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Summary. 1. The isolated head of the bulldog ant, Myrmecia gulosa, snaps 
its mandibles in a predictable way in response to an approaching target, 
allowing the isolation of a single visually mediated component from the 
complex prey capture repertoire of intact animals. 

2. The timing of the response depends on both the size of the target 
and its position relative to the animal's visual midline (Figs. 2, 12, 13). 
Except for a latency component, the snapping is velocity independent (Fig. 3). 

3. Only 14% of the animals tested continued to respond to the targets 
when vision in one eye was occluded. Although monocular responses occurred 
at the same mean target distance as binocular responses, the variance was 
significantly greater (Figs. 4, 5). 

4. Optical measurements of the visual field of M.gulosa indicate a binocu- 
lar overlap of nearly 60 ~ (Figs. 7, 9). 

5. Correlation of behavioral and optical measurements suggest that the 
snapping is triggered when the edge of any size target comes into the 
visual field of a small group of facets (Figs. 9, 10). 

6. These experiments with the isolated head preparation show that the 
bulldog ant cannot judge the absolute distance of a target in the visual 
field when limited to primary visual cues, and suggest that two eyes are 
better than one simply because they provide more input. 

Introduction 

The accurate localization of objects in space is clearly a major sensory capability, 
particularly in prey capture and defense. Among invertebrates, those which cap- 
ture prey by striking have received most attention in the study of distance 
judgements [Aeschna larvae (Odonata) : Baldus, 1926; Etienne, 1969; Cicindela 
larvae (Coleoptera) : Friederichs, 1931 ; mantids: Maldonado et al., 1967; Maldo- 
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nado and Barros-Pita, 1970; Barros-Pita and Maldonado, 1970; Levin and 
�9 Maldonado, 1970; Maldonado et al., 1970; Maldonado and Rodriguez, 1972]; 
but no neural mechanism has yet been described for distance estimation. 

On the basis of trials with constant sized targets, the distance judgements 
thus far observed have been described as absolute (Baldus, 1926; Friederichs, 
1931; Maldonado and Barros-Pita, 1970), but the little-noted presentation of 
different sized targets in these studies suggests that a size/distance ambiguity 
may, in fact, occur. In addition, while the use of two eyes is almost certainly 
involved in localization of prey, the nature of this involvement has been obscured 
by the common assumption that distance is being judged by means of a binocular 
interaction�9 

Because object localization is typically a complex behavior involving both 
visual and non-visual sensory inputs (e.g., Maldonado et al., 1967; Robertson, 
1971), it is clearly valuable for study purposes to be able to extricate from 
the complex a single aspect which involves only one sensory modality. To 
this end, the experiments described below employ the visually mediated snapping 
performed by isolated ant heads in response to an approaching target. In this 
system, it was possible to test the bulldog ant for the ability to judge distance 
solely on the basis of primary visual cues, without the complications of intact 
freely moving animals. 

Materials and Methods 

Experimental Animal 

Animals  used in this study were major workers of  the Austral ian bulldog ant  Myrmecia gulosa 
Fabricius, the larger of  the two castes in this species, and the group responsible for foraging 
and defense duties (Wilson, 1963). Several hundred  workers of both castes and some larvae from 
the same nest were provided with a large nest box complete with areas for tunnelling and foraging 
(adapted from Freeland, 1958), and the animals appeared to live and behave quite normally until 
depletion necessitated another  collection (4-6 months).  

The ants were fed daily with honey water and  freshly killed wax moth  larvae or cockroaches, 
and were maintained at 26 ~ with 14 hours  of  light daily. 

Animals  selected for experimentation were those major workers which would react defensively 
to forceps inserted into the nest for collecting and feeding purposes. This criterion was used because 
all major workers may  not  be equally involved in defense and prey capture duties due to age 
dependent division of  labor (Wilson, 1963). Individuals thus selected were segregated in small 
jars containing some nest dirt and eucalyptus leaves and left overnight before an experiment. 
This appeared in preliminary experiments to increase the probability that the preparation would 
actively respond. 

Preparation of Animals for" Behavioral Experiments 

Before an experiment, the ant  was cooled just  to the point of  inactivity, tethered by a stick waxed 
to its thorax, and then allowed to recover with its legs in contact with a small styrofoam ball, 
which it would grasp and walk on when it had  warmed fully. Then objects were presented to 
the ant  to test its alertness. When an ant  had recovered to the extent that  it would behave like 
a normal  uncooled animal,  it was beheaded and the antennae were excised close to their bases. 
The head was then mounted  and centered on the approach radius to the target. 
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Fig. 1. h The stimulus arena. The ant  head (H) looks into the arena (A) at the target (T) which 
moves along the false floor (FJ). Target mot ion is controlled by the motor  (M) driving a belt 
(B) and is monitored when the flag (F) casts a shadow on two phototransistors (Phi and Ph2). 
Jaw movements  are monitored by another  phototransistor  (Phi). The usual  target traverse is 30 era, 
and the light source is 0.5 m above the head. B Close-up view of the head moun t  and the placement 
of  the phototransistor  (Phi). The head is mounted  on a swivel base which allows yaw through 
_+25 ~ and the holder can he turned 90 ~ in the base to permit pitch movements.  Dotted line 
indicates coordinates assigned to the directions of view of the eyes: facets directed into the region 
of overlap are arbitrarily designated positive, and those directed laterally, negative, with 0 ~ as 
the facets which look straight ahead 

