
two experiments had to be manipulated 
differently because their sizes and weights 
differed, aggregation of the two sets of 
results must be viewed cautiously. Hu- 
mans are differentially sensitive to I, 
however, and the Weber fraction is 
about ten times that for lifted weights. If 
we use 0.28 as a representative value for 
Weber's fraction, we can interpret this 
sensitivity as follows. If a new pencil 19 
cm long and twiddled about its center is 
compared with another of identical weight 
but 2.47 cm (13 percent) longer, the dif- 
ference in sensation would be noticed 
about 50 percent of the time. In a weight- 
less environment, if the two pencils were 
of the same mass density, the second 
pencil need only be elongated 1.63 
cm (8.6 percent) overall. The for- 
mula I = 1/12 ML2 (where L is length) 
approximates the moment of inertia 
about CG of a long thin cylindrical object 
such as a pencil. The female subjects 
were about 50 percent less sensitive than 
the males (Fig. 1), perhaps because they 
handle sports equipment less. 

The M and IR values of the test sets 
were monotonically related because of 
geometric constraints, so it is not certain 
whether sensitivity to I actually de- 
creases with increasing I or M or some 
combination of both (6). For practical 
purposes, however, the Weber fractions 
given here are useful because it is diffi- 
cult to construct similar objects with M 
and I values radically different from those 
of the test pieces. The Weber fractions 
are about the same in the two experi- 
ments even though the I and M values 
differ by 1000:1 and 10:1; respectively. 

Quantifying human sensitivity to I is 
useful to those designing products, just 
as similar knowledge of weight per- 
ception is. At a more fundamental level, 
however, it is perplexing to encounter 
virtually no common recognition of the 
sensation in spite of frequent exposure to 
it; worse (from the designer's viewpoint) 
is erroneous verbal identification of it 
with weight or balance. These difficulties 
do not indicate that a person cannot per- 
ceive I, as these and other experiments 
(7) have established, nor do they signify 
that perception of I is unimportant. It is 
more likely that we do not interact with 
angular accelerations of a body as often 
as we do with translational ones (except 
perhaps in sports); we thus have infre- 
quent need to make conscious torque 
comparisons and therefore never devel- 
op the necessary vocabulary. 
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paired comparison similarity judgments between 
test pieces although, as before, they could not 
describe the differences. In making these judg- 
ments, subjects appeared to weigh I much more 
than M, even though the test pieces were con- 
structed a priori to have equal M and I interval 
sensitivities. This was accomplished by using 
jnd results from the experiments reported here 
for I and from the literature for M and spacing 
the stimuli on each dimension at approximately 
1.45 jnd apart. The assumption in so doing was 
that the two stimuli would then be equally repre- 
sented psychophysically. 
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Effects of Frontal Eye Field and Superior Colliculus 

Ablations on Eye Movements 

Abstract. Two parallel neural pathways are primarily responsible for the control of 
saccadic eye movements-one mediated through the frontal eye fields and the other 
through the superior colliculus. When both pathways are disrupted, control of sac- 
cadic eye movements is lost. Disruption of either pathway alone produces only subtle 
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Abstract. Two parallel neural pathways are primarily responsible for the control of 
saccadic eye movements-one mediated through the frontal eye fields and the other 
through the superior colliculus. When both pathways are disrupted, control of sac- 
cadic eye movements is lost. Disruption of either pathway alone produces only subtle 
deficits. 

The majority of sensory and motor 
functions are under the control of more 
than one brain site. This well-known 
fact, coupled with the plastic properties 
of nervous tissue, accounts for the ob- 
servation that when lesions are confined 
to single sites in the mammalian brain, 
often only limited or transient effects on 
sensory and motor functions are pro- 
duced. The mechanisms involved in the 
control of saccadic eye movements are a 
good example. Even though consider- 
able evidence indicates that in primates 
both the frontal eye fields and the superi- 
or colliculi are involved in the control of 
eye movements, bilateral ablation of ei- 
ther of these structures alone produces 
only relatively subtle or short-term defi- 
cits in oculomotor function (1-3). 

