapping occurred only once in a session and at the beginniagcept for the continuously rightward-moving rectangle, which
of the experiment. However, animals fed immediately or withwas preferred to the stepwise-moving rectangle.
a short delay when live crickets were presented randomly Among individuals, the rank order of responses to different
between stimulus presentations. In the following, the results aftimuli varied. All individuals responded best to the large-sized

Results

the paired-stimulus condition are presented. cricket, and in most individuals the fast-moving and standard
. cricket were the second and third choices, respectively. The
Frequency of responses and side preferences least effective stimuli were the locally moving cricket, the

Over a period of several months, all paired combinations afontrast-reduced cricket and the small-sized cricket in all
different stimuli were presented 10 times¥=660) to three individuals; however, the ranking for these stimuli was
animals, eight timed\N=528) to three animals, six timd${396)  different among individuals. This was also the case for the five
to one animal and four timebl£264) to another animal. These remaining stimuli, the stepwise-moving rectangle, the
differences result from the fact that an experimental session wesctangle, the still-image cricket, the stepwise-moving cricket
stopped when an animal failed to respond to three consecutiaad the slowly moving cricket. An example of the number of
stimuli and from differences in time intervals between twoorienting responses and the absence of responses to the
presentations, which depended on the time when the head wdifferent pairs of stimuli for one individual is given in Table 3.
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Collectively, animals did not respond to 12% of
presentations under paired-stimulus conditions. Fo
simultaneous presentations of the same stimulus (63 % of ¢
failures), the number of failures was much higher. Within this
group, the stimuli responded to least were the locally movin.
cricket, the contrast-reduced cricket and the small-sized crick 3
(Table 4). On average, the combinations of identical stimul GE)
were not responded to in 45% of presentations. Whe g
combinations with identical stimuli are excluded, failures
occurred in only 5% of stimulus presentations. For ©
presentations of different stimuli, the number of failures wa &
again highest for the locally moving cricket, the contrast
reduced cricket and the small-sized cricket.

Results from statistical analyses LLOWV oo

The statistical analysis of side preference revealed n
significant effect for the group of salamanders. Wher
salamanders were tested singly, two individuals showed Fig. 4. Preference scale for the different stimuli in all individuals.
significant effect. One individual had a preference for leftwardThe thick horizontal line represents the probability of responses to
moving stimuli (no. 1P<0.02) and the other for stimuli moving the ‘standard cricket' (ST) as a baseline for the probability of
to the right (no. 5P<0.01). The responses of all individuals responses to the other stimuli. Vertical bars indicate the confidence
taken together were evaluated according to the maximum lointerval for each stimulus; grey rectangles indicate stimulus clusters
likelihood method and resulted in a preference scale for treontaining stimuli with similar efficacy. For abbreviations, see
different stimuli. A grouped statistical evaluation of all trials Table 3A.
was valid, although this was accompanied by loss of accurar
according to the(?-test P<0.05). The rank order of stimulus stimuli in all individuals corresponded to the rank order based
preference for each individual and that for the group obn the absolute frequency of responses (Figs 3, 4). The stimuli
salamanders differed for intermediate-ranking stimuli andvere grouped into five clusters (Fig. 4). The first cluster
concerned only one or two positions (Fig. 4). The ranking otontained the large-sized and the fast-moving cricket. The

Stimulustype
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Table 3.Results of stimulus presentations for one individual