Apparatus for Behavioral Experiments and Monitoring Technique 

The white cardboard arena (Fig. 1 A) was lit from above with an incandescent lamp which was 
diffused by a sheet of tracing film acting as the arena ceiling. This arena provided the ant  with 
a homogeneous  field of view of approximately 300 ~ The target, glued to the top of a small 
magnet,  was moved along the smooth  false floor by another  magnet  attached to a motorized belt 
and pulley system located beneath the floor. Target speed and direction were controlled remotely. 

To mark  the location and speed of the target, a flag attached to the lower magnet  interrupted 
light beams below the floor which fell on two phototransistors 8.5 and 3.5 cm from the head 
(Fig. 1 A). The target speed for each trial could be calculated from the recorded output  of the 
phototransistors.  In most  experiments, the speed was 1.8 +_0.2 cm/s;  variation in target speed was 
negligible when compared with response variation (see Fig. 2). Target acceleration over the critical 
pre-response interval could be safely assumed to be zero because the point at which the responses 
were triggered was 25-30 cm past the starting point of the motor.  

Jaw movements  were monitored with a phototransistor  placed beneath the head at the point 
of  max imum excursion of the right mandible (Fig. 1 B). The light level in the arena was sufficient 
to activate the phototransistor,  and the small shadow cast by the jaws was easily registered. Visual 
monitor ing prevented occasional asymmetric jaw movements  f rom being scored as responses. 
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General Experimental Procedure and Data Analysis 

Except where noted, a given experimental t reatment  was performed on five ants, and each ant  
was given 8-10 trials at 30-90 s intervals for each treatment. Precise control of interstimulus 
interval within this range appeared un impor tan t  to the occurrence or timing of the snapping response. 
Several consecutive failures to respond to stimuli less than  90 s apart  terminated use of a given 
animal.  In practice, preparations usually lasted from 30 min to two hours  al though sporadic respon- 
ses frequently persisted for 12-24 h longer. 

A full signal of  the jaw phototransis tor  (Phi. see Fig. 1) constituted a positive response, and 
the distance from the target to the head at that  momen t  could easily be computed by correlating 
the signal f rom Phi with the signal f rom the target phototransistors  (Phi and Ph2, Fig. I). 

For  analysis, the individual mean  response distance and standard error were first computed 
for every treatment  performed on a given ant. Then the individual means  for each treatment 
were averaged to give the overall mean, a legitimate procedure since the number  of  trials for 
each target and the individual variances were approximately the same. 

Measurement of Interommatidial Angle and Visual Fields 

Interommatidial  angles were measured from photographs  of  the pseudopupil  (Exner, 1891; Baldus, 
1926; Franceschini and Kirschfeld, 1971). When a compound  eye is i l luminated obliquely, the 
observer sees a dark patch in which the scattered light is limited. This dark area has  two components :  
1) the center of  the spot is taken to be the facets which are on axis with the viewing microscope 
(Franceschini, 1975) and appears dark because scattered light is excluded from the visual axes, 
and 2) the area around this center is dark because the scattered light is absorbed by shielding 
pigment. 

With this technique, the facets looking in various directions may  be identified by simply 
rotating the head in an appropriate device and noting the center of  the pseudopupil.  Here, the 
head was positioned on a micromanipulator  in a gunsight  such that both yaw and pitch were 
possible, and measurements  were made of an area 50 x40  ~ in the frontal portion of the eye. 
A constant  relationship of the eye to the center of  rotation during a course of measurements  
was mainta ined by fixing the microscope and keeping the image of the eye in focus with the 
micromanipulator.  

Photomicrographs  were taken at 10 ~ intervals in the frontal region of the eye, over which 
some chalk dust  had  been carefully blown to provide markers.  The central facet of  the pseudopupil  
was then marked on each photograph,  and the number  of facet rows to the central facet on 
the next photo,  10 ~ away, was measured.  This process delineated a grid of  facets looking at 
10 ~ intervals. As a reference, 0 ~ was defined as the location of the pseudopupils when positioned 
symmetrically in both eyes, in short, when the ant  was looking straight ahead. Facets looking 
into the region of overlap have been designated positive, and those looking laterally were designated 
negative (Fig. 1 B). 

