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Summary. Triatoma b u g s  tu rn  away  f rom a ver t ica l  b lack  
s t r ipe  on the inner  surface  o f  a ro t a t i ng  o r  osc i l la t ing  
d r u m  by keep ing  it in the  la te ra l  visual  f ield at  an  angle  
ct re la t ive  to the  long  axis o f  the  body .  The  va lue  o f  

d e p e n d s  on  the angu l a r  ve loc i ty  w o f  the  d r u m .  Below 
w = 5 ~ s - x ,  ~ increases  wi th  increas ing  w, and  the s t r ipe 
can  lie to  e i ther  side o f  the  an imal .  Occas iona l ly ,  the  
bugs  switch be tween  these two t r ack ing  modes .  A b o v e  
w = 5 ~ s -~ ,  ~ r emains  nea r ly  c o n s t a n t  a t  a b o u t  120 ~ a n d  
the s t r ipe lags beh ind  the an imal .  We call  this  lateral 
tracking. A t  veloci t ies  over  5~ the an ima l s  t r ack  the 
l ead ing  edge o f  a wide b l a c k  s t r ipe  in the  same  m a n n e r  
as they  t r a c k  a n a r r o w  stripe.  Below 5 ~ s -  ~ they  walk  
t o w a r d s  the  cent re  o f  the  s t r ipe ( skoto tax is ) .  Objects  
m o v i n g  t o w a r d s  the  insect  above  the ho r i z on  are  also 
f ixa ted  at  an  angle  o f  a b o u t  120 ~ . La t e r a l  t r ack ing  is 
m e d i a t e d  m a i n l y  by  the do r sa l  p a r t  o f  the  v isual  field, 
as can  be shown by  occ lud ing  e i ther  the  d o r s a l  or  ven t ra l  
halves  o f  the  eyes. The  wa lk ing  speed o f  the bugs  in- 
creases  s ignif icant ly  du r ing  la te ra l  t r ack ing  o f  an  oscil-  
la t ing s t r ipe c o m p a r e d  wi th  tha t  du r ing  f ron ta l  f ixa t ion  
o f  a s t a t i ona ry  one.  We there fore  in t e rp re t  l a te ra l  t r ack-  
ing as  an  escape response .  
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Introduction 

Visual  s t imu la t ion  causes several  types  o f  b e h a v i o u r  in 
an imals .  In  insects ,  the  f ixa t ion  and  t r ack ing  o f  ob jec t s  
a re  e l emen ta ry  func t ions  o f  the  v isual  system,  a l t h o u g h  
s t imu la t i on  m a y  also cause escape reac t ions  o r  freezing. 
The  phys io log ica l  mechan i sms  unde r ly ing  the visual  
b e h a v i o u r  o f  f lying and  wa lk ing  insects  have  been  exten-  
sively ana lysed .  Several  mode l s  have  been p r o p o s e d  to 
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a c c oun t  for  m o v e m e n t  pe rcep t ion ,  ob jec t  f ixa t ion  o r  
course  s t ab i l i za t ion  (see review by Buchner  1983). 

In  exper imen t s  wi th  the  h a e m a t o p h a g e o u s  bug,  Tria- 
toma infestans, we obse rved  a h i the r to  u n d e s c r i b e d  fixa- 
t ion response  to m o v i n g  objects .  These  an ima l s  tu rn  
away  f rom an  a p p r o a c h i n g  object ,  b u t  keep  it in the i r  
l a t e ra l  visual  field. We r e p o r t  here on  a de ta i l ed  analys is  
o f  these responses ,  which  we refer  to as la teral f ixat ion,  
and  lateral tracking, respect ively,  a n d  on the involve-  
m e n t  o f  the do r sa l  and  vent ra l  p a r t  o f  the  c o m p o u n d  
eyes in this  behav iour .  Some  o f  the  resul ts  have  been  
p resen ted  ear l ie r  in a p r e l i m i n a r y  fo rm (Lazza r i  and  Var- 
jfl  1989). 

