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Summary. 1. Pitch and roll eye movements of three
species of crabs (Heloecius cordiformis, Mictyris
longicarpus, Pachygrapsus marmoratus) were re-
corded in response to visual stimuli.

2. The “flat world’ species (Heloecius, Mictyris)
with a zone of high vertical acuity around the
equator of the eye (Zeil et al. 1986) turn the eye
stalks towards a horizontal contrast line presented
close to their specialized zone and pursue it for
some degrees when it rotates away (Figs. 5a, b,
6a, b, 8, 10a). We interpret this as fixation of the
horizon and discuss its relevance for the proposed
mechanisms for ‘vision in a flat world’ (Zeil et al.
1986; Nalbach and Nalbach 1987).

3. Both types of crabs, the ‘flat world’ and
the ‘complex world’ species, stabilize their eyes
against dynamic perturbations not only via me-
chanosensory systems (Fig. 7, Nalbach et al. 1989)
but also via an optokinetic system (Figs. 1, 2). In
roll even nystagmic saccades can be elicited which,
however, occur more unreliably and are about four
times slower than in yaw. They are missing com-
pletely in pitch.

4. Regional distribution of optokinetic sensitiv-
ity over the eye in pitch and roll (Figs. 3, 4) is
discussed as adaptation to image flow occurring
under natural conditions.

5. The results obtained with the rock crab, Pa-
chygrapsus (Fig. 4), suggest that movement detec-
tors looking into opposite directions in the visual
field might interact specifically to extract global
rotational image flow.

Introduction

Animals which possess an area of acute vision usu-
ally make movements to bring the image of a struc-

ture of interest into this specialized area. Well-
known examples are fixation movements in pri-
mates (Yarbus 1967) and praying mantids (Rossel
1980), or a male bibionid fly chasing a female keep-
ing it in the field of view of its specialized dorsal
eye (Zeil 1983). Zeil ct al. (1986) described a zone
of high vertical visual acuity all along the equator
of the eye of crabs which live in flat environments.
This structure has its counterpart among verte-
brates in the visual streak of rabbits, cheetahs, or
plains kangaroos which also live in predominantly
flat environments (Hughes 1977). It was hypothe-
sized that these acute zones might be of advantage
in obtaining size and depth information monocu-
larly simply by retinal elevation of the image of
objects on the ground. The ventral gradient of ver-
tical visual acuity is in good agreement with such
a proposition (Zeil etal. 1986). It was further
shown that the ‘flat world’ crabs are only sensitive
to optokinetic stimulation when the moving struc-
tures are presented above the horizon (Nalbach
and Nalbach 1987). This was interpreted as a
means for separating the components in the visual
flow field which are generated by translation and
rotation during locomotion, taking advantage of
the geometry of a flat surrounding. Particularly,
in crabs with such specialized eyes we might expect
well-developed visual control of eye-stalk orienta-
tion in pitch and roll which would align the acute

zone with the horizon. On an inclined plane, retinal

elevation can still provide depth information pro-
vided that the eyes are aligned with respect to the
plane rather than to the gravitationally defined
horizontal. This suggests these species should play
down postural information from their statocysts
and leg proprioceptors (Neil 1982; Sandeman
1983) in the control of average orientation of the
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eye stalk. Indeed, we found that in Heloecius cordi-
Sformis, an ocypodid crab living on mud flats along
the fringes of mangroves, stabilization of eye stalks
around pitch and roll axes is dominated by visual
input although they stili make use of their stato-
cysts to compensate for dynamic perturbations
(Nalbach et al. 1989). Crab species from more
structured habitats rather rely on leg propriocep-
tors, as in the marble rock crab Pachygrapsus mar-
moratus, or on the statocysts, as in the green shore
crab Carcinus maenas.

In the present study we compare eye pitch and
roll elicited in Mictyris, Heloecius, and Pachygrap-
sus to see whether the underlying visual mecha-
nisms differ between these representatives of ‘flat’
and ‘complex world’ species.