Measurements  of  a small central area were made  on three animals, and since the standard 
errors of  the mean interommatidial  angles were less than  +_0.2 ~ in all positions, a more complete 
set of  measurements  was made on only a single animal. These measurements  have been plotted 
on a scanning electron micrograph of the same eye on which they were made. 

Interommatidial  angles were computed by dividing the measurement  interval by the number  
of  facet rows falling between measurement  points, yielding the number  of  degrees/facet. 

Scanning Electron Microscopy 

Heads were fixed in alcoholic Bouin 's  solution, dehydrated in acetone, critical point dried, and 
coated with gold on a Polaron E5000 sputter coater. They were then. viewed on a Hitachi HHS-2R 
scanning microscope at low magnifications and photographed on Polaroid 52 P/N film. 
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Results 

The Localization Behavior of Intact Animals and Isolated Heads 

When a novel object is introduced into the visual field of an intact bulldog 
ant, it responds with a fairly stereotyped composite behavior. Such an animal 
will) stop walking and turn its head toward the object, 2) follow the target 
with head movements and directional walking, 3) touch the target with its anten- 
nae if it is close enough, 4) explore the object with prothoracic legs and attempt 
to climb onto it, 5) stabilize itself by grasping the object in its powerful mandi- 
bles, and 6) flex its abdomen in an attempt to sting the object. This composite 
response is apparently executed in full only if the object is sufficiently 'interes- 
ting', and responses fade rapidly with repeated target presentation. 

Several types of sensory stimulation occur in this sequence. First, the head 
movements and apparent fixation elicited by the object provide visual input. 
If the object has a scent, there is potentially olfactory input. Tactile input 
would follow when antennae and prothoracic legs explore the target, or when 
the object contacts the large apparently mechanoreceptive hairs on the mandi- 
bles. The potential involvement of such varied inputs in the decision to carry 
the behavior through to the sting makes the full behavioral sequence in intact 
animals a complex one. 

In contrast, the only non-visual input remaining in the isolated head is 
tactile information from the hairs on the mandibles. Although stimulation of 
these hairs will elicit snapping, the presentation of normal visual stimuli to 
a blind animal has shown that they are uninvolved; without visual input, no 
snapping will occur unless the target actually contacts the jaws. 

The behavior of the isolated head preparation is as follows: when a target 
approaches the head, the animal opens its mandibles wide, then snaps them 
closed and either returns them to the normal resting position (Fig. 1 B) or 
snaps again. The number of snaps is variable and appears to depend on the 
general level of arousal. For a given experimental treatment the distance at which 
the snapping occurs is nearly constant. 

Effects of  Target Size and Velocity on the Occurrence 
of the Snapping Response 

a. Size. To determine the relationship between response distance and target 
size, rectangles of constant height (8 mm) and variable width approached along 
the median axis of the head at a constant velocity (1.8 cm/s) in the stimulus 
arena described above. Two positions of the jaws were measured in this experi- 
ment: the point at which the jaws were first fully opened in preparation for 
the snap, and the point at which they began to close. In succeeding experiments, 
only the 'fully open' state was measured. 

Response distance increases continuously with size for both the 'fully open' 
and the 'closing' states; there is no target size which elicits the snapping response 
optimally, nor is there any distance at which the response is independent of 
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Fig. 2. Open circles: the distance from the target to the 
head at which the jaws are fully open for varying target 
widths. Closed circles: the distance at which the jaws 
begin to close. All the targets are rectangular and 8 m m  
high. There is no opt imum size or distance of  the target; 
simply a proportionality between the two, suggesting that 
absolute distance judgements  are not  being made in this 
behavioral response. The lines represent regressions 
calculated for the means  of the trials of  5 individual 
animals.  These lines extrapolate to a position at zero 
target width corresponding nearly to the jaw tips (J). 
Bars are 1 s tandard error about  the mean  of the overall 
averages (see Methods) 

16 g 
12 

s 

e -  

g 4  

o 015 1:0 115 2:0 215 310 
Target Velocity (cm/s) 

Fig. 3. Distance at which the jaws are open fully 
(ordinate) in response to a 6 x 6 m m  square target 
approaching at different velocities (abscissa), 
showing that  there is no op t imum velocity for the 
snapping behavior. Dotted line indicates the 
hypothesized response level with zero latency, if 
the response were triggered when the target is a 
fixed distance from the head. Bars are 1 S.E. about  
the mean  of the averages of three animals 

target size (Fig. 2). This result suggests an ambiguity between size and distance 
in the snapping response, since a large target far away and a small target 
nearby elicit equivalent responses. 

b. Velocity. To test whether the snapping behavior depends on target velocity, 
a 6 x 6 cm square target was presented at speeds ranging from 0.6-3.0 cm/s. 

