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IKK remains active after the initial induc- 
tive stimulus. 

The IKKa and IKKP protein kinases. and 
not another component of the IKK complex, 
appear to be directly responsible for IKB 
phosphorylation. The minimal active IKK 
complex is apparently a dimer composed of 
IKKa or IKKP (or both). These experiments 
also provide an explanation for the mecha- 
nism underlying the termination of the NF- 
KB activation response. Such inactivation is 
important because prolonged or chronic NF- 
KB activation can result in inflammatory dis- 
orders (20). 
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Optimizing Gaze Control in 
Three Dimensions 

Douglas Tweed,*t Thomas Haslwanter, Michael Fetter 

Horizontal and vertical movements of the human eye bring new objects to the 
center of the visual field, but torsional movements rotate the visual world about 
its center. Ocular torsion stays near zero during head-fixed gaze shifts, and eye 
movements to visual targets are thought to be driven by purely horizontal and 
vertical commands. Here, analysis of eye-head gaze shifts revealed that gaze 
commands were three-dimensional, with a separate neural control system for 
torsion. Active torsion optimized gaze control as no two-dimensional system 
could have, stabilizing the retinal image as quickly as possible when it would 
otherwise have spun around the fixation point. 

The human eye rotates with three degrees of vision and eye movement have ignored rota- 
freedom: horizontally, vertically, and torsion- tions about the line of sight. One reason is 
ally (1: 2). With few exceptions, theories of Listing's law (1, 3, 4), which states that oc- 

ular torsion stays near zero during head-fixed 
gaze shifts. This has been taken as confirma- " 
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trol, valid only when the head is stationary. 
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King's College Circle, Toronto, Ontario, M5S 1A8, the gaze line, the logistics are complex. For one 
Canada. thing, the eye is quicker than the head-it re- 
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Fig. 1. (A) Gaze task. The person started in position 1, with the head turned -30" CW and the eyes 
directed -20" down in the head, looking at a Laser spot projected on a spherical screen 1 m away. 
Then the spot jumped 20" to the right, and the person made an eye-head movement to refixate 
it. The head's contribution to this gaze shift, in keeping with instructions given beforehand (7),  was 
a rolling movement ending up in position 3. After a brief pause, the laser spot jumped back to the 
person's Left, evoking a movement back to position 1. Positions 2 and 4 show eye and head 
positions in mid-movement. (B) Angular head position in space during several repetitions of this 
task (8). Torsional head rotation (CW/CCW) is indicated on the abscissa; horizontal head rotation 
(rightlleft) is indicated on the ordinate. (C) The same components of eye position in the head. 
Vertical components are not shown in (B) and (C) because the motions were uneventful in that 
dimension. 
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Fig. 2. Position versus time for the eye in the head (thick lines) and the head in space (thin lines). 
(A) Torsional eye and head motion. (B) Vertical motion. (C) Horizontal motion. The task is as in Fig. 
1. For the first 1 s of the traces, the head is stationary and the eye makes small gaze shifts. Ocular 
torsion stays virtually constant at about 4" CW. Then the eye-head gaze shift begins: The head rolls 
almost 60" CW; the eye rapidly twists 15" CW and then reverses and rolls 20" CCW. This eye 
motion starts 40 ms before the head moves, which shows that it is not triggered by head-motion 
sensors in the inner ear. 

appears in the visual periphery. The eye swivels 
rapidly to the visual target and locks on, where- 
as the head reorients itself more slowly (5,  6). 
Computer simulations suggested that we could 
test for active control of ocular torsion by ex- 
amining gaze shifts involving large torsional 
head rotations. 

We chose a gaze task that was like watching 
a mouse darting back and forth along a floor- 
board (7) (Fig. 1A). In all study paiticipants: the 
eye moved to its final position in space faster 
than the head, tuiuing not just horizontally and 
vertically but also torsionally, so that midway 
through the movement, the eye was twisted far 
clockwise or counterclockw~ise (CW or CCW) 
relative to the head. as shotvn in panels 2 and 4 
of Fig 1A. It then held still in space as the head 
completed its motion. Panels B and C in Fig. 1 
shon a typical paiticipant's head and eye rota- 
tions in this task (8). Each eye movement began 
and ended near the plane of zero torsion, called 
Listing's plane (4). It is known that static eye 
positions are slightly counteisolled when the 
head tilts (2): which is why the person's eye 
was twisted about 3" CCW in positioil 1 and 
about the same distance CW in position 3. 

What was interesting was the eye's path. 
It did not simply jump between positions 1 
and 3 but instead took exceptionally wide 
horizontal and torsional detours (9). For this 
person, the range of torsion amounted to 32O, 
from 17" CW to 15' CCW. Across all four 
participants, the torsional range varied be- 
tween 22' and 34", with an average of 29". 
These ranges were eiloimous compared to the 
values of 2" to 4" that were seen during 
head-fixed gaze shifts (4). 