Material and methods

The set up was essentially the same as in the previous study
(Nalbach et al. 1989). In short, a drum (diameter 28 cm, length
37 cm) with horizontal axis and carrying various patterns (to
be described during presentation of the experiments) was oscil-
lated (amplitude +10°, frequency 0.1 Hz) or continuously
turned (about 6°/s) around the crab, which either faced the
wall of the drum (pitch) or its closed end (roll). The crabs
were held in space by a rod glued to their carapace while their
legs rested on a Plexiglas hemisphere (diameter 10 cm) which
allowed the dactyli to slide over the smooth surface during
walking movements. The angular positions of the eye stalks
and the stimulus pattern were filmed with a video camera and
analyzed frame by frame. In the experiments with Mictyris the
crabs walked on an air-cushioned Styrofoam ball (Dahmen
1980; Nalbach and Nalbach 1987). Their eye movements were
monitored by means of a capacitive position recording device
(Sandeman 1968).

Results
Influence of pattern structure

In principle, visual eye stabilization relative to a
structured surround can be accomplished by per-
ception of relative movement resulting in an opto-
kinetic reaction, or by perception of the relative
position of features resulting in a fixation response,
or by both mechanisms together. A distinction be-
tween both mechanisms can be made with moving
patterns of different amounts of contours: A posi-
tion-sensitive mechanism can be expected to work
most efficiently when only a few well-defined struc-
tures are presented. One even expects the eyes to
counterrotate against the sense of pattern rotation
when the object enters the sensitive zone (Rei-
chardt and Poggio 1976). On the other hand, visual
position information is obscured by multiple pre-
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sentations of the same object, which hence effec-
tively excludes visual fixation (Varja 1975). In such
a situation, however, many ommatidia are stimu-
lated by coherent image motion, the optimal stimu-
lus for an optokinetic control circuit (Horridge and
Sandeman 1964).

In order to discriminate between a position-
(fixation), and a movement-sensitive (optokinetic)
visual control system, we turned patterns at con-
stant velocity with different numbers of stripes ei-
ther around the transverse (pitch) or the longitudi-
nal (roll) axis of the crabs. During the first 40°-90°
of pattern displacement, the crabs turn their eyes
with the direction of pattern motion (Fig. 1, Heloe-
cius; Fig. 2, Pachygrapsus). During pitch, the eyes
remain displaced in a final position despite the on-
going pattern rotation. This is quite similar to
visually induced eye-stalk roll in mysid shrimps
(Neil 1975) and to head roll in flies (Hengstenberg
1984). During roli, more or less regular oscillations
of the eyes are superimposed onto this average dis-
placement.

When we analyzed these relatively regular oscil-
lations in response to the striped patterns with im-
proved time resolution (intervals 100 ms instead
of 500 ms as before) for Pachygrapsus, they turned
out to be nystagmic eye movements with a slow
pursuit phase and a rapid reset phase. Hitherto
they have only been described during yaw (Hor-
ridge and Sandeman 1964; Kunze 1964). The sac-
cadic velocity of the eye moving towards the mid-
line of the animal is slower (about 34°/s) than that
of the eye that makes its saccade away from the
midline (about 55°/s). In yaw, the eye stalk of a
freely walking Pachygrapsus makes a saccade to
the side with an average velocity of about 250°/s
and only with about 120°/s towards the midline
(H. Paul, H.-O. Nalbach, D. Varjt, unpublished).
A similar asymmetry was also observed in the pur-
suit phase of the horizontal optokinetic nystagmus
and was attributed to asymmetries in the eye mus-
cles (Sandeman et al. 1975). After the movement
of the pattern has stopped, the eyes usually remain
in their displaced position.

During both pitch and roll, the crabs respond
more vigorously to a multiple stripe pattern than
to one or two stripes only. From this we conclude
that visual stabilization of eye-stalk orientation is
predominantly under control of an optokinetic sys-
tem. The increase in average eye-stalk displace-
ment or appearance of nystagmi is most prominent
in Pachygrapsus, while in Heloecius even with only
one siripe strong responses can be elicited. Fur-
thermore, the data obtained with Heloecius pro-
vide a hint that an additional fixation mechanism
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Fig. 1a~h. Time course of eye-stalk deflection o relative to the
body in Heloecius in a continuously turning drum (about 6°/s)
during pitch and roll with different patterns. Vertical width
of the black stripe in a, b, e, f was 5°; basic spatial wavelength
A of the equidistant black and white striped pattern in ¢ and
g was 30° in d and h 10°. /, left eye; r, right eye. Every 90°
the position of a mark on the drum is shown. Pauses of move-
ment lasted about 60 s. Upward deflection around pitch and
roll (of the right eye) means raising the line of sight, downward
deflection means lowering the line of sight. The starting position
of the eye stalk is chosen arbitrarily. Dashed line in f denotes
a short eye withdrawal. Data sampled at intervals of 500 ms.
Arrows denote possible fixation movements when the stripe is
close to the eye equator and the eye moves against the direction
of the drum