A
Number of orienting responses
Stimulus moving from centre to right Total number of
responses to stimuli
L , FM , ST STMR, R |, SI [ STM, SM , S , C | LM |movingtothe left
L|2 2i2 8{4 1/5 0{5 0{4 1i4 05 0!5 0{5 0i5 0} 46
FM|{3 2!0 3!3 24 14 0!5 0!5 0!5 0!4 1!5 0i4 0! 42
ST|1 4:1 312 3:i2 3i3 214 1i4 0i5 0i4 1!5 0:!5 0: 36
STMR|O 5!3 1i0 4i1 24 1!3 2!4 0i4 0i4 0!5 0!5 0! 33
. 0 50 5{2 3!1 3{2 3!2 2!3 1i5 0!5 0!5 0!5 0! 30
Stimulus : : : : : : : : : : :
movingfrom SI|0 5:1 4:1 4:3 2:2 3:1 12 3:2 3:5 0:4 0:4 1: 25
centre to left : : : : : : : : : : :
STM05:0 5:1 3:3 2:0 4:0 5:3 2:3 2:3 1:2 1:4 1: 19
sM{0 5i0 5!1 4!2 3{1 4{2 3i{1 3/0 3/2 0{4 0i5 0} 18
s|o 5:{0 51 3!0 50 5i{1 4:1 4!0 5!0 3!4 1:4 0! 11
0 5/0 5{0 5!0 5{0 5!1 4i{1 3!0 4:1 3:1 3:4 0! 8
LM|{0 5!0 4i0 5{0 50 5!0 5i0 5i1 4i{0 5:2 3!0 0} 3
Total number of i 271
responses to stimuli ! 557 T?tal number
moving to the right 48 43 37 31 32 28 21 32 15 8 21 286 of responses
B
Number of failures
Stimulus moving from centre to right
L , FM , ST ,STMR, R , SI , STM, SM , S |, C | LM
T N N N T T T O A A
FM L7 ! T ! ! ! ! b1
S A T N T N I O T R
Stimulus : : : 1 : > : : : : : :
moving from g i i i i 8 : : A T
centre to left : : : : : : : : : :
ST™ | o1 p 1 P 9 ! 1 2
) S S N S S NN N N
s A N N S RN N R R N A N
c ! ! ! ! ! P10 1016 11
V% EN N A N S A R O S B S
103 | Total number

of failures

Each stimulus was tested five times for one movement direction and 10 times in the case of identical stimuli, resultiagah G&tot
presentations. (A) Number of orienting responses. The left-hand number in each column indicates the number of orientsgaoabedas
(white background), and the right-hand number indicates the number of orienting responses to the right (grey backgrounthe(8)N
failures to respond under the same condition as in A.

L, large-sized cricket; FM, fast-moving cricket; ST, standard cricket; STMR, stepwise-moving rectangle; R, continuouslyettavigkp;
SI, still-image cricket; STM, stepwise-moving cricket; SM, slowly moving cricket; S, small-sized cricket; C, contrast-reketdLd/,
locally moving cricket.

second cluster included the stepwise-moving rectangle, thraoving cricket and was separated from a fourth cluster
continuously moving rectangle and the still-image cricket. Theontaining the small-sized and contrast-reduced cricket. The
third cluster comprised the stepwise-moving and the slowljocally moving cricket represented the fifth cluster. This rank
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Table 4 Number of failures of orienting responses for all individuals

L] 18
FM 0 30
ST 1 3 19
STMR| 2 2 3 | 29
R| 0 5 2 3 | 18
si| o 9 1 0 2 | 29
sT™M| 1 1 4 5 5 1 | 27
sM| 0 0 3 1 7 5 25
0 1 2 3 5 2 33
0 2 1 0 3 7 20 44
LM 0 2 3 5 4 5 10 12 46
L FM ST STIMR R S| SIM SM S c v [504

Total

In each cell, the number of failures to respond to paired stimulus presentations is given. Note that the number oftfghestsfar tl
presentation of two identical stimuli.

L, large-sized cricket; FM, fast-moving cricket; ST, standard cricket; STMR, stepwise-moving rectangle; R, continuouslyettavigig;
Sl, still-image cricket; STM, stepwise-moving cricket; SM, slowly moving cricket; S, small-sized cricket; C, contrast-rethketdLd,
locally moving cricket.