Material and methods 

The experimental animals were males of T. infestans reared in the 
laboratory at 30 ~ and 50-70% relative humidity, and fed on 
citrated sheep blood. The experiments were performed 20-30 days 
after the imaginal moult. For 1 week prior to the experiments 
the animals received no food. 

In the experiments the animals were placed on a locomotion 
compensator in the centre of a drum, the height and diameter 
of which were both 16.5 cm. The tethered bug walked on a light- 
weight hollow styrofoam ball (diameter: 10 cm) supported by air 
current. The walking animal turned the ball. The position of the 
panorama, the orientation of the longitudinal axis of the body, 
and its direction of locomotion and speed could all be recorded 
simultaneously with a sampling rate of 10 Hz. For further details 
see Dahmen (1980). The drum had a panorama on its surface 
and could either be rotated with a uniform angular velocity or 
oscillated around the animal, the head of which was fixed with 
wax to the thorax. The bugs could rotate freely. The panorama 
consisted of a black stripe on a white background, either 9.8 ~ or 
113 ~ wide, subtending 58 ~ above and 22 ~ below the insect's horizon. 
The drum was homogeneously illuminated from the outside by 
means of regularly spaced incandescent light bulbs. The luminosity 
at the position of the animal amounted to 60 lux. 

In one experiment a motor-driven black disc 2 cm in diameter 
was moved along a straight path towards and away from the ani- 
mal just above its horizon with a speed of 1.5 cm s- x. 

To elucidate the contributions of different regions of the eye 
to the response, the visual fields of the animals were partially oc- 
cluded. Either the ventral or the dorsal halves of both eyes were 
covered with black acrylic paint. 
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Results 
Lateral  tracking 

W h e n  a d r u m  with a 9.8~ black stripe was rota ted 
a r o u n d  the bugs, they also rotated,  keeping the centre 
of  the stripe at  an  angle ct relative to the longi tud ina l  
axis of  the body  (Fig. 1 a). The value of  ~ varied with 
the angu la r  velocity w of  the d r u m  (Fig. I b). 

Above  w = 5 ~ s -1 ,  ~ remained  nearly cons tan t  at an 
average value of  123 ~ as the insects tu rned  away f rom 
the stripe approach ing  f rom behind  (Fig. 1 b;  for the 
geometry  of  the s i tuat ions,  see insets). 

Wi th in  the range of  w = 0 ~ s -  1 to w = 5 ~ s -  t the value 
of ~ increased with w f rom 0 ~ (s ta t ionary  d rum,  f rontal  
f ixation) to its final value (lateral fixation). Here, how- 
ever, the stripe could  lie to either side of  the animal ,  
which switched between these two t racking modes,  with 
the same value of  a in each direct ion (Fig. 2 c). 

The response to a wide black stripe 

In  these exper iments  the black stripe was 113 ~ wide. 
W h e n  the d r u m  was s ta t ionary  or its angu la r  velocity 
remained  below 5 ~ s -1 ,  the insects walked towards the 
centre of  the stripe, a response termed skototaxis.  Above 
w = 5 ~ s -  t the leading edge was kept  at the same angula r  
pos i t ion  as the n a r r o w  stripe in the previous experiments  
(Fig. 3). 

The response to approaching objects 

The above exper iments  indicate  that  Triatoma avoids 
ro ta t ing  objects by keeping them fixated in the lateral 

c -  

o 
m 

o 
0. 

m 

- 1  

0 o / __ 

- 5 0 0 '  

0 30 60  9 0  120 
T i m e  ( s e c o n d s )  

150" 
�9 .(], :12 3.40 [ 

a [i . . . . . . . . .  : . . . . . . . . . .  §  . . . . . . . . . . . . . . . . . . . . . . . .  