Were these huge torsioilal excursions tm- 
ly visually evoked gaze shifts. or were they 
driven by head-motion sensors in the vestib- 
ulum? They were not vestibular, because they 
were usually under way 20 to 60 ms before 
the head began moving (Fig. 2). Thus. the 
movements were not triggered by head 1110- 
tion but were voluntaiy gaze shifts (10).  

The gaze task (Figs. 1 and 2) was chosen 
for its large torsional component, but every- 
day "looking around" also involves substan- 
tial head torsion, ranging over t 12" (11. 12). 
When we tested one of our participants on 
natural eye-head gaze shifts to visual targets 
at 90" eccentricity (7 ) ,  we found the same 
pattern: transient ocular torsion over i 6 " ,  a 
range that was only 40% as large as that 
above, but still substantial. Thus the same 
motor strategy was used in both tasks, but the 
one in Figs. 1 and 2 better revealed the 
torsional potential of the system. 

What was the purpose of the eye's tran- 
sient torsion? As Fig. 1A suggests. the eye 
twisted to anticipate the coming torsional mo- 
tion of the head. By so doing, it reached its 
final position in space long before the head 
inotion was finished. From then on, the eye 
was stable in space, and so the visual world 
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remained statio~laiy on the retina. Image blur 
was reduced (13), and visual analysis was 
simplified in other ways as well. For exam- 
ple, a stationary retinal image could be ana- 
lyzed by a single set of orientatio~l columns in 
the visual cortex, whereas a spinning image 
would excite a continuously changing array 
of columns (1 4). 

So active torsion allowed the eye to sta- 
bilize its target image at the earliest possible 
moment. But this speed came at a price: As 
shown in Figs. 1C and 2: the eye took an 
indirect path relative to the head, spinning 
about the line of sight at up to 200' per 
second for 8$ ms and the11 u~lwindi~lg back to 
near-zero tdrsio~l over 200 ins. That the brain 
tolerated this detour showed that it put more 

than 30" (Fig. lC ) ,  so the fact that torsion 
usually stays near zero (1: 3: 4) inust reflect the 
careful tuning of the neural commands that 
activate the muscles. And this torsion-control 
system does not simply clamp ocular torsion: 
relative to the head, near zero. In our gaze task, 
it twisted the eye 15" C W  or CCW:  seeking a 
position in space that had been chosen so that, 
when the upcoining head motion was finished: 
the eye was back near Listing's plane. 

Second, eye motion to a visual target was 
not determined by the retinal location of the 
target. We asked our participants to make the 
same gaze shifts as those shown in Fig. 1A: 
but with the head stationaiy. They held their 
heads still, 30" C W  or C C W ,  as shown in 
panels 1 and 3, and they made head-fixed 

were made in pseudorandom order and followed 
spoken commands. 

8. The position of the left eye was recorded at 375 
samples per second wi th the scleral-search-coil tech- 
nique devised by D. A. Robinson [IEEE Trans. Biomed. 
Electron. BME-10, 137 (1963)l. Head position was 
recorded at the same rate wi th the use of search coils 
fastened t o  a lightweight bar molded t o  f i t  the per- 
son's teeth. Electrical signais from the eye and head 
search coils were converted t o  quaternions wi th the 
use of algorithms from D. Tweed, W. Cadera, and T. 
Vilis [Vision Res. 30, 97 (1990)l. For an oculomotor 
introduction t o  quaternions, see G. Westheimer, j .  
Opt. 5oc. Am. 47, 967(1957); D. Tweed and T. Vilis, 
1. Neurophysiol. 58, 832 (1987); or T. Haslwanter, 
Vision Res. 35, 1727 (1995). 

9. Our best performing participant showed a range of 
16" CCW t o  18" CW, tying the world record for 
human ocular torsion. A. P. Petrov and G. M. Zenkin 
[Vision Res. 13, 2465 (1973)l also had a study par- 
ticipant who reached 18", but by a different mecha- 
nism: Their participant was rotated torsionally in the 

weight on getting the eye 0x1 target quickly gaze shifts in response to the same visual dark; the eye movements were not gaze shifts 
visual targets but vestibular responses t o  the head 

than 011 saving the eye muscles work. illput as before. Unsul~r is ingl~:  their eyes rotation, and they opposed the head's motion; 
To protect the orbital tissues, eye rotation performed roughly fixed-axis rotations: stay- whereas in our study the eye rolled the same way as 

is kept within certain boundaries (6)-about ing within 2" of Listing's plane: as is usual in the head and before it. R. Balliet and K. Nakayama 
[Invest. Ophthalmol. 17, 303 (1978)l trained people 