There is a continuous decrease in the distance at which the 'fully open' 
jaw state is measured with increasing target speed (Fig. 3). There is no target 
speed which appears to elict the snapping response optimally. The linear decrease 
in measured target distance with more quickly moving targets can be considered 
a function of the latency of the snapping response if it is assumed that the 
response 1) involves a fixed latency (calculated from these data as 120-140 ms), 
2) involves a constant rate of jaw opening with varying target velocity, and 
3) occurs when a given target is at fixed distance from the head. Except for 
this latency component, the snapping response is velocity insensitive. 
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Monocular vs. Binocular Responses 

To test the role of  binocularity in the snapping response, some preparations 
were rendered monocular  by glueing a small bit of  paper to the front surface 
of one eye with non-toxic glue, thereby covering the facets which could see 
the target. This paper  could be removed after several monocular  trials with no 
evident damage to the eye surface, allowing alternate trials of  monocular  and 
binocular states. In practice, experiments started and finished in the binocular 
state. 

The occlusion of vision in one eye has a pronounced effect on the occurrence 
of the behavioral response. Only 14% of the animals which snapped binocularly 
continued to respond when one eye was prevented from seeing the target. Al- 
though these latter monocular  animals showed an average response distance 
comparable  with binocular responses to the same rectangular targets (Fig. 4), the 
variance of the monocular  group was increased significantly over that of  the 
binocular group in almost every case (0.01 level by F-test), 

Effects of Peripheral Stimulation 

To test whether all areas of the bulldog ant 's  visual field are equally receptive 
in the snapping behavior, targets were presented at different angles to the median 
and horizontal planes of the ant head. It  is important  to note, however, that 
peripheral presentation of targets is unnatural  because the isolated head cannot 
orient to the target as an intact animal would. 

In the first group of experiments, each head was yawed about  the vertical 
axis so that the approaching target would stimulate different areas of the retina. 
The target was a rectangle 2 m m  wide and 8 m m  high to stimulate a small 
visual angle horizontally for sharp resolution of any sensitivity differences in 
that plane, while minimizing variations in sensitivity in the vertical dimension 
by stimulating a relatively large vertical visual angle. 
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Fig. 5A a ,d  B. Snapping responses as a rectangular target approached at different angles to the 
median axis. The target approach angle was varied by yawing the head. Target dimensions were 
8 mm high by 2 mm wide. Bars are 1 S.D., binocular (o),  monocular ( , ) .  For clarity, the monocular 
points have been slightly displaced laterally. A Distance at which the jaws are fully open with 
peripheral target approach. B Percent response (average of each individual's number of responses/ 
number of trials) 
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Fig. 6A and B. Snapping responses to a black target presented at different angles to the horizontaI 
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the jaws of binocular animals are fully open with various angles of  target approach. B The percent 
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In the horizontal dimension, both the target distance at which the jaws 
are fully open and the mean percent response are optimal when the target 
is straight ahead (Fig. 5A, B). With peripheral target approaches, both the 
mean response distance and the mean percent response decrease, but not 
together, implying some sensitivity grade within the part of the visual field 
which can lead to a response. Target approaches more than 30 ~ off the 
median axis yield no responses. The monocular  response distance parallels 
that of binocular animals in magnitude (Fig. 5A), but as before, there is a 
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Fig. 7. Front view of a bulldog ant head showing symmetrical pseudopupils (arrows) as produced 
with oblique illumination (the bright spot is the reflection of the light). The center of each pseudopnpil 
looks straight ahead toward the observer (0~ and the extent of the binocular region can be 
seen as the part of the eyes between this point and the medial edge of the eye. The bar is 1 mm 

significantly greater variance and a lower percent response in monocular tests 
(Fig. 5 B). 

The experiment was repeated in the vertical dimension by pitching the head 
and so presenting the target to areas of the visual field above and below the 
horizontal plane (Fig. 6A, B). The target for these experiments was a rectangle 
8 mm wide and 2 mm high, chosen with a similar rationale as in the yaw 
experiments. Heads were positioned in approximately the angle with the horizon- 
tal plane at which freely moving intact ants were observed to normally hold 
their heads. With head placement in this way, 0 ~ was defined by observation 
of the pseudopupil as the orientation of the facets which look straight ahead, 
and the positioning of the head was probably accurate to +_ 5 ~ 

The results shown in Figure 6 demonstrate that in the vertical dimension, 
the response distance is maximum when the target approaches from 5 ~ below 
the horizontal and then declines to a fairly constant level by 15 ~ above the 
horizontal, while response levels are held at maximum levels dorsally. 

Visual Field Measurements 

The behavioral experiments have thus far demonstrated that the relationship 
between size and distance is linear and that the input to the snapping response 
is localized in the frontal portion of the visual field. As a first step in the 
determination of whether these behavioral results could be related to a specific 
area on the retina, the approximate visual axes of the frontal facets of the 
bulldog ant eye were measured using the pseudopupil (see Materials and 
Methods). 
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Fig. 8. A The pseudopupil in the left eye at 0 ~ showing its general appearance plus the facet 
size and arrangement in this region of the eye. B The same eye at -10 ~ The other dark spots 
are accessory pseudopupils. The specks of chalk are used as markers, and the bars are 100 ixm 

When the animal is looking straight ahead, the symmetrical pseudopupils 
indicate that the bulldog ant has a large region of binocular overlap (Fig. 7). 
As described below, the visual field overlap is close to 60 ~ a crossover region 
of about 30 ~ in each eye. 