Table 5.Preference scale and clustering of values for each individual and for all individuals

Individual 1 2 3 4 5 6 7 8 1-8
First cluster L L L L FM L L L L
FM FM L FM FM FM FM
STMR
Second cluster FM Sl R FM STMR STMR STMR STMR STMR
R R ST™M R Sli Sli R
STMR STMR Sl Sl STM R Sl
STM STM STMR R ST™M
Sl SM SM
Third cluster SM SM SM STM C R S R STM
S C SM LM Sl LM Sl SM
C S S ST™M C STM
Fourth cluster LM S S S S S
C C C C
LM LM LM
Fifth cluster (o LM
LM

L, large-sized cricket; FM, fast-moving cricket; ST, standard cricket; STMR, stepwise-moving rectangle; R, continuouslyetiavigleg;
SI, still-image cricket; STM, stepwise-moving cricket; SM, slowly moving cricket; S, small-sized cricket; C, contrast-rethketdLd,
locally moving cricket.

order varied when responses of individuals were evaluatdddividual the large-sized cricket, the fast-moving cricket and
singly (Table 5). However, the most- and least-effective stimulihe stepwise-moving rectangle were grouped in the first cluster.
were found in a similar rank order compared with the grouped The second cluster contained five stimuli in three
data for all animals taken together. Stimuli were grouped intindividuals, four stimuli in two individuals, three stimuli in one
3-5 clusters among individuals. In five individuals, the largeindividual and one stimulus in two individuals. Here, the
sized cricket and the fast-moving cricket formed the firsstepwise-moving rectangle was found in seven individuals, the
cluster, although the preference for these two stimuli wastill-image cricket and the continuously moving rectangle in
reversed in one individual. In two individuals, the first clustersix, the stepwise-moving cricket in five and the slow- and fast-
consisted only of the large-sized cricket, whereas in onmoving crickets in two individuals. The third cluster comprised
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four or three stimuli in three individuals, and two stimuli orpreferences would only have effects on small numbers of
one stimulus in one individual. In six individuals, this third responses. Because side preferences were of minor extent and
cluster contained the slowly moving cricket, while the small-occurred in only two animals, and since the rank order for the
sized and contrast-reduced cricket were found here in foulifferent stimuli based on frequency of responses was similar
individuals. In three individuals, the stepwise-movingon both sides, the data for all animals were pooled for further
rectangle and the locally moving cricket were included in thisnalysis. In a study dRana pipiengStull and Gruberg, 1998),
cluster, and the continuously moving rectangle as well as ttede preferences of orienting responses were found in some
still-image cricket were included in two individuals. frogs when living crickets were presented simultaneously at
A fourth cluster was found in only five individuals. The small-90 ° to the right or left in the frontal visual field. Roughly equal

sized cricket, the contrast-reduced cricket and the locally movingumbers of frogs showed a preference for the right or left side
cricket were grouped in this cluster for three individuals, whileor no significant side preference. In biased situations, when prey
the locally moving cricket was the only stimulus in the fourthobjects were presented on one side repeatedly, a preference for
cluster of one individual and the small-sized cricket in thathe opposite side occurred. In amphibians, no further studies
of another individual. A fifth cluster was present in only oneon side preferences of orienting behaviour exist, and the
individual and contained the contrast-reduced and the locallyresent study provides little evidence for such preferences in
moving cricket. Failures to respond to identical stimulussalamanders. Here, the stimuli were presented in the frontal
combinations were much higher than those to different stimulbinocular field of the salamanders, whereas in the study of Stull
The differences are highly significanP<0.0001) for each and Gruberg (1998) presentation was in the monocular field,
individual and for all individuals combined. and this might make a significant difference to the results.