might exist. When the two-stripe pattern was
turned around the transverse axis of the crab and
the stripes enter a narrow region around the equa-
tor of the eye, in two instances the crab moved
its stalks against the direction of pattern move-
ment, thereby pitching its gaze onto the stripe (see
events marked by arrows in Fig. 1b). Similar
events might also be present in the recordings of
eye roll (tentatively marked by arrows in Fig. 1e,
f), where they are, however, hidden by the irregular
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Fig.2a—g. Time course of eye-stalk deflection « relative to the
body in Pachygrapsus in a continuously turning drum (about
6°/s) during pitch and roll with different patterns. No clear
responses were recorded during roll with one stripe only. For
further description see Fig. 1

pattern of eye movements. Possible fixation move-
ments were observed only rarely, however, and
thus position control seems to play no major role
under these experimental conditions.

Distribution of visual sensitivity for vertical motion

Further insight into the properties of the optoki-
netic system sensitive to vertical image motion may
be gained from the distribution of its sensitivity
over the eye. Since position control can be expected
to play only a minor role in eye movements elicited
by moving stripes, we studied the reactions to a
single black stripe, sinusoidally oscillating (ampli-
tude 10°, frequency 0.1 Hz) at different mean posi-
tions around the transverse (pitch) or longitudinal
(roll) axis of the crabs.

As might be expected from its eye design (Zeil
et al. 1986), in Heloecius such a stimulus elicits the
largest eye pitch and roll when presented close to
the horizon of the crab (Fig. 3a, b). Response am-
plitudes are about the same when the stripe oscil-



580

lates ipsi- ($==0°) or contralaterally (3=180°) to
the recorded eye during roll, or when the stripe
is frontal ($=0°) or behind ($=180°) the crab dur-
ing pitch. A stripe presented above the eye equator
evokes distinctly larger eye movements than one
below. Similarly, with yaw stimulation Heloecius
responds to a moving pattern mainly when it is
presented above the eye equator (Nalbach and
Nalbach 1987).

With two stripes separated by 180° the response
amplitude peaks when both stripes oscillate around
the equator (Fig. 3¢, d). The responses are slightly
larger than calculated from the responses evoked
with a single stripe, assuming linear superposition
(dashed lines in Fig. 3¢, d).

In Pachygrapsus, as in Heloecius, the largest
responses are also evoked when the stripe(s) oscil-
lates around the equator (Fig. 4). In detail, how-
ever, there are differences. In the single-stripe ex-
periment during roll, the eye facing the stripe in
its equatorial position has about twice the ampli-
tude than the contralateral eye (Fig. 4a). During
pitch, when the single stripe is presented behind
the animal, Pachygrapsus does not respond at all
(Fig. 4b). One is tempted to relate this to a re-
stricted visual field. In Heloecius the eyes are raised
above the carapace by long vertically erected stalks
while in Pachygrapsus the stalks are very short.
In the two-stripe cxperiment, however, the re-
sponses are much larger than predicted by linear
summation of the responses to one stripe (Fig. 4c,
d). Therefore, the animal must be able to see the
contralateral (during roll) or backward (during
pitch) stripe, such that a reinforcement of the re-
sponse in the two stripe situation becomes possible.