It can also be seen (Fig. 8) that there is no region of larger facets in bulldog 
ants like those normally associated with a so-called " fovea"  in other insect 
eyes (Collett and Land, 1975; Horridge, pers. comm.). Measurements of fifteen 
facets in the frontal region of the bulldog ant eye from a 100 x scanning 
electron micrograph showed that they are 22.5 +_ 0.5 I-tin in diameter. 

A map was constructed from the pseudopupil measurements (see Materials 
and Methods) to show the facets looking at 10 ~ intervals in the frontal area 
of the bulldog ant eye (Fig. 9), and was plotted on a scanning electron micro- 
graph of the same eye on which the measurements were made. 

The Location of  a 'Trigger' Zone 

Projections of where the various frontal ommatidia look in space were construc- 
ted taking into account the variable local interommatidial angle as calculated 
from Figure 9 (i.a. = 10 ~ number of facets or rows between measurement points). 
Superimposing the different sized targets at the positions at which responses 
were elicited (see Fig. 2) upon the projections enabled me to test whether a 
constant relationship exists between a localized retinal area and the array of 
targets at their critical distances. 

For  simplicity, the projections were drawn as slices of the visual field rather 
than as a complete three dimensional representation. In the horizontal plane, 
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Fig. 9. The frontal region of the left eye of the bulldog ant. The pseudopupil measurements taken 
in the region are plotted on a scanning electron micrograph of the same eye on which the measure- 
ments were taken. Points represent the center of the pseudopupil at each measurement point. 
Dotted lines are the planes at which the projections of the visual axes into space were taken 
(see Figs. 10-13), and the dotted area is the group of facets thought to be involved in triggering 
the 'fully open' state of the snapping response. The specks of dirt on the mierograph were used 
as markers 

the slice was taken at a vertical level o f  - 5  ~ (see Fig. 9), computed  as the 
average o f  the measurements  at 0 ~ and - 1 0  ~ This is the area o f  maximal  
responses as shown in the pitch experiment (Fig. 6). 

In  Figure 10, the rectangular  targets used in the size experiment (see Fig. 2) 
have been plotted on the horizontal  projection at the appropr ia te  distances 
for bo th  the 'open '  and the 'closing'  jaw positions. Wi th  the hypothesis  that  
the left eye looks at the right target edge and vice versa, the ' ful ly open '  
jaw state appears to occur consistently with the intrusion of  the target edges 
into the visual field o f  the facets which look f rom +16 .6  ~ to +23 .5  ~ into 
the binocular  region. Account ing  for response variability, this is approximately  
the width o f  3 facet rows. Similarly, the ' c los ing '  state can be correlated with 
edge posi t ion f rom about  + 23.5 ~ to § 29 ~ the width of  two facet rows. At tempts  
to correlate the left side of  the target  with visual fields of  the left eye produces 
no such consistent correlat ion with facet borders,  since in that  case, the visual 
response zone for each target is different. 

There are two impor tan t  points to be made  in reference to the apparent  
' t r igger '  zone revealed in Figure 10: 

(1) The snapping response does not occur with constant  angular  subtense 
of  the target  as measured in the usual way from the center of the head (see 
Collett and Land,  1975). The line ( . . . . .  ) in Figure 10 shows how the targets 
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Fig. 10. The horizontal projection of the visual axes of the bulldog ant eye into space, taken 
at 3 facet intervals, in a plane 5 ~ below the horizontal (see Fig. 9). The head is a scale drawing 
based on a scanning electron micrograph, and details like the mandibular hairs have been omitted 
for clarity. The optical radii take into account the differing interommatidial angles locally. Angular 
values for each line ol ~ sight are indicated for the left eye only. Two positions for the rectangular 
targets used in Figure 2 have been superimposed on the visual projections. - -  the distance of 
the targets when the jaws are fnlly open. ---- the distance at which the jaws begin to close for 
the same targets. It can be seen that the 'open' response to all targets occurs when the target 
edge is in the region of the visual field from +16.6 ~ to +23.5 ~ (noted by ellipses). Similarly, 
'closing' falls into a cone bounded by the row of facets from +24 ~ to +26.5 ~ The visual cones 
for both open and closing may be considered to refer back to the point at their vertex; for 
open, around point 'O', and for closing, at a point near point 'C'. The line (- ..... ) running 
from the center of the head to the 8 mm target indicates where the targets might be expected 
to lie if angular subtense from the head center were being measured. The poor fit to the target 
edges is taken as evidence against this 

would  lie if a cons tan t  angu la r  subtense f rom the head center were being main-  
tained. This line clearly does not  fit the data  with the consistency of the lines 
of sight of the facets looking f rom -4-16.6 ~ to +23.5% 