100 ~ f.,,(],=15.277 ,W 1-59 

' @ @  ,/ 
50" ,~J 

] b . . . . . . .  
0 o 

0 5 10 15 20 25 
W ( d e g / s e c )  

Fig. 1 a, b. The sample record shows the angular position of the 
centre of a black stripe (smooth line) on the inner surface of a 
white drum rotating with angular velocity w, and that of the longi- 
tudinal axis of the animal's body (jerky line). Here and in all subse- 
quent similar records a positive slope indicates counterclockwise 
rotation, ct Average angular position of the stripe relative to the 
longitudinal axis of the body (tracking angle), b Tracking angle 

versus angular velocity w of the drum. Average values with stan- 
dard error obtained using 33 animals. Dashed lines: Power function 
fitted to the data within 0 < w_< 5 ~ s-t ,  average value above w = 
5 ~ s-x. Inset: Geometrical situation during counterclockwise (left) 
and clockwise rotation of the drum 
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Fig. 2a-d. Sample records of tracking under the same condition 
as in Fig. 1 a, but with angular velocities w below 5 ~ s-t .  Same 
conventions as in Fig. 1. The tracking angle a shows considerable 
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scatter and the stripe can switch from one side of the animal to 
the other while the direction of drum rotation remains the same 
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Fig. 3a, b. Sample records of tracking a 113~ black stripe 
at different angular velocities w of the drum. Same conventions 
as in Fig. 1. Triangles mark the leading edge of the stripe. At low 
velocities the bug walks towards the centre of the stripe. Above 
w = 5 ~ s-  1 the leading edge is kept in the lateral part of the visual 
field 
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Fig. 4a, b. Response of the bugs to an approaching target. A black 
disk, diameter 2 cm, was moved towards and away from the insect 
above its horizon with a speed of 1.5 cm s-1. a Sample records 
of the angular position between the longitudinal axis of the body 
of an animal and the path of the approaching object (jerky lines, 
left ordinate), and the distance of the object to the centre of the 
drum (smooth line, right ordinate), b Frequency of the ~ values 
obtained in 10 experiments with 5 bugs. Mean value: 119.8 ~ -I- 22.6 ~ 

part  of  the visual field. Under  natural  conditions objects 
do not rotate around the bugs, but approach along 
straight or curved paths. We therefore asked whether 
or not such objects also elicit lateral fixation. 

A black disk 2 cm in diameter  was moved  straight 
towards and away f rom the animal above its horizon, 
with a uniform velocity of  1.5 cm s -1. In Fig. 4a  we 
show a sample  r eco rd  o f  the  a n g u l a r  dev ia t i on  c~ be tween  
the p a t h  o f  the ob jec t  and  the l ong i t ud ina l  axis o f  the 
body .  No te  tha t  b o t h  the  a p p r o a c h i n g  a n d  re t r ea t ing  
ob jec t  elicit  la te ra l  f ixa t ion ,  whi le  a s t a t i ona r y  ob jec t  
can  be anywhere  wi th in  the  visual  field. In  Fig.  4 b  the  
d i s t r i bu t ion  o f  c~ is p lo t ted .  The  d a t a  were o b t a i n e d  in 
ten exper imen t s  wi th  five an imals ,  a n d  wi th  a to ta l  o f  
6000 samples .  The  response  resembled  t ha t  for  ro t a t ing  
str ipes.  The  an ima l s  t r ied  to run  a w a y  f rom the object ,  
keep ing  it a t  an  average  angle  o f  119.8~ ~ (SD)  
re la t ive  to the  long i tud ina l  axis o f  the  body .  

Oscillating drum 

Othe r  insect  species inves t iga ted  so far  f ixate  and  t r a c k  
n a r r o w  b lack  s t r ipes  o r  the edges o f  wide s t r ipes  wi th  
the  f ron ta l  pa r t  o f  the  eyes. Objec t  f ixa t ion  in flies (Rei-  
c h a r d t  1973) a n d  edge f ixa t ion  in the  m e a l w o r m  beet le  
(Varjfi 1976, 1987) requi re  re la t ive  m o t i o n  be tween  the 
an ima l  a n d  b l ack  str ipe.  

