
fore) failed to affect the subsequent mor- 
phine-induced rotation. Pretreatment 
with noradrenalin (50 Mg in the MRF), 
however, attenuated the subsequent mor- 
phine-induced rotation. Pretreatment 
with carbachol (10 pg in the MRF) poten- 
tiated and with atropine (10 /g in the 
MRF) attenuated the morphine-induced 
rotation. These results suggest that the 
mechanism underlying morphine-in- 
duced rotation is different from that fol- 
lowing application of dopaminergic ago- 
nist or antagonist in unilaterally nigro- 
neostriatal lesioned animals, and in- 
volves a complex interaction between 
cholinergic and noradrenergic mecha- 
nisms (5). 

The rotation behavior following mor- 
phine microinjection in the MRF appears 
to have two components: (i) a heightened 
arousal, with the rat being hyper-respon- 
sive and making vigorous "runs" to 
escape from previously neutral auditory 
and visual stimuli, and (ii) an impaired 
ability to move the ipsilateral hind limb, 
so that the net effect is a pivot, or rota- 
tion. [We observed that the ipsilateral 
fore and hind limbs were often hypo- 
tonic and showed a loss of placing reflex 
(6).] 

Circus movement and head turning 
have been reported following MRF le- 
sions; these were contralateral to the 
side of lesion (7). Electrical stimulation 
in the ventromedial MRF elicited an ip- 
silateral turning of the head and body (8); 
however, contralateral turning has also 
been reported. This rotatory behavior, 
however, appears to be of a different 
kind, more similar to type 2, than the 
bursts of rapid rotations with one leg as a 
pivotal point seen in our studies. Thus, it 
seems unlikely that the effect of mor- 
phine here is similar to that of electrical 
stimulation. 

Hyper-responsivity to previously neu- 
tral, mild auditory and visual stimuli was 
previously reported (9) following mor- 
phine microinjections in the midbrain 
periaqueductal gray matter (PAG). The 
hyper-responsivity took the form of ex- 
plosive bursts of repetitive, rapid leaps, 
sometimes as high as 60 cm. In contrast, 
morphine microinjection into the MRF 
resulted in animals oriented in a horizon- 
tal (rather than vertical) plane, and the 
rotating animals never exhibited any 
leaps. Nevertheless, the hyper-respon- 
sivity to mild stimuli seen following mor- 
phine microinjection in both the PAG 
and the MRF suggests a common neural 
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old for sensory-motor systems. In the 
PAG-injected animals, the hyper-respon- 
sivity to previously neutral auditory and 
visual stimuli was accompanied by a 
profound analgesia to painful stimuli 
(pinches, pinpricks, and hot and cold 
stimuli). However, in the MRF-injected 
animals, no analgesic action of morphine 
could be detected. Thus, the two effects 
of morphine, hyper-responsivity to mild 
stimuli and analgesia to painful stimuli, 
appear to be dissociable effects of mor- 
phine, and site specific. 
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The belief that falcons and hawks pos- 
sess extraordinary visual acuity is deeply 
ingrained in language and thought. It 
arises in part from reports of awesome 
feats of visual prowess based on casual 
observation under national conditions. 
More substantial evidence is provided by 
the anatomy of eye and retina, where a 
number of features facilitating acuity are 
present. The most notable of these is a 
cone density substantially greater than in 
the human retina (1-3), which implies vi- 
sual acuity superior to that of humans, 
yet provides no basis for quantitative pre- 
diction. Recently R. Shlaer (4) suc- 
ceeded in measuring retinal image quali- 
ty in a live bird, the African serpent 
eagle, and conservatively deduced that 
its visual resolution would be 2 to 2.4 
times greater than that of humans. Shlaer 
noted that a more definitive answer re- 
quires behavioral testing. 