(2) F igure  10 may  also provide an  explana t ion  for the non-zero  intercept  
of the regression lines relat ing size with distance in Figure  2 by showing that  
distance is p robab ly  measured  f rom the tip of the jaws. Examina t ion  of Figure  10 
suggests that  the targets are a r ranged within a ~visual c one '  bounde d  by the 
facets looking f rom -4-16.6 ~ to -4-4-23.5 ~ into the region of b inocu la r  overlap. 
I f  the boundar ies  are indeed a ' t r igger '  zone, it can be seen to approach  zero 
width at a point  near  po in t  "O', approximate ly  5 m m  from the center of the 
head, and  very near  the end of the jaws. Similarly, the visual cone for the 
"closing' state converges to a po in t  well within the grasp of the jaws, near  
po in t  "C' (Fig. 10). I suggest that  these intersections with the midl ine  are reference 
points  for the lines of sight which extend into space, and  that  in the absence 
of secondary cues, the s t imula t ion  of these facets anywhere in space may lead 
an  object to appear  to be located at the reference point ,  result ing in the snapping  
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Fig. 11. Vertical projection of the visual axes at 3 facet intervals for a slice of the visual field 
taken at +20 ~ horizontally (see Fig. 9), and drawn in the same way as Fig. 10. The rectangular 
targets from the 'open'position of the jaws (see Figs. 2, 10) have been plotted at the appropriate 
distances to show that target height appears to have little effect on the response in comparison 
with target width. Target size is in mm, and bars are 1 S.E. of the mean response distance. 
The line of sight for 0 ~ is indicated on the basis of how freely moving ants hold their heads, 
but is uncertain to the extent of _+ 5 ~ 

behavior. This makes good sense functionally. Under these conditions, the 
opening of the jaws occurs when an object appears to be just out of reach, and 
the jaws start to snap closed when the object appears to be within grasping 
range. 

The vertical projection has been drawn for a plane through +20  ~ in the 
horizontal dimension (see Fig. 9), corresponding with the hypothesized trigger 
zone seen in Figure 10. Plotting the rectangles from the ' o p e n '  state in Figure 2 
on the vertical projection (Fig. 11) yields no consistent relation between target 
position and visual axes like that seen in the horizontal plane. This implies 
that vertical size has less impact on the response mechanism than does horizontal 
size. This is consistent with results of pilot experiments in which: 1) identical 
rectangular targets elicited a response at a closer distance with the long axis 
vertical than when oriented horizontally, and 2) square targets with heights 
from 3-10 mm produced the same responses as rectangular targets of an 8 mm 
standard height. 

The results of the yaw experiment (see Fig. 5) have been plotted on the 
horizontal projection in Figure 12. The relationship between the visual projection 
and the decrease in response distance with peripheral target approaches appears 
to be a complex one and is not well understood at the present time. With 
a ' t r igger '  region like that which is consistent with the data presented in Fig- 
ure 10, one might expect peripheral targets to elicit a response at greater 
distances than seen in Figure 12, since their edges would intersect the trigger 
region when they are further away. 

However, because alignment of the object on the midline invariably occurs 
in the normal whole animal situation, this type of asymmetric stimulation must 
be considered as a special and unnatural case. Perhaps an explanation for 
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Fig. 12. The same horizontal projection of visual axes seen in Figure 10, plotted with the results 
o f  the experiment testing peripheral stimulation (Fig. 5). The approach radii of the targets are 
indicated by dotted lines and by the numbers placed near each target 
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Fig. 13. The same vertical projection seen in Figure 11, with the results of the pitch experiment 
(Fig. 6) superimposed. Because the average interommatidial angle throughout this area is -~ 1.67, 
the approach angles indicated near the targets are coincidentally equal to the visual axis of every 
third ommatidium as drawn here and labelled on the right 

the behavior seen in the fixed head condition will be found in an interaction 
with another system like that generating a turning response to this sort of 
stimulus in a freely moving animal. Although the mechanism of response diminu- 
tion in the periphery remains unclear, such a decrease is meaningful in relation 
to the jaw anatomy and the alignment behavior of intact animals, since objects 
approaching from the side cannot be grasped by the jaws because the orientation 
of the jaw tips is forward. 
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In Figure 13, the results of the pitch experiment (see Fig. 6) have been 
plotted on the vertical projection, illustrating the marked increase in response 
distance which occurs with targets approaching from 5 ~ below the horizontal. 

Discussion 

The experiments described above provide evidence that the bulldog ant cannot 
judge distance solely on the basis of primary visual cues but instead confuses 
size and distance when visual cues are limited and assistance from other sensory 
systems is precluded. In addition, binocularity appears to provide the bulldog 
ant with no fundamentally different sensory ability from that available in the 
monocular state, contrary to what would be expected if some form of binocular 
parallax were being utilized. 