However ,  the  p a n o r a m a  does  no t  have  to be r o t a t e d  
a r o u n d  the a n i m a l ;  osc i l l a t ion  wi th  a sui table  f requency  
a n d  a m p l i t u d e  is sufficient.  N o w  Triatoma avo ids  ap-  
p r o a c h i n g  or  ro t a t ing  objects ,  bu t  keeps  t hem wi th in  
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Fig. 5 a, b. Lateral fixation of a 9.8~ black stripe that oscillates 
sinusoidally with 1 Hz frequency and 9 ~ amplitude at different an- 
gular positions in the absolute coordinate system. Sample records 
of the angular positions a and the translational velocity v of the 
bug b. Dashed lines in b : Average values before and after the onset 
of oscillation 
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Fig. 6a-d. Tracking of a 9.8~ black stripe subtending 26 ~ 
above and below the horizon oscillating sinusoidally with a fre- 
quency of 0.04 Hz and amplitude of 120 ~ a Unimpaired animal. 
b ventral, c dorsal half of the eyes occluded. Conventions as before. 
d The average amplitude of the body oscillation under the above 
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conditions (cf. pictograms). The response of the ventrally blinded 
animals does not differ from that of the unimpaired ones. That 
of the dorsally blinded ones is significantly reduced (t-test, P< 
0.0001). Ten experiments with five animals under each experimental 
condition 

the lateral par t  o f  the visual field. It was therefore of  
particular interest to see whether a small amplitude oscil- 
lation of  the d rum also elicits lateral fixation. 

A sample record of  the angular position of  a 9.8 ~ 
wide black stripe and that of  the walking direction of  
the animal versus time is shown in Fig. 5 a. In this experi- 
ment  the d rum oscillated at 1 Hz with an amplitude of  
9 ~ . The centre position of  the stripe was shifted three 
times in a steplike manner.  The bug kept the oscillating 
stripe at the same position in the visual field as a rotating 
stripe. 

The animals vigorously increased their walking speed 
v when the rotat ing stripe entered their visual field. This 
was also the case when the oscillating and laterally fixat- 
ed stripe changed position, as shown by the sample re- 
cord in Fig. 5b. Walking speed could increase fivefold 
compared  to the average value during frontal fixation, 
after which the initial peak v declined and the animal 
seems to become habituated. However,  even the average 
value during lateral fixation of  a repeatedly displaced 
oscillating stripe was significantly higher than that  dur- 
ing frontal fixation, the values being 1.71+0.04 (SD) 
and 2.10-t-0.03 (SD) c m s  -1, respectively (P<0.001,  
6000 samples). We therefore interpret lateral fixation as 
an escape response. 

The regional specialization of  the compound eye 

Regional specializations of  the eyes have been described 
in several ar thropods.  Structural (Zeil 1983; Dahmen 
and Junger 1988) and functional (Reichardt 1973; Wehr- 
hahn 1984; Varjfi 1987) specializations are considered 

to be adaptat ions to the environment and habits o f  the 
animals (see review by Land 1989). 

The compound eyes of  T. infestans have a rather 
small number  of  facets, about  300 in adults (Settembrini 
1984). They are spherical with a cuticular ridge at the 
posterior zone and extend far ventrally. Although no 
exact data are available on the visual field of  the bugs, 
our anatomical  measurements indicate that the antero- 
posterior extent of  the visual field in the horizontal plane 
is somewhat  more than 140 ~ . 

In order to investigate the involvement of  the differ- 
ent regions of  the eyes in lateral tracking we covered 
either the ventral or the dorsal halves of  both  eyes with 
black paint. In these experiments a 9.8 ~ wide black stripe 
oscillated at 0.04 Hz with an amplitude of  120 ~ The 
amplitude of  the oscillation of  the long axis of  the body 
was measured in both experimental groups and in a con- 
trol group of unimpaired animals. 