We report here a behavioral test of fal- 
con visual acuity under conditions that 
permit direct comparison with human 
acuity; to the best of our knowledge this 
is the first such test. Our subject was an 
American kestrel (Falco sparverius), a 
small falcon (approximately 125 g) pos- 
sessing the essential attributes of larger 
Falconiformes. The bird was born in the 
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wild and donated to us at about 3 weeks 
of age. It was reared in our laboratory un- 
der conditions afforded a pet. These con- 
ditions made the bird, which we named 
Wulst. quite tame and facilitated testing. 

The method of testing was the classic 
two-choice discrimination task, where 
correct and incorrect stimulus pairs are 
presented simultaneously and the animal 
selects one member of the pair by mov- 
ing toward it. Our version of the method 
required the bird to fly 1.8 m from a start- 
ing platform to one of two perches lo- 
cated under 1? square stimulus windows. 
Selection of the window containing the 
correct stimulus resulted in a food re- 
ward; selection of the incorrect stimulus 
yielded nothing. The correct stimuli 
were vertically oriented square-wave 
gratings transilluminated for 100 percent 
contrast, while the incorrect stimuli were 
blank fields of the same mean luminance 
as the grating (5). 

We trained Wulst to make discrimina- 
tions by gradually introducing more com- 
plex components of the task after sim- 
pler ones had been mastered. The first 
step was to train him to fly from the start- 
ing platform to the perches and then re- 
turn. Choice discrimination was in- 
troduced by presenting a coarse grating 
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Falcon Visual Acuity 

Abstract. Grating acuity, the ability to resolve high-contrast squLarc-i'L ave g,rat- 
ings, was measured in a falcon and in humans under comparable conditions. This 
behavioral test offalcon acuity supports the common belief that 'aclconijorme,s ha(ve 
superb vision-the falcon's threshold was 160 cycles per- degree, while the human 
thresholds were 60 cycles peri degree. Falcon acuity, however, wzas much mor e depen- 
dent on luminance, declining sharply with decreases in luminance. 
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Fig. 1. Percentage of correct choices as a 
function of spatial frequency. Average lumi- 
nance was 350 cd/m2. Confidence intervals 
correspond to 1 standard error. The arrow 
indicates the threshold, interpolated from the 
point halfway between maximum perform- 
ance and chance performance. 

in one window and a blank field in the 
other. When he selected the grating he re- 
ceived a small piece of beef heart imme- 

diately upon landing on the perch. At the 
end of training Wulst went through the 

experiment spontaneously, his flight 
from platform to perch and his return 

serving to start and stop each trial (6). 
Testing took place in two sessions per 

day, each session consisting of about 20 
to 25 trials. Spatial frequency was con- 
stant within a session and gradually in- 
creased over sessions. When discrimina- 
tions became difficult a staircase proce- 
dure was used, with a higher-frequency, 
more difficult grating followed by a low- 

er-frequency, less difficult grating; re- 

peated shifts up and down the frequency 
scale produced the discrimination func- 
tion. During testing, control sessions 
were frequently introduced in which 
both stimuli were blank; these sessions 

produced chance performance, in- 

dicating that discrimination was con- 
trolled by the grating. Further evidence 
for grating control was provided by hav- 

ing a group of sessions encompassing a 

representative range of frequencies and 

introducing randomly over trials lumi- 
nance differences between stimulus 

pairs. Grating position rather than lumi- 
nance governed performance. 

The way Wulst examined each stimu- 
lus from the starting platform was in- 
structive, especially when discrimination 
became more difficult. He examined 
each stimulus window by rotating his 
head 45? to the left and right. Selection of 

a window was signaled by stopping head 
rotation and aligning head and body per- 
pendicular to the window. Once this 

alignment occurred no change in selec- 
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tion was ever observed. Others have re- 
ported falcons and hawks scrutinizing a 
stimulus with the head held obliquely 
and this may be a general characteristic 
(3, 7). It would allow the stimulus to be 
viewed by the central fovea of each eye, 
which anatomically is likely to be ca- 
pable of much higher resolving power 
than the temporal fovea. It is probable, 
then, that discrimination performance is 
based on the resolving power of the cen- 
tral fovea. 