Failures to respond

Discussion The number of failures to respond to paired-stimulus
The goal of the present study was to analyze the effects pfesentations with identical stimuli was significantly higher than
different visual features of prey-like objects on the orientingo presentations of different types of stimulus. The difficulty of
behaviour of woodland salamanders. In eRjethodon jordani  animals in responding to one of two identical stimuli may
visual stimulation was performed by simultaneously presentingndicate a conflict of interpretation. Whether this conflict takes
on a computer screen two out of 11 stimuli (nine crickeplace at the processing level of the sensory system, i.e. the optic
dummies, two rectangles). The stimuli differed in size (small, Stectum, or during the ‘decision-making process’ in the limbic
large, L; standard, ST), shape (rectangle, R), contrast (reducsgstem is unclear. The sensory information about the two stimuli
at 70%, C), velocity (fast, FM; slow, SM) and movement patteriis identical and can lead to equivalent excitation in the two tectal
of the entire body or body appendages (stepwise-moving crickétemispheres, which in turn blocks a visuomotor response to the
STM; stepwise-moving rectangle, STMR; still-image cricket,stimulus. Such inhibition effects based on an interhemispheric,
SlI; locally moving cricket, LM). Under paired-stimulus crossed-inhibitory mechanism in the optic tectum were proposed
conditions, 88 % of all presentations led to an orienting respondsy Ingle (1976) and Ewert et al. (1970) when the presentation
of the head to one of the stimuli in all individuals. The absolutef two synchronously moving prey dummies to frogs and toads
frequency of responses was highest for the stimuli L, FM ankd to a delay in snapping responses. However, in the present
ST, intermediate for the stimuli STMR, R, Sl , STM and SMstudy, half the animals responded with a turn of the head in
and lowest for the stimuli S, C and LM. This rank order ofresponse to one of these stimuli. One possible explanation could
stimuli was the same when the probability of a response wdx that the motivational system ‘overrides’ the equivocal sensory
estimated by means of the maximum log-likelihood methodinformation signalling ‘no differences in properties of either
Cluster analysis revealed that in all animals stimuli could bstimulus’. Another explanation is that the neuronal network in
grouped into five clusters. When individuals were consideredne tectal hemisphere has a higher level of activation as a result
singly, the rank order of stimuli was similar for high- and low-of preceding activation or of attentional effects and, thus,
ranking stimuli, but varied for those of intermediate rankinitiates a response to one of the two competing stimuli. When
Among individuals, stimuli could be grouped into 3-5 clusterscombinations of identical stimuli are excluded, no correlation
Failures were exceptionally high in number when the rightwardwas found for the combinations of pairs with different types of
and leftward-moving stimuli were of the same type. Sidestimulus to the occurrence of a failure. This suggests that other
preferences were found in two individuals. parameters, such as motivation or the attentional state, can
indeed contribute to the occurrence of an orienting response.
Side preferences
Six of the eight tested animals showed no side preferences, Rank order of stimulus preferences
whereas in the remaining two a side preference for the right or The rank order of preferred stimuli was the same when
left side was observed. However, these side preferences wexesolute numbers of responses were considered or the
not highly significant. The paired stimuli were presented irmaximum-likelihood method was applied. Nevertheless, the
equal numbers with equal combinations of stimuli for both sideshoice of method is important for the evaluation of the data.
and did not contribute to the rank order of stimuli. SideBy using the maximum-likelihood method, the relative



Visual orienting behaviour in a salamande49

probability of an orienting response to a given stimulus igact that the stepwise-moving rectangle and the continuously
determined by comparing data for each stimulus pair with alhoving rectangle were of the same size and orientation as the
other stimulus pairs. For example, the large-sized stimulus waarge-sized cricket but elicited fewer responses by each
responded to best by each individual, but in one individual thendividual. Here, differences in Gestalt between the
fast-moving stimulus was placed before the large-sized ormectangles and the large-sized cricket probably had an effect.
when the maximum-likelihood method was applied. Analysis