Contribution of a position-dependent component

During these experiments the crabs not only oscil-
lated their eye stalks in response to the sinusoidally
oscillating pattern but also changed the mean posi-
tion of their eye stalks in response to the mean
position of the stripes (Fig. 5a—d). In order to in-
terpret this finding we have to appreciate the exper-
imental procedure in detail: The drum was turned
stepwise to the new position and sinusoidally oscil-
lated for 60 s after a pause of about 30s. Fig-
ure Se, f shows the eye position to be expected
if the crab fixates the stripe when it appears close
to the equatorial acute zone. In this case the eyes
should move upwards when the stripe is above the
equator and downwards when it is below the equa-
tor, independent of the direction into which the
drum is rotated from position to position. With
our experimental procedure the mean position of
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Fig. 3a—d. Regional distribution of sensitivity to vertical motion
in Heloecius, either roll (a, ¢) or pitch (b, d), indicated by the
response amplitude do. For definition of angular position &
of the stripe relative to the equator of the eye see insets in
a, b. The drum was sinusoidally oscillated with amplitude +10°,
frequency 0.1 Hz. It carried one stripe 5° high (a, b) or two,
separated by 180° (c, d). In a, the solid line shows data for
the right eye (ipsilateral to 9=0° and the dashed line shows
the same data drawn as if obtained from the left eye (ipsilateral
to $=180°). In ¢, d the dashed lines are calculated by summing
the response amplitudes from a and b according to the positions
of the two stripes in ¢ and d. Means + standard error from
experiments with two animals
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Fig. 4a~d. Regional distribution of sensitivity to vertical motion
in Pachygrapsus. Average response amplitudes 4o + standard
error from experiments with two animals. In these experiments
the crabs had no contact to substrate to reduce leg propriocep-
tive influence (Nalbach et al. 1989). For further description see
Fig. 3
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Fig. 5a—f. Mean angular position a,, of the eyes while a single
black stripe (5° high) is sinusoidally oscillated (amplitude= +
10°, frequency 0.1 Hz) at different positions $ around the ani-
mal. Mean position of the drum was changed in steps of 5°-30°
either clockwise or counterclockwise, and after a pause of about
30 s we oscillated the drum for 60 s. For definition of the mean
position of the stripe see insets with large arrows indicating
direction of sequential change of drum positions. a, ¢ Roll,
clockwise rotation of the drum, mean position of the right (solid
line) and left (dashed line) eye. b, d Pitch, clockwise (solid line)
and counterclockwise (dashed line) rotation of the drum. Aver-
age values + standard error from experiments with two Heloe-
cius and two Pachygrapsus. e, f Sketched trends of eye deflection
during roll (e) and pitch (f) for the experimental situations in
a—d. It is assumed that the eye is insensitive to pattern rotation
when the stripe is dorsal or ventral to the crab (cf. Figs. 3,
4). P indicates that the eye is turned into the same direction
as the drum: pursuit movement. F indicates that the eye turns
against the direction of the drum movement, thus trying to
bring the stripe into a specialized zone of the eye: fixation
movement. Arrows indicate direction of sequential change of
drum position. Note that in the roll situation there is a phase
shift between positions of left and right eyes in Heloecius (a)
which is not predicted by the assumption illustrated in e and
may be caused by the asymmetry of the situation: e.g., for
the lateral part of the left eye the stripe enters the equatorial
zone of the eye from below while it enters the lateral part of
the right eye from above

the eye should reflect such a fixation reaction even
if it brings the ¢ye only very slowly into its new
position. From the data it thus follows that there
indeed exists such a fixation component in Heloe-
cius during roll and pitch. In Pachygrapsus, how-
ever, there is no indication of a fixation mechanism
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Fig. 6a—f. Mean angular position o, of the eyes while two
black stripes (5° high), separated by 180°, are oscillated (ampli-
tude = +10°, frequency 0.1 Hz) at different positions 3 around
the animal. a, ¢ Roll; b, d pitch. e, f Expected trends of the
eye stalk deflection. F indicates the fixation component, P the
pursuit component. For further description see Fig. 5

during roll. Nevertheless, during pitch Pachygrap-
sus turns its eyes towards the stripe when it ap-
proaches the eye equator from above. Thus, a fixa-
tion eye movement against the turning direction
is to be seen only when the stripe enters the frontal
position (3=0°) during clockwise rotation of the
drum (solid line in Fig. 5d), and when the stripe
enters the backward position (3=180°) during
counterclockwise rotation (dashed lines in
Fig. 5d).