Distance Judgements: Absolute or Ambigous ? 

It is commonly thought that a large region of binocular overlap in the visual 
field is an indication that an animal can judge distance with only primary 
visual cues, i.e., those which follow from eye structure and appropriate neural 
coding. But is it really valid to think of a single 'binocular' visual mechanism 
which provides absolute judgements independent of secondary cues (e.g., per- 
spective, overlay, light and shadow, motion parallax and relative height; Ogle, 
1962a, b), or assistance from other sensory modalities? To test whether such 
absolute judgements are actually made in insects, basic visual capability must 
be separated from both secondary visual cues and information provided by 
non-visual modalities. The isolated head preparation is unique in affording this 
separation. 

These experiments with the bulldog ant suggest that when targets approach on 
the median axis, the snapping response is elicited whenever the edges of rectangu- 
lar targets of different sizes enter the visual fields of a group of key facets, 
irrespective of the target distance. Different sized targets are apparently not 
discriminated, and equivalent snapping responses to small close targets and 
large remote ones indicates that the bulldog ant does not possess a mechanism 
for absolute judgements of distance under the simple stimulus conditions of 
these experiments. 

If one assumes that an animal would limit grasping attempts to occasions 
when an object was actually within reach if it could judge the distance of 
the object, the presentation of different sized targets in the absence of secondary 
cues may be the most revealing test of an animal's ability to make absolute 
distance judgements. Using this criterion, it appears that neither the bulldog 
ant nor the other insects examined to date can judge distances absolutely (see 
Baldus, 1926; Friederichs, 1931). In studies of possible distance judgments in 
the strike behavior of praying mantids (Maldonado et al., 1970), live prey of 
an approximately uniform size were used as targets, and so it is impossible 
to state whether mantids can actually measure distance independent of object 
size. 
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In hoverfly chases, it is probable that image size on the retina is the major 
visual cue used to determine the distance of the fly being pursued (Collett 
and Land, 1975). However, the use of image size can provide absolute distance 
information on its own only if the size of the object to be located is constant. 
Objects of different sizes cannot be localized by this method unless the animal 
involved distinguishes between various image sizes or augments size information 
with other cues or inputs from non-visual sensory modalities. Because the bull- 
dog ant takes a wide variety of food (Wilson, 1971) and defends its nest against 
predators of all types (Haskins and Haskins, 1950; Wilson, 1971), a constant 
size mechanism is unlikely to be useful to these ants. 

The Role of  Binocularity in Object Localization 

"Binocular vision" is a term which carries a large burden of implied mecha- 
nism. Strictly speaking, however, binocular vision means no more than seeing 
with two eyes, and does not necessarily imply the use of parallax or an ability 
to judge distances. 

These clarifications of the meaning of the term "binocular vision" are required 
because although the bulldog ant is unable to judge distances, it still requires 
binocular input for normal behavioral performance. When binocular vision 
is eliminated, both the initiation and the accuracy of the snapping response 
are reduced (Figs. 4, 5), paralleling effects noted in praying mantids (Maldonado 
and Levin, 1967; Maldonado and Barros-Pita, 1970; Maldonado, 1970), Aeschna 
larvae (Baldus, 1926), and Cicindela larvae (Friederichs, 1931). 

Binocular vision could potentially benefit an animal in either of two ways: 
1) Binocular parallax could conceivably provide qualitatively different sen- 

sory information from that possible with one eye alone, or 2) two eyes might 
simply provide more input than one. 

Binocular parallax means that each of the two eyes has a slightly different 
viewpoint because they are not located at the same point in space. It is parallax 
which ultimately results in the sensation of  depth provided by vertebrate stereopsis 
(Ogle, 1950, 1962; Barlow et al., 1967). Although stereopsis as such has been 
discounted in insects (Baldus, 1926; Friederichs, 1931; Wigglesworth, 1972), 
it has been hypothesized that parallax could provide an absolute scale of distance 
in insects by a neural coding of the points where various ommatidia intersect 
in space. The most general instance of this would be a situation in which 
input fiom any pair of ommatidia in opposite eyes were correlated with the 
presence of an object at a certain point in space. However, since behavior 
centering the object to be localized on the midline appears general in insects 
(Baldus, 1926; Friederichs, 1931; Barros-Pita and Maldonado, 1970; Collett 
and Land, 1975), a complex program covering all points in space would be 
superfluous, and in fact, the proponents of the 'intersection theory' propose 
the intersection of symmetrical ommatidia on the midline as the locus of measure- 
ment (Baldus, 1926; Friederichs, 1931; Barros-Pita and Maldonado, 1970; 
Collett and Land, 1975). Despite its appeal, however, the 'intersection theory' 
is an inadequate and inappropriate explanation for the existing data on the 
benefits of binocularity for two reasons : 
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1) Because of the divergence of ommatidial axes, the density of ommatidial 
intersections falls sharply with distance from the head, even with the density 
increase created by a reduced frontal radius of curvature (Barros-Pita and 
Maldonado, 1970). There are simply not enough sampling points to judge dis- 
tance reasonably except at very small distances (half the interocular distance; 
Burkhardt, 1975). For most insects, such a limited range would render this 
system unusable in capture behaviors. For example, the interocular distance 
for an insect the size of a mantid is about 4 mm, yet objects are attacked 
at 10-20 mm (Maldonado and Barros-Pita, 1970). 