of the data from each individual compared with pooled data Velocity

from all individuals revealed a significantly improved accuracy The frequency of orienting towards the fast-moving cricket
for the data for individuals, which was expressed in differentvas high in all individuals and ranked just behind that for the
locations of intermediate-ranking stimuli among individuals.large-sized cricket moving at standard velocity. The slowly
However, these differences concerned maximally one or twmoving cricket was found lower on the preference scale, and
positions on the preference scale and did not substantially altére locally moving cricket was least preferred by all
the rank order. Because the loss of information is small, datadividuals. These results suggest that fast forward movement
from all individuals were pooled for analysis, resulting inincreases the likelihood of an orienting response. In most
smaller confidence intervals and thus contributing to thstudies on feeding responses or orienting behaviour of
formation of more distinct clusters. The cluster analysisalamanders, different velocities of prey object have been
revealed that the probability of an orienting response towardssted by presenting artificial dummies such as squares and
the different stimuli does not decrease continuously, but isectangles: for feeding, see Himstedt (1967) and Roth (1976);
distinct among the high-ranking stimuli of the first cluster, thefor orienting behaviour, see Finkenstadt and Ewert (1983). An
intermediate-ranking ones of the second and third clusters, aogtimum response was found at 0.5-2.5Tm®nly in

the low-ranking ones of the fourth and fifth clusters. salamanders with fast projectile tongues sucHyaomantes
_ italicus or Bolitoglossa subpalmatawere much higher
Size velocities of 6-10cntd preferred (Roth, 1976, 1987).