Sample records of  the angular position versus time 
for all three groups are shown in Fig. 6a-c.  The bars 
in Fig. 6d represent the average values with twofold 
standard error obtained in ten experiments with five ani- 
mals in each group. The number  of  samples amounted 
to 6000 in each case. The response of  the bugs with 
their eyes occluded ventrally did not differ from that 
of  the controls. However, covering the dorsal half  of  
the eyes drastically reduced the response of  the bugs 
(P < 0.0001). 

Discussion 

To our knowledge this kind of  lateral tracking has not 
been described before in insects. A different kind of  lat- 
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eral tracking has been observed by Collett and Land 
(1975) in the hoverfly Syr i t ta  pipiens. In rare instances 
male hoverflies attempt to keep a target in a lateral posi- 
tion at about 30 ~ and not straight ahead. 

The biological function of  the response described 
here seems to be related to defensive behaviour. The 
regional specialization of  the compound eyes, the in- 
crease of  the walking speed and the response to an ap- 
proaching disk all support this interpretation. Ap- 
proaching predators appear, as a rule, in the dorsal visu- 
al field of  the insects. Antiparasitic actions of  the hosts 
are also perceived within this region. In contrast, the 
visual field below the horizon might serve to perceive 
conspecifics. 

It is worth noting that an object does not have to 
increase in apparent size in order to elicit the response. 
A retreating object is as effective. I f  the response is an 
escape, as we believe, then the underlying mechanism 
is quite different, for example, from that in crabs. There, 
looming detectors have been postulated to be crucial 
for eliciting escape (Nalbach 1990). The bug apparently 
perceives any fast-moving object as potential enemy. 

The defensive value of  keeping a potential enemy 
at a particular angle relative to the longitudinal axis 
of  the body is obvious. The ideal value of  the escape 
angle ~ might be 180 ~ but in this case the insects could 
not see the predator since the anteroposterior extent of  
the visual field is only about 140 ~ . Keeping the enemy 
at an angle of  about 120 ~ rather than further behind 
can thus be understood. An object tracked at the limit 
of  the visual field could easily come into the posterior 
blind area if it moved backwards or the insect forwards. 
Not  to see the predator would be more dangerous than 
the adoption of  a suboptimal escape direction. 

It would be interesting to know whether the escape 
angle is changed when a potential shelter is seen nearby, 
as observed in crabs (Nalbach 1990). In these arthropods 
the escape direction can be predicted by calculating the 
sum of two vectors, one of  which points directly away 
from the predator, and the other towards a possible 
shelter, such as a hole, the coastline or a shadow. 

We are also puzzled by the way fixation changes at 
low angular velocities (Fig. 1 b). We thought that two 
stable fixation angles might exist, 0 ~ for stationary and 
slowly moving objects, and about 120 ~ for objects with 
angular velocities higher than 5 ~ s-1. If  this were the 
case, one would expect a bimodal distribution of  the 
angle e around these two values. With increasing angular 
velocity w, the animal would fixate the stripe more and 
more frequently at 120 ~ than at 0 ~ and the average value 
of  ~ would smoothly shift from 0 ~ to 120 ~ Such a pro- 
cess could easily be modeled on the basis of  our knowl- 
edge of  fixation mechanisms in other insect species. Nev- 
ertheless, we needed additional information to explain 
why the stripe can lie to either side of  the animal at 
low angular velocities. However, our data did not reveal 
a bimodal distribution; the transition was smooth and 
not the consequence of  averaging. We suggest, therefore, 

that at low angular velocities the animal simply tries 
to keep to a straight course by fixating the stripe frontal- 
ly. Since the target rotates, the animal must turn, and 
leg proprioceptors might signal deviations from the in- 
tended straight course. The concurring visual and pro- 
prioceptive input would lead to a stable angle a off mid- 
line, the value of  which would increase with increasing 
angular velocity. To find out what mechanism underlies 
this transition, the characteristic function of  the feed- 
back loop, that is the amplification as a function of  
the angular deviation between objects and longitudinal 
axis of  the body, should be determined in open-loop 
experiments, as has already been done in the case of  
the fly (Reichardt 1973) and the mealworm beetle (Varjfl 
1976). 
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