Studies using single-cell recordings 
have shown that, in the upper layers of 
the monkey superior colliculus, cells re- 
spond selectively to visual stimuli; in the 
deeper layers, cells that discharge before 
saccadic eye movement predominate. 
Selectivity for the spatial location of vi- 
sual stimuli as well as for the amplitude 
and direction of saccades is arranged in 
an orderly, topographic fashion (4). In 
the frontal eye fields, neurons sensitive 
to eye movement and to visual stimula- 
tion have also been found. The visual re- 
ceptive fields are much larger than in the 
colliculus, and the topography is less 
well defined. The visual response of 
some of these cells is strongly enhanced 
when the monkey subsequently makes a 
saccade to that stimulus; eye-movement 
cells, however, seem to discharge only 
during and after saccades, not before 
them (5). 
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Electrical stimulation of both of these 
structures elicits saccades whose sizes 
and directions depend on the specific site 
of stimulation (6, 7). In addition, stimula- 
tion in the visual cortex also produces 
saccadic eye movements. Since both the 
frontal eye fields and the visual cortex 
project to the superior colliculus, the ef- 
fects of electrical stimulation might be 
thought to be mediated through this 
structure. However, collicular ablation 
abolishes saccadic responses only for 
striate cortex stimulation; stimulation of 
the frontal eye field continues to produce 
eye movements at thresholds compar- 
able to those found in intact animals (7). 
This suggests that in primates, visually 
triggered saccadic eye movements can 
be controlled through at least two chan- 
nels: a visual cortex-superior colliculus- 
brainstem system and a frontal cortex- 
brainstem system. Past lesion studies 
may be interpreted to support this view 
in that ablation of either the frontal eye 
fields or the superior colliculus have pro- 
duced only relatively limited deficits in 
gaze and in saccadic eye movements (1, 
3). 

The aim of our experiments was to de- 
termine what happens to visually trig- 
gered eye movements when both path- 
ways are disrupted by the paired ablation 
of the frontal eye fields and the superior 
colliculi. We examined the effects of suc- 
cessive bilateral lesions in the frontal eye 
field and the superior colliculus in ten 
monkeys. The frontal eye fields were as- 
pirated aseptically under visual control 
while animals were anesthetized. The su- 
perior colliculi were removed with radio- 
frequency lesions after the exact location 
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Fig. 1. Eye fixation patterns of two monkeys at various stages during the experiment. (A) Configuration of the apple board. (B) Fixation patterns 
of monkey 1 produced in the course of ten repeated preoperative trials. Data collected (C) 4 and (D) 24 days after bilateral ablation of 
the frontal eye field. Below each display are shown five measures computed for these data: mean time to complete task (T); mean number 
of saccades per second (S); mean saccade amplitude (A); mean saccade velocity (V); and mean number of errors (dropping of apple pieces 
or ignoring them) (E). In monkey 1, bilateral ablation of the frontal eye field produced temporary deficits on all measures, but, as shown in D, 
recovery was virtually complete. (E) Preoperative fixations by monkey 2. (F) Ablation of the superior colliculus caused deficits on all measures 
shown, but on day 4 the monkey could still fixate on targets. The additional ablation of the frontal eye field (G and H) produced a dramatic loss in 
targeting ability that failed to recover with time. (G) Targeting 57 days after the additional ablation; (H) after 134 days. 

of this structure was determined with 
single-unit recordings (3). The two pairs 
of lesions were made 3 to 12 weeks 
apart, and the order was varied among 
animals. In six of the monkeys, a search 
coil had previously been implanted 
around one eye to enable us to record 
eye movements accurately (8), and in the 
others, electrooculographic electrodes 
were used. Skull screws were also im- 
planted to allow us to immobilize the ani- 
mals' heads during recording sessions. 

Before lesioning, animals were trained 
to pick apple pieces out of a 34 by 
34 by 1 cm Plexiglas "apple board" 
which had 9 or 17 randomly oriented 1.2 
by 2.5 cm slits cut into it in various loca- 
tions, each of which accepted a small 
piece of apple (Fig. 1A). The task was 
easy, yet necessitated careful hand-eye 
coordination. The animals had to orient 
their hands properly relative to the slit to 
successfully retrieve the desired apple 
piece. 

A computer was programmed to de- 
tect saccades and fixations and to provide 
quantitative data for a number of eye- 
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Fig. 2. Histological re- 
construction of the le- 
sions made in monkey 
2. The large sketch is 
of the left hemisphere, 
with the shaded area 
showing the lesion of 
the frontal eye field. 
Serial coronal sections 
for this area appear 
above, shown 1440 /m 
apart. Section 6 is 
across the posterior 
bank of the arcuate; 
the lesion did not en- 
croach into this region. 
The frontal eye field 
lesion in the right 
hemisphere, which is 
not shown, was simi- 
lar but less extensive. 
The collicular lesions, 
shown for both col- 
liculi, appear below 
with the left side of 
the brain to the left 
of each section. The 
coronal sections are 
720 Jtm apart. 
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movement variables, including fixation 
locations, saccade sizes and directions, 
and velocities (9). Typically, fixations 
were analyzed for 8 to 20 repeated trials, 
each of which consisted of clearing the 
baited apple board. Fixation plots of nor- 
mal monkeys showed a clustering of fix- 
ations at points where the apple pieces 
appeared on the board (Fig. 1, B and E). 
Both the 17-slot apple board and sponta- 
neous eye movements yielded quite dif- 
ferent clustering patterns. 