2) The second inadequacy of the 'intersection theory' follows from the 
hypothesized measurement of distances at the midline, necessitating that the 
center of an object be the portion utilized to determine position change. Clearly, 
the center of a homogeneous black target provides no change in light intensity 
to the receptors looking in its direction as it moves forward. With no signal, 
there can be no discrimination of position. Even though a live prey object 
would have some detail which could provide a certain amount of signal modula- 
tion, the magnitude of the intensity changes in the center would probably not 
approach that seen near the edges. In a system in which every maximization 
of the available signal is desirable, the advantage of the edges over the center 
for triggering purposes is apparent (see also McCann and Dill, 1965; Bishop 
et al., 1971; Varju, 1975; Wehner, 1975). 

The present study with bulldog ants is consistent with the hypothesis that 
edges provide the stimuli used to trigger behavior. While the edges of different 
sized targets correlate well with the visual field of a constant area on the 
retina (see Fig. 10), the target centers are observed by a different pair of facets 
at each point in space at ~ which responses occur. 

Because of the problems with the hypothesis invoking the use of binocular 
parallax in insects and the evidence presented in this report that binocularity 
provides no special advantage in judging distances, it appears that two eyes 
must offer an advantage to the insect other than a view of the outside world 
which is qualitatively different from that available monocularly. 

Perhaps the mere halving of sensory input in a monocular animal explains 
the reductions of activity and accuracy described above for monocular bulldog 
ants and other insects. If binocular interaction were required 1) to satisfy the 
coincidence requirements of a neural ' AND' gate or 2) to simply provide enough 
input to satisfy non-specific threshold requirements, activity reductions would 
follow blinding of one eye. In the case of an input quota, additional input 
from other convergent systems, like perhaps the mandibular hairs in bulldog 
ants, might be enough to exceed threshold and evoke the response. Such a 
model fits the monocular ant behavior quite well, since in most cases, only 
those monocular preparations which appeared especially aroused or were touched 
on the jaws would snap. In addition, the reduced signal in the monocular 
case could result in a decreased signal to noise ratio, leading perhaps to increased 
variability in responses as seen in these experiments. 

Although the idea that binocular vision in insects just doubles the amount 
of input rather than providing an exotic third dimension may seem pedestrian, 
it appears to provide the simplest interpretation of the data available to date. 
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Retinal Specialization: The 'Functional Fovea ' 

The correlation between behavioral and optical measurements in this study 
provides evidence that stimulation of a small region of the bulldog ant eye 
may be the major determinant in triggering the snapping behavior (see Figs. 9, 
10). Without exception, the other prey capture behaviors reported in the litera- 
ture also involve a small retinal area in an almost identical position to that 
found for the bulldog ant when the same visual coordinates are used (Aeschna 
larvae: + (2246) ~ Baldus, 1926; Cicindela larvae: + (24-46) ~ Friederichs, 1931 ; 
mantis: a larger frontal area, but in the same region, Maldonado and Barros- 
Pita, 1970; Levin and Maldonado, 1970). 

In the bulldog ant, a reduction of the response distance and the percent 
response was noted when the approaching target stimulated the visual periphery. 
This reinforces the hypothesis that the receptive field for the snapping behavior 
is truely localized. 

Studies involving a wide range of other behaviors have also correlated a 
localization of responsive zones in the visual field with restricted areas of the 
retina. It should be noted that the location of these zones appears to vary 
to suit the requirements of each behavior (see Wehner, 1972; Reichardt, 1972; 
Duelli, 1975; Collett and Land, 1975). 

The utility of a 'functional fovea' seems fairly straightforward. First, the 
localization of neural connections for specialized behavior seems reasonable 
from the standpoint of economy in small nervous systems. Secondly, a specialized 
receptive area may aid in orientation of the insect's body to an appropriate 
position for execution of the behavior in question. When preparing to attack 
an object, for example, it is clearly advantageous to have the trigger for capture 
lined up with the end of the capture 'equipment'. A specialized retinal area 
could thus serve the bulldog ant both in alignment and, as demonstrated here, 
in directing the system when to initiate one aspect of the capture sequence. 

I owe many thanks to Drs. Steve Shaw, Doekele Stavenga, Steve Vogel and Russell Regnery for 
their valuable criticisms of the manuscript, and to Dr. David Sandeman for his help and encourage- 
ment. 
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