Prey size seems to be one of the most important featuréddthough, in the present study, orienting but not snapping
eliciting orienting responses: the large-sized cricket (15 mmpehaviour was studied, the preferred stimulus velocity of
was most preferred by all individuals and the small-size@ cms? fits these data nicely. Salamanders of the genus
cricket (6 mm) was among the least-preferred stimuli. EarliePlethodorhave fast, but not free, projectile tongues. Generally,
studies on natural diets in salamanders of the gelatisodon = movement seems to be one of the main features used to classify
reported that the size of prey ranged from 0.5 to 7 mm in lengtbbjects as prey, and amphibians usually do not pay attention
in approximately 90% of stomach contents (Jaeger, 19729 non-moving objects as long as no other sensory information,
Fraser, 1976). Roth (1987) tested a variety of plethodontiduch as olfaction, is available. However, frogs and salamanders
salamanders by presenting them with pieces of blackboard aodn be trained to accept stationary objects as prey (Himstedt et
found a preference for snapping at smaller stimuli (2 or 5mmal., 1978; Roth and Wiggers, 1983).
in Plethodon jordani although it was reported that the
salamanders also responded to larger objects 10 mm in length. Movement pattern
On the basis of these facts, one could assume that large object®©n the basis of a number of studies, movement pattern has
induce orienting, but not snapping, responses. However, in theen assumed to play an important role in prey recognition
present study, crickets up to 2cm in length were presented aft@oth, 1978; Luthard and Roth, 1979a,b) (see also Roth, 1987).
the experiments and were immediately eaten by thé the present study, the stepwise-moving cricket and stepwise-
salamanders. The preference for larger prey observed in ommoving rectangle, the still-image cricket, the continuously
study could be due to the higher motivational state of oumoving rectangle and the locally moving cricket all differed in
animals. In a neural model based on behavioural, anatomicalovement of the entire body or of the body appendages (legs
and physiological data in anurans and subserving preyand antennae). However, in contrast to earlier findings, these
predator discrimination and size preference, simulations werimuli did not exhibit large differences in position on the
performed under normal conditions and under a variety gbreference scale, except for the stimulus LM, which was the
motivated states (Cervantes-Pérez et al., 1985). The authdesst effective stimulus. Of the five stimuli mentioned above,
postulate that, in states of high feeding motivation, toads sho®TMR and R evoked the most responses just behind the
preferences for larger objects. This was also attributed to frogdandard cricket in the same cluster. They moved at the same
with moderate ethanol intoxication, which showed altered sizaverage velocity, and differences in movement pattern were
preferences towards larger objects compared with a normatelevant. However, in contrast to the other stimuli with
control group (Ingle, 1973). IBufo fowlerj the upper size altered movement pattern, they were larger in size, and this fact
threshold of prey eliciting feeding behaviour was reduceds the most plausible explanation for their high rank in the
when the toad fed and became satiated (Heatwole armteference scale. At the same time, forward movement of an
Heatwole, 1968), although this threshold is not fixed andbject appears to be important for eliciting an orienting
fluctuates with changes in the internal state of the animal. Whag¢sponse, and stepwise movement does not necessarily
speaks against a strong influence of feeding motivation is thimprove the ‘attractiveness’ of such an objectSalamandra
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salamandra the occurrence of prey-catching responses tén amphibians, prey recognition is not based on the fulfilment
stepwise or continuously moving rectangles orientedf a ‘simple’ prey scheme, but is driven by a number of visual
perpendicularly or parallel was velocity-dependent (Luthardeatures that, alone or in combination, influence the attentional
and Roth, 1979a). A horizontally oriented rectanglestate of the animal and lead to orienting, approach and
(4mmx16 mm) presented at a velocity of 3cthdiad no  snapping behaviour to various degrees. Size, shape, contrast,
positive effect on the probability of feeding responses whemelocity and movement pattern of the entire body and of body
step frequencies of 0.25-8 Hz were tested. At a velocity aippendages such as the legs or antennae turn out to be the
0.5cmsl, low step frequencies of 0.5-2Hz had a negativenost important features. Different quantitative and qualitative
effect compared with continuously moving rectangles. In theombinations of these features characterize different prey
case ofSalamandra salamandyave have to bear in mind that types. They appear to be processed within the visual system
this salamander shows a strong preference for worm-likeelatively independently; accordingly, a complex prey item
stimuli, while Plethodon jordanand most other plethodontid activates several visual subsystems simultaneously. Such a
salamanders prefer compact prey object such as insects (Rotlew fits data from studies on the morphology and functional
1987). organization of the visual system of a number of salamander
Self-motion of an object, i.e. movement of the legs orand frog species. Different types of neurons in the optic tectum,
antennae, seems to play a lesser role in the detection of objettte main visual centre for object recognition, have been
in situations in which a forward-moving stimulus is presenteddemonstrated to receive different retinal inputs (Wiggers,
This is demonstrated by the fact that the locally movindl998). Electrophysiological recordings have revealed different
stimulus occupied the lowest position in the preference scalelasses of retinal ganglion cells that terminate in different tectal
However, this does not mean that local motion is irrelevartayers and respond to changes in either contrast or size of small
because, in the single-stimulus presentations, all stimulus typebjects, to moving objects, to slow motion or to overall

were responded to with a turn of the head. illumination (Grusser and Grusser-Cornehls, 1976; Mandon,
1997). Consequently, the different types of tectal neuron are
Shape and contrast assumed to process different prey features such as size,