In accordance with previous reports 
(1, 3), the effects of either frontal eye 
field or collicular lesions on visually 
guided saccadic eye movements were 
not dramatic. Ablation of the frontal eye 
fields produced a partial neglect; animals 
tended to leave some of the sites on the 
apple board unpicked and looked at pe- 
ripheral targets less frequently. This ef- 
fect was temporary; after 1 to 3 weeks, 
recovery was virtually complete, and fix- 
ation patterns and latencies became 
comparable to performance before the 
lesion was made (Fig. 1, B to D). 

Superior colliculus ablation in other- 
wise intact monkeys produced several 
subtle deficits, which recovered little; 
the animals were able to make visually 
triggered saccades but accuracy de- 
creased, as did the number, size and ve- 
locity of saccades (Fig. IF). 

In contrast, ablation of both the frontal 
eye fields and the superior colliculi pro- 
duced a remarkably dramatic deficit: an- 
imals virtually ceased making organized 
saccades. They seemed to have lost the 
ability to target their eyes on visual stim- 
uli. Monkey 1 was able to perform sac- 
cadic eye movements only within a limit- 
ed range and showed low accuracy in 
targeting. This effect did not recover 
with time (Fig. 1H). We have kept ani- 
mals for longer than 1 year without ob- 
serving improvement. The extent and 
distribution of the remaining eye-move- 
ment activity varied among animals and 
appeared to be a function of spared tis- 
sue in the superior colliculus. In some 
animals the deficit was more pronounced 
than for monkey 2 (Fig. 1, E to H). 

Figure 2 shows the histological re- 
construction of the lesions for monkey 2. 
The collicular lesion in the right superior 
colliculus was more extensive than that 
in the left. Tissue sparing was especially 
evident on the left lateral margin of the 
superior colliculus (sections 3 and 4)- 
representing the lower right visual 
field near the vertical meridian-and 
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which the superior colliculus was re- 
moved only partially or only superficially 
(leaving intermediate and deep layers in- 
tact) showed less pronounced deficits. 

Although animals with the combined 
bilateral lesions could move their eyes 
only within a restricted range and tar- 
geted inaccurately, they attended to the 
entire visual field. Except for the period 1 
to 3 weeks after the frontal eye field was 
ablated, they picked all or most of the ap- 
ples on the board without directing their 
gaze correctly. When their heads were 
free, they oriented head and body to- 
ward items of interest. 

We also examined several other kinds 
of oculomotor performance in these ani- 
mals. Smooth pursuit and optokinetic 
nystagmus as elicited by moving objects 
and gratings showed a narrowed range 
corresponding to the deficit seen on the 
apple board task. The range of the ves- 
tibulo-ocular reflex, produced by rotat- 
ing the monkey while the head was fixed, 
was also reduced immediately after sur- 
gery but recovered considerably over a 
period of several weeks or months. With 
the head free, eye movements induced 
by the vestibular system as compensa- 
tion for a head movement were evident; 
however, such compensation was not 
typically preceded by saccadic targeting, 
as it is in intact animals. 

These findings suggest that two path- 
ways, one via the frontal eye fields and 
the other via the superior colliculi, are re- 
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In terrestrial biotopes, biomasses of 
herbivores, carnivores, and further links 
in the food chain are progressively small- 
er (1). Furthermore, among animals 
there is a tendency for herbivores to be 
more numerous, and for primary, sec- 
ondary, and tertiary carnivores to be re- 
spectively less abundant (1). These eco- 
logical relationships can be used, in con- 
junction with faunal excavations, to 
reconstruct aspects of hominid Pliocene 
paleoecology. 

The paleobiological significance of an 
excavated fauna depends on the particu- 
lar agents responsible for its accumula- 
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sponsible for producing visual targeting 
by eye movement; when only one is 
damaged, the other can remain effective; 
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tion and the depositional environment in 
which it occurs; that is, its taphonomic 
history. Excavations in the lower Omo 
Basin, Ethiopia, considered here, have 
been reported (2). They occur in both 
high-energy depositional environments, 
such as point-bar and abandoned-chan- 
nel deposits, and in relatively low-energy 
environments, such as backswamps and 
alluvial plain deposits. 

Large accumulations of disarticulated 
and fragmentary bones, occurring in 
well-sorted and large grain-sized sedi- 
ments, as in localities L.1 and L.398, 
(Table 1), are considered to represent al- 
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Early Hominid Population Densities: New Estimates 

Abstract. Proportional faunal representations in excavated fossil occurrences 
(Shungura Formation, Omo, Ethiopia) are very similar to modern sub-Saharan 
mammalian faunal proportions in a variety of environments. Early hominids com- 
prise between 0.6 and 1.6 percent of the excavated assemblage, corrected to reflect 
numbers of individuals. With allochthonous faunal localities for comparison, direct 
analogies to modern fauna suggest early hominid population densities of between 
0.006 to 1.7 individuals per square kilometer. Calculations based on population den- 
sities of modern large mammals indicate that population densities of early hominids 
were between 0.001 and 2.48 individuals per square kilometer. 
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