Figure 1 shows discrimination per- 
formance in terms of the percentage of 
correct choices as a function of increas- 
ing spatial frequency; it is analogous to a 

frequency-of-seeing curve used in hu- 
man psychophysics. The large number of 
data points and the fact that the number 
of trials contributing to each point varies 
from 80 to 260 comes about as a by-pro- 
duct of the staircase procedure. Observa- 
tions from different sessions could be 
pooled because performance at a particu- 
lar frequency did not differ significantly 
across sessions. We believe that using 
small changes in spatial frequency, to- 
gether with the practice of not spending 
more than one session on a very difficult 
discrimination, acted to maximize per- 
formance. Performance at lower spatial 
frequencies would have reached 100 per- 
cent if we had eliminated trials at the be- 

ginning and end of the sessions, where 

seemingly careless errors tended to oc- 
cur. Threshold frequency was arbitrarily 
defined by interpolating to the abscissa 
from the point halfway between chance 
and maximum performance. This thresh- 
old value, 160 cycle/deg, can be com- 

pared to the human grating acuity, a visu- 
al angle of approximately 30 seconds (60 
cycle/deg), obtained by S. Shlaer (8, 9). 
Thus, falcon performance was 2.6 times 
better than human performance, a ratio 

reasonably close to the 2.4 predicted by 
R. Shlaer from the retinal image quality 
of his eagle. Since Shlaer's eagle is a 
much larger bird than Wulst, the agree- 
ment between optics and behavior may 
be fortuitous. Yet there is no functional 
reason why there should be wide varia- 
tion in the acuity of falcons and hawks 
when consideration is given to the size of 
the prey they prefer, their own body 
size, and the heights at which they fly. 
The kestrel scans the ground from tree- 

top height and will attack small insects. 
At 18 m, an object 2 mm long would be 
twice the threshold. Larger Falcon- 
iformes fly at higher altitudes and attack 

larger prey. At 1500 m, an object 16 cm 

long would be twice the threshold. At- 
tacks on smaller prey would probably 
not justify the energy expended. 

After testing Wulst at 350 cd/m2 we 
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Fig. 2. Human and falcon acuity as functions 
of luminance. Human acuity measures are (x) 
data from S. Shlaer (8) and (.) averages ob- 
tained from two observers with our appa- 
ratus. Falcon acuity (o) data are threshold 
values interpolated from the discrimination 
performance functions obtained at each of the 
luminance levels. 

measured discrimination at two lower lu- 
minance values, 35 and 3.5 cd/m2, to see 
how acuity varied with luminance. Hu- 
man acuity changes moderately over this 
range of luminance values. In contrast, 
Wulst's performance was strongly influ- 
enced by luminance. Figure 2 compares 
human and falcon acuity as a function of 
luminance. One set of the data on hu- 
mans is replotted from thresholds ob- 
tained by S. Shlaer (8). The second set is 
the averaged threshold performance of 
two observers who viewed gratings in 
our apparatus (10). The difference in 
slope between lines fitted to the human 
and falcon discrimination functions is ap- 
proximately 2.4. The steeper decline in 
falcon acuity with luminance reduction is 
consistent with the idea that the cones in 
the closely packed retinas of falcons and 
hawks have small diameters and are inef- 
ficient absorbers of radiant energy for 
wavelengths in the visible range. Quan- 
titative formulation of that hypothesis, 
however, requires measurement of cone 
diameter, length, alignment, and density, 
data which are not available (11). 

What our data do provide is behavioral 
evidence that falcon acuity is superior to 
human acuity when tested under com- 
parable conditions. This confirms the be- 
lief that falcons and hawks possess keen 
vision, yet their superiority is not so 

great as some of the more hyperbolic pri- 
or speculations have suggested. 