40" horizorltally and vertically and 15" tor- head-fixed gaze shifts (4). Gone were the to rotate their eyes torsionally while keeping their 
sionally. When these bou~ldaries were taken wide loops with 15" of torsion. Thus the same heads still. The training, which involved torsional 

illto account, the eye trajectories in Fig. 1C sensory signals ge~lerated e~ltirely different visual feedback, allowed-them to increase their tor- 
sional range by about 0.8"Ihour so that after 35 

could be explained quantitatively. Figure 3 eye motions depe~ldi~lg 0x1 whether a head hours of training, the best perfor&ing could 
shows a computer sirnulati011 of a model (12) moveillent was planned. move over a range of 26.5". That result showed that 

that drove the eye as quickly as possible to its Our findings suppoit the view that gaze is a the oculomotor system has torsional plasticity, 

final position in space. given the above limits three-dimensional control system_ optiinized to ~ ~ ~ ~ ~ ~ l ~ a ~ ~ ~ n ~ ~ l f ~ ~ i ~ ~ ~ i ~ ~ ~ ~ n $ ~ a ~ i ~ ~ ~ a s i ~ ~ ~  
on its motion in the head. The resulting eye senre vision. When it wants to redirect the gaze humans. Our participants practiced the gaze task in 
trajectories matched the data verv well. The line, the brain chooses desired orientations for Fig. 1 at most five times (that is, for only a few 

same model also mimics head1fixed gaze the head and the eye: both defmed in a space- SecO"s) before recording began, and they showed 
the full torsional range of eye motion, orvery close t o  

shifts and eye-head movements with more fixed fiaine. Feedback loops dnve head and eye i t ,  on the first recorded trial. 
moderate head torsi011 ( I Z ) ,  which suggests toward their goals, though the eye's path may 10. The eye's return motion, when i t  came back toward 

that all these moreinellts are generated by a be deflected by its motion boundaries (6)  The 
~ ~ ~ ~ [ ' s l i ~ ' ~ ~ ~ h ~ ~ s t ~ ~ ~ ~ ~ ~ ~  k':::; ::t Fe 

single gaze-control system. eye arrives at its target first and locks on: hang- outbound torsion, which anticipated the 
The present data show that at least two inn suspended in space as the head rotates head turn, was not. In the outbound stage, the three- - A 

aspects of this model are almost certainly cor- around it. When the head comes to a halt, ocular dimensional gaze system rotated the eye t o  its de- 
sired position in space and then locked on by acti- 

rect. First: ocular torsion was under active neu- torsi011 relative to the head has returned to near vating the vestibuloocular reflex, This reflex uses 
ral co~ltrol. The eye muscles were capable of zero, and the eye is poised for the swiftest vestibular information t o  monitor head velocity and 

rolling the eye over a torsio~lal range of more possible response to the next visual target (15). counterrotate the it steady in as 
the head completes its motion (5, 6). 

Model I 
Eye in 1 
head 1 

Fig. 3. A computer simulation of an optimized 
model of gaze control (12) matches the ob- 
served trajectories, including the eye's extreme 
deviations from Listing's plane. The eye stays 
near zero torsion between movements. During 
gaze shifts i t  takes the fastest possible path to  
its final position in space, with no constraint on 
torsion except that it stays less than 15" rela- 
tive to  the head. 
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Tree Species Diversity in 

lowland forest without long search paths and 
prohibitive costs. Patches (0.5 to 10 ha) that 
escape logging are determined by the place- 
ment of logging roads and the haphazard search 
patterns of operators, rather than by intrinsic 
differences among patches (4); thus, these 
patches provided convenient unbiased un- 
logged controls. 

The unlogged lowland forest is species- 

Commercially Logged Bornean rich, but the Eimmercial species (mainiy S ~ O -  
rea laevis, S. hopeifolia, and Dg~obalanops 
beccarii, in the family Dipterocarpaceae) 

Rainforest dominate, comprising 70% of total precut 
basal area (7). Logging removed 62% of 

Charles H. Cannon,* David R. Peart, Mark Leighton dipterocarp basal area and 43% overall. One 
year after logging, 45% of lowland forest 

The effects of commercial logging on tree diversity in tropical rainforest are canopy was open or domi~lated by low pio- 
largely unknown. In this study, selectively logged tropical rainforest in Indo- neer vegetation (including roads and skid 
nesian Borneo is shown to contain high tree species richness, despite severe trails), 15% was unaffected, and 40% was 
structural damage. Plots logged 8 years before sampling contained fewer spe- disturbed in varying degrees (4). 
cies of trees greater than 20 centimeters in diameter than did similar-sized Logging reduced both tree density and the 
unlogged plots. However, in samples of the same numbers of trees (requiring number of tree species per 0.1-ha plot, for 
a 50 percent larger area), logged forest contained as many tree species as both large and sinall trees (unlogged versus 
unlogged forest. These findings warrant reassessment of the conservation 1-year sites; Table 1). For all trees >20 cm in 
potential of large tracts of commercially logged tropical rainforest. diameter (7), density fell by 41% and the 