In the two-stripe experiment, the fixation com-
ponent becomes even more pronounced in Heloe-
cius (Fig. 6a, b). It remains weak during pitch in
Pachygrapsus and even seems to be governed by
the directionally sensitive optokinetic mechanism,
while during roll the fixation component is missing
completely (Fig. 6c, d).

Position-dependent reactions in Mictyris longicarpus

In both species, Pachygrapsus marmoratus and He-
loecius cordiformis, the motion-sensitive compo-
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nent is more prominent than the fixation compo-
nent. The fixation system is rather slow as the crabs
only turn their eyes towards the stripe when it re-
mains in its position for some time. Nevertheless,
comparison of the results from the two species
leads to the hypothesis that in crabs with a pro-
nounced acute zone the fixation response becomes
stronger. Pachygrapsus is a rock crab with a poorly
developed acute zone along the eye equator, and
even Heloecius, although living in a predominan-
tely flat terrain, is by no means a specialist. Its
acute zone is moderate compared to species which
live on shores that are flattened during each high
tide (Zeil et al. 1986). Therefore, we extended our
experiments to Mictyris longicarpus, a crab with
a highly prominent acute zone.

When Mictyris is oscillated sinusoidally as well
as stepwise in a stationary drum that carries a
black stripe along its equator, the crab stabilizes
its eyes much better in space than when it is oscil-
lated in homogeneous surroundings or in the dark
(Fig. 7a). This demonstrates a strong visual contri-
bution in stabilization of the eye stalks besides the
statocyst input. It seems, however, to be a fixation
response rather than an optokinetic one since with
one single stripe oscillated across the equator of
the eye a similar or even larger response can be
elicited than with a striped pattern (Fig. 7b).

When we turned the single stripe very slowly
(3-16°/s) around the longitudinal axis of the crab
and recorded eye roll, fixation and pursuit reac-
tions were clearly visible (Fig. 8§a). During the fixa-
tion movement the crab turns the eye towards the
stripe, thereby moving it against the direction of
drum motion. The responses were strongest when
the stripe was close to the horizon ipsilateral to
the recorded eye. There was no response when the
stripe was presented to the side contralateral to
the recorded eye, due to the restricted visual field
of Mictyris (Nalbach 1987) and apparent lack of
neural coupling of both eyes for roll. The velocity
of the fixation movement is less than 3°/s. When
the eye catches up with the stripe it follows its
displacement for some degrees, and then drifts
back to its resting position.

With a black stripe, the fixation movement can
be elicited only when it enters the sensitive zone
from a dorsal position (Figs. 8a, 9a). With a white
stripe, the fixation movement can also eventually
be seen when the stripe enters the sensitive zone
from a ventral position.

Fixation and pursuit reactions can also be eli-
cited by a contrast edge within the equatorial acute
zone of Mictyris, using either a broad black stripe
in a white drum or a broad white stripe in a black
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Fig. 7a, b. Sample records of eye stalk stabilization against
roll in Mictyris under various stimulus conditions. a The crab
was sinusoidally (frequency indicated) and stepwise oscillated
around its longitudinal axis either in a drum with an equatorial
black stripe, 10° high, along the wall on the side of the eye
which is monitored, or in a homogeneous white drum, or in
the dark (see insets). This experiment demonstrates statocyst
and also strong visual control of eye-stalk orientation. b Either
a horizontal black stripe (10° high, +50° wide) or a pattern
consisting of three horizontally extended black stripes (vertical
repeating period 40°) is moved up and down across the horizon
(see pictograms). Since both reactions are about equal, they
are most probably dominated by a fixation rather than by an
optokinetic system