It is difficult to specify all the factors, 
optical and neural, that may contribute 
to hyperacuity. Considering the differ- 
ences between the visual system of the 

recently evolved mammals and that of 
the more established vertebrate classes, 
explanatory concepts derived from stud- 
ies of mammalian vision should be ap- 
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plied cautiously. Even so, in view of the 
high grating acuity we have found, it 
would be surprising if other measures, 
such as the spatial contrast transfer func- 
tion, did not also show that falcon vision 
transcends that of humans. 

ROBERT Fox 
STEPHEN W. LEHMKUHLE 

DAVID H. WESTENDORF 

Department of Psychology, 
Vanderbilt University, 
Nashville, Tennessee 37240 
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optical paths. Electronic shutters were used to 
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Rats acquire aversions to harmless 
mouthwashes followed by toxicosis even 
without ingestion (3). Rats do not ac- 

quire aversions to untasted substances 
tubed directly into their stomachs before 
illness (4). Rats acquire aversions to 

ephemeral substances that are complete- 
ly altered by digestive process long before 
illness is induced (5). Aversive effects are 
obtained with chronic diet deficiencies 
and positive effects with recuperation 
from dietary deficiencies where regurgi- 
tation is unlikely (6). 

According to Bitterman this new, etho- 
logically oriented comparative psychol- 
ogy leads only rarely to the comparison 
of different animals. The conditioning of 
flavor aversions by illness has been stud- 
ied in man, monkey, rat, mouse, cat, 
wolf, coyote, ferret, cougar, blue jay, 
quail, hawk, turtle, fish, slug, and other 
species (7). 

In addition, he argues that there is a 
lack of interest in functional analysis, in 
evolutionary history, and in relating be- 
havior to anatomical structure. This puz- 
zling criticism follows his reference to a 
paper in which Garcia, McGowan, and 
Green (8) point out, as is also done else- 
where (9), that natural selection favors 
the predisposition to associate flavor 
with illness and that both taste receptors 
and internal monitors send their fibers to 
the same anatomical site in the brain- 
stem. In any case, relevant neuroanatom- 
ical research has emanated from a num- 
ber of laboratories (10). 
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We applaud Bitterman's general posi- 
tion on comparative research (1), but 
consider his criticisms of our flavor-aver- 
sion research and theory to be unwar- 
ranted. We point to a literature so volu- 
minous that space permits citation of on- 
ly a small portion. 

Bitterman says, in effect, that the evi- 
dence for associative predispositions is 
based on experiments where testing con- 
ditions were confounded with modality, 
that is, visual stimuli antedated the crite- 
rion response (eating) and gustatory stim- 
uli followed it. It has been demonstrated 
in many laboratories in experiments with 
drinkometers where both an audiovisual 
signal (AV) and saccharin flavor (F) are 
contingent upon the criterion response 
(licking) that rats punished with shock 
become conditioned to AV not to F. Con- 
versely, rats punished with illness be- 
come conditioned to F not to AV. Fur- 
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thermore, illness can be delayed for 
hours without disrupting conditioning to 
F. By increasing saccharin concentration 
and its odor, shock-avoidance responses 
have been conditioned to F, but here 
again, when the shock is delayed 210 sec- 
onds, conditioning to AV is disrupted 
whereas conditioning to F is reported to 
be enhanced. While differing in their the- 
oretical formulations, the authors agree 
that AV and F are probably handled dif- 
ferently by central (memory) processes 
and interact differently with pain and ill- 
ness (2). 

Bitterman also speculates that regurgi- 
tation or some more subtle reverse trans- 
port system returns flavor to the mouth 
to stimulate the taste and smell receptors 
at the time of illness; therefore, he says, 
it has not been demonstrated that flavor 
aversion is acquired when there is a long 
interval between stimulus and illness. 
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