The rectangle was the only stimulus that differed in shapeontrast, velocity, luminance and movement pattern. These
from the other stimuli, i.e. crickets. Salamanders oftempopulations of neurons project through anatomically separate
responded to the stimuli STMR and R. The horizontahscending and descending pathways to different targets in the
rectangle is similar in size to the large cricket dummydiencephalon, tegmentum and medulla oblongata and spinalis,
Certainly, a larger number of differently shaped stimuli aravhere the premotor and motor centres related to orienting and
needed to test more adequately the shape parameter. The feetding responses are situated (Dicke and Roth, 1996; Dicke
that amphibians respond to square or rectangular dummiesedtal., 1998; Dicke, 1999; Roth et al., 1999). At the same time,
all is known from other studies and is often cited as ainside the tectum there is an interaction between these different
argument for the existence of stereotyped prey-catchingathways constituting a ‘super-population’ of neurons, which
behaviour and of simple prey-recognition mechanisms iin its activity represents the specific combination of features
amphibians (Ingle, 1968). A possible explanation for thecharacteristic of the prey item under consideration (Schibert
response to artificial stimuli, which fulfils the prey scheme, isand Dicke, 2001). We must also assume that the activity of
that amphibians lack feeding experience with this kind otectal neurons in the context of sensory-driven attention is
‘prey’ because they are prevented from ingesting thesmodulated by centres outside the tectum, such as the nucleus
dummies. Within their feeding behaviour, amphibians — as welsthmi and nuclei of the reticular formation. Both centres have
as most other vertebrates — when confronted with unfamiliareciprocal connections with the optic tectum (Weber et al.,
but interesting objects appear to follow the rule ‘take and tryt996; Dudkin and Gruberg, 1999; Wiggers and Roth, 1991;
it and store the result’. Accordingly, when amphibians arédicke and Muhlenbrock-Lenter, 1998).
allowed to ingest cardboard dummies, they spit them out and Our data show that different visual features have different
lose interest in these objects (Gockel, 2001) (U. Dickeimportance in eliciting an orienting response. Size and velocity
unpublished observations). appear to be the dominant features, acting either alone or in

The fact that the contrast-reduced cricket evoked fewerombination. Thus, a large and fast-moving object is expected
responses than most of the other stimuli suggests that contréstbe the most effective stimulus. Shape seems to be of lesser
is another important feature in eliciting orienting responsesmportance because the rectangles were almost as effective as
The stimuli STMR and R were of higher contrast than thehe stepwise-moving and the still-image cricket. Contrast and
cricket dummies because of their uniform grey tone andnovement pattern were of intermediate importance, whereas
distinct boundaries. This fact, in combination with their largedocal motion was of little importance.
size, may be another reason for their higher rank in the However, this rank order determined in our experiments

preference scale. with Plethodon jordanidoes not necessarily indicate a fixed
_ _ _ order of relevant visual prey features. Not only do different
Functional considerations amphibian species possess different rank orders of preferences

The results obtained in this study corroborate the view thator prey features — which may explain the differences between
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our findings and the results of other studies — but this rank ordeihkenstadt, T. and Ewert, J. P.(1983). Processing of area dimensions of
is influenced both by the actual state of motivation and by prey visual key stimuli by tectal neurons 8alamandra salamandrd. Comp.

. . TR Physiol.153 85-98.
experience. It has been shown that different individuaf aser b F. (1976). Empirical evaluation of the hypothesis of food

experiences contribute to modified patterns of prey preference.competition in salamanders of the gemiisthodon Ecology57, 459-471.
For instance. foSalamandra salamandraprey experiences Gockel, M. (2001) Der Einfluss visueller und olfaktorischer Merkmale auf das

duri . ile d | t had ffoct th Beutefangverhalten von Amphibien. Dissertation, University of Bremen.
uring juveniie developmen ad an efiect on € pre)ér[]sser, O. J. and Grusser-Cornehls, U(1976). Neurophysiology of the

preferences of adults (Roth, 1987; Luthard and Roth, 1979b;anuran visual system. Frog Neurobiology(ed. R. Llinas and W. Precht),

Luthard-Laimer and Roth, 1983). Furthermore, it is possible PP. 297-385. Berlin, Heidelberg: Springer. _
Heatwole, H. and Heatwole, A.(1968). Motivational aspects of feeding

that, even during adulthood, diet may |_nfluence amphibial pepavior in toadsCopeias, 692-698.
preferences. In our case, the test animals had been feuhstedt, W.(1967). Experimentelle Analyse der optischen Sinnesleistungen
exclusively with crickets. This important attribute needs to be '™ Beutefangverhalten der einheimischen Urodeliaral. Jb. Physiol73,

di detall 281-320.
tested Iin greater detail. Himstedt, W., Tempel, P. and Weiler, J(1978). Responses of salamanders

to stationary visual patternd. Comp. Physioll24, 49-52.
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