drum (Fig. 8b). Fixation begins when the ‘top
black’ edge is about 28° above the horizon (thin
line in Fig. 9a), i.e., when it just enters about the
fifth row of ommatidia, counted from the dorsal
border of the eye (Nalbach 1987). Pursuit is ini-
tiated and continued when the edge of the stripe
has entered a narrow zone around the equator.
The eye follows the edge for about 15° (range indi-
cated by the heavy bars in Fig. 9a). When the
stripes are wider than 10°, the pursuit responses
to the two borders of the stripe can clearly be sepa-
rated (Fig. 9a). Additional experiments on eye
pitch (circles in Fig. 9a) reveal the same responses
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Fig. 8a, b. Roll fixation and pursuit movements of the eye
stalks in Mictyris. a A black stripe, 5° or 10° high, within a
white drum, or a white stripe, 10° high, within a black drum
which moves up and down across the equator of the eye (see
pictograms) elicits a fixation (F) and a pursuit (P) reaction.
As an indication of fixation we take an eye movement against
the direction of drum rotation. b The same can be seen when
the upper or lower edge of a broad black (45° high) or white
(47° high) stripe moves across the horizon. Diamonds mark
beginning of fixation, triangles mark the upper and lower
borders of the pursuit range. Note different scales for eye posi-
tion and stimulus position (0° denotes horizontal position of
the upper edge of the stripe)

as with roll stimulation. Velocity during pursuit
is very slow, and even its maximal values are rarely
as fast as the stimulus (Fig. 9b).

In order to further analyze the fixation re-
sponse, we positioned a stationary edge close to
the horizon and recorded the tonic deflection of
the eye in response to the visual stimulus. When
the light side of the edge is above (‘top white edge”)
the eye aligns its equator with the edge within a
range of about + 5° above to about —15° below
the horizon (Fig. 10a). Beyond this narrow range,
no stationary response can be observed. Similarly,
with a stationary top black edge no response can
be elicited with the edge below —10° and above
+ 5°. In the range from the horizon down to —10°,
a weak fixation response may exist (Fig. 10b).
When the top black edge is positioned, however,
at or slightly above the horizon, the eye usually
starts to oscillate with an average amplitude of
about 5° and a frequency of 0.1-0.2 Hz (Figs. 10b,

11). Therefore, we may call a top white edge “sta-
ble” and a top black edge “unstable.”

When we repeated the same type of experiment
with Pachygrapsus and Heloecius, we never saw
any oscillations or reliable position and black-
white transition responses as reported in Mictyris.
It remains to be shown whether these reactions
are special to Mictyris or whether they are peculiar
to crabs with a pronounced acute zone along the
equator.

Discussion

In order to carry the eyes in a favorable orientation
relative to the surroundings, one needs positional
information. During walking the body oscillates
in space, because of the uneven substrate and the
stepping movements themselves. To prevent the re-
sulting dynamic perturbations of vision, it is ade-
quate to stabilize the eyes via motion-sensitive
mechanisms. Crabs — similar to visually active spe-
cies of several phyla (discussed in Hengstenberg
et al. 1986; Hengstenberg 1988) — are equipped
with a multisensory system to control the orienta-
tion of their eyes which meets the above require-
ments (Neil 1982; Sandeman 1983; Nalbach et al.
1989). Leg proprioceptors and the two organs of
the statocyst (statolith and canal organ) detect the
orientation of the body relative to the substrate
and to gravity as well as their respective changes.
In the present study we have shown that for con-
trol of pitch and roll, in addition, two visual mech-
anisms can be distinguished: fixation of a contour
line close to the equator of the eye, and optokinetic
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Fig. 9a, b. Fixation and pursuit response of Mictyris to stripes
of different widths. Filled symbols indicate black stripes, open
symbols indicate white stripes. (Half-)circles denote pitch exper-
iments; the other symbols denote roll experiments. a Position
of the upper edge of the stripe, when the crab either begins
with its fixation movement (diamonds) or pursues the edge
(triangles which delimit the pursuit range, indicated by large
bars). Note that both the upper and lower edge are pursued
separately with stripes wider than or equal to 28°. Means with
standard error from experiments with one animal. b Maximal
velocity of eye deflection during pursuit of an edge which either
moves upwards or downwards with different stimulus velocities.
The dashed line indicates maximal eye velocity equal to the
stimulus velocity

eye movements induced by image motion over
large parts of the visual field.

Fixation response

In our experiments, the fixation response was most
prominent in Mictyris, a crab with a pronounced
vertical acute zone (Zeil et al. 1986) that lives on
flat estuarine beaches (Cameron 1966). The crab
only reacts to a contour line which is close either
to the true horizon or to a sensitive zone of the
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Fig. 10a, b. Responses of Mictyris to a stationary edge, either
top white (a) or top black (b). Within a range of + 5° to about
—15° the crab keeps the top white edge tonically along its
equatorial line of sight. The eye usually oscillates (see Fig. 11)
when a top black edge is placed 0° to + 2° relative to the hori-
zon. In this range, the eye oscillated in 17 cases (triangles delimit
upper and lower eye position during oscillation, amplitude indi-
cated by dashed lines; means with standard error); in three
cases it moved irregularly (asterisks, average eye position), and
in three cases it remained stationary. Stationary eye position
after an upward displacement of the edge is indicated by open
circles, the position after a downward displacement by filled
circles (means with standard error in a, single values in b).
Eye position 0° is defined by the average eye position with
the edges beyond 3= +20° or without a siripe. Without the
drum surrounding the crab, eyes were deflected 4.5° upward
relative to 0°. Note different scales for 3 in a and b. Experiments
with one animal

eye around its equator (Figs.9, 10). We cannot
distinguish between these two possibilities as the
crab was always in its normal upright position rela-
tive to gravity. In any case, both interpretations
imply mechanosensory or efferent cues apart from
visual input which restrict the reaction to only
moderate displacements of the eye stalks relative
to their preferred orientation. Visual input may
even be under direct mechanosensory control as
has been shown for the space-constancy neurons
in the optic nerve of several decapod crustaceans,
including crabs (Wiersma 1970; Wiersma et al.
1977). Usually, these neurons have the whole eye
as a potential source of input while mechanosen-
sory input restricts their visual field to the horizon
and the area above. It is due to a purely visual
component, however, that only a top white edge
is accepted as a fixation line (Fig. 10). It may be
significant that this arrangement seems to mimic
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Fig. 11a, b. Sample record of the roll oscillation reaction in
Mictyris longicarpus. a A white stripe, 47° high, in a black
drum. b A black stripe, 45° high, in a white drum. In both
situations the eye oscillates when the black part is above and
the white part is below the horizon, and the border is on the
korizon. Pictograms indicate the position of the border and
are placed along the time axis where the border was stepped
into the new position. Recording of the ball indicates yaw turns
of the crab (upwards to the left); after a turn of 90°, the trace
is reset. This recording shows that the animals were contin-
vously walking

the natural light distribution across the horizon.
The oscillation of the eye in the inverted situation
Jleads to the hypothesis that a mechanism to align
the eye with the dorsoventral distribution of light
~ possibly mediated by sustaining fibers (Glantz
et al. 1984) — is in conflict with a mechanism to
fixate the horizon. In the natural situation both
mechanisms would supplement each other, the
horizon line being a direct consequence of the dor-
soventral difference in brightness. Still, other hy-
potheses may account for the observations, and
the mechanisms with lead to horizon fixation de-
serve more detailed study.

In each case, strong visual fixation of the hori-
zon has an important consequence for the orienta-
tion of the eye stalk. In a crab that keeps the hori-
zon line within its eye equator, the eye stalks will
stand normal to the local surface of the substrate,
even if it is slanted. Otherwise, if the statolith organ
dominates, the eye stalks will stand parallel to the
direction of gravity. Then the angle between eye
equator and local surface will vary with the slant.
We expect flat world crabs with their pronounced
acute zone along the eye equator and an appro-
priate gradient in vertical visual acuity to rely on
the mechanism of visual fixation of the horizon.
[t would enable them to exploit directly the eleva-
tion of objects within their visual field to measure
distance and size monocularly (discussed in detail
by Zeil et al. 1986). While only field observations
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can show if crabs indeed make use of such a mech-
anism the present study strongly suggests that flat
world crabs orient their eyes relative to the visual
horizon. The reactions are strongest in Mictyris
(Figs. 9a, 10a), and they are also clearly present
in Heloecius (Figs. 5a, b, 6a, b), a crab with only
a moderate acute zone along the equator (Zeil et al.
1986). Furthermore, in these crabs visual control

.of eye stalk orientation is strong as compared to

the contribution of mechanosensory cues (Fig. 7;
Nalbach et al. 1989). By contrast, in the rock crab