number of species per plot by 31%. The 
Co~lselvationists have despaired over destruc- site that allowed for co~ltrolled coinpariso~ls, species-area cur\-es 1 year after logging fell 
tion of tropical iainforest by logging: clear- including areas logged at different times in the well below those for unlogged forest (Fig. 1: 
ing: and burning. Most extant tropical rain- past (1 year and 8 years before sainpling) and A and B). However, per plot richness alone is 
forest has been logged or will be in the near which had already been surveyed for the gross, inadequate for assessing logging effects on 
future, with only relatively small fragments structural effects of logging (4). Loggers were tree diversity. In highly diverse communities, 
preseived (1, 2). Thus, commercially logged unaware that the effects of logging would be where rare species have few or single indi- 
forest with low residual timber value is the assessed. At low elevations in West Kaliman- viduals in plot samples, the number of spe- 
only remaining option if large areas of trop- tan, Indonesia, local-scale topographic variation cies per plot is sensitive to reductions in 
ical rainforest are to be consened. The diver- restricts mechanized logging; commercially density by random deletions of individuals- 
sity of trees is fundamental to total rainforest valuable, well-drained lowland dipterocarp for- "rarefaction" (8) .  If mortality due to logging 
biodiversity, because trees provide resources est is frequently intermixed with patches of were equivalent to rarefaction alone, the under- 
and habitat structure for almost all other rain- swamp forest impassable to heavy machinery. lying species-individual relationship would be 
forest species. In specially controlled, low- In the logging concession we studied, lowland unchanged. Then it would only be necessary to 
impact logging trials in Queensland, Austra- dipterocarp forest (59% of area) and swamp sample proportionately larger areas in logged 
lia, tree diversity was maintained (3). How- forest (41%) form a complex spatial mosaic (4). forest to obtain similar numbers of individuals, 
ever, more typical of commercial, selective Machine operators cannot reach all areas of and thus similar species richness, to unlogged 
logging is the use of heaxy machinery to 
remove marketable species; this kills addi- 

Table 1. Numbers o f  species and abundances o f  trees, comparing plots logged 1 year and 8 years before 
trees, damages habitat, and sampling and plots unlogged a t  the t ime  of sampling. Small trees are 20 t o  30 cm in diameter (at 1.37 m 

reduces timber growth potential (4, 3). Re- high); large trees are >30 cm in diameter. U-I, 1-8, and U-8 are P values for Scheffe pairwise tests 
ductions in tree diversity might be anticipat- comparing unlogged versus I -year  logged forest, I -year  versus 8-year logged forest, and unlogged versus 
ed, but the effects of commercial logging on 8-year logged forest, respectively. Asterisks denote significance at n = 0.05. See (75) for sampling details. 

tree species diversity over vast areas of rain- ANOVA, variance. 
forest in Southeast Asia, Latin America, and 
Africa remain largely unknown (1, 6). ANOVA Plot means Scheffe pairwise tests 

Comparisons between logged and unlogged 
forest can be confounded by differences in soil, F P value Un- I y r  8 y r  U-I 1-8 U-8 logged 
topography, and disturbance history that influ- 
ence whether a site will be logged. We chose a Trees pe r  p l o t  

Al l  trees 11.43 0.0002* 23.8 14.1 15.8 0.0004* 0.77 0.0007* 
Large trees 7.51 0.002* 12.5 7.2 7.8 0.005* 0.93 0.02* 

C. H. Cannon, Department of Botany, Duke Universi- small trees 4.41 0,02* 11.3 6.9 8.0 0.03* 0.80 0.15 
ty, Durham, NC 27708, USA, and Institute of Biodi- Species p e r  p l o t  
versity and Environmental Conservation, University of All trees 5.04 0.013* 18 12.4 13.7 0.02* 0.81 0.1 1 
Malaysia, Sarawak, Malaysia. D. R. Peart, Department Large trees 4.29 0.023* 
of Biological Sciences, Dartmouth College, Hanover, Small trees 

9.7 6.6 6.6 0.05* 0.99 0.07 

N H  03755, USA. M. Leighton, Department of Anthro- 
6.12 0.006* 10 5.7 7.8 0.006* 0.30 0.27 

pology, Haward University, Cambridge, MA 02138, Species p e r  individual 

USA. Al l  trees 4.6 0.02* 0.75 0.85 0.89 0.14 0.59 0.02* 
Large trees 2.9 0.07 0.80 0.92 0.89 0.09 0.90 0.26 

*To whom correspondence should be addressed. E- small trees 3.9 0,03* 0.90 0.83 0.98 0.34 0.03* 0.37 
mail: chc2eduke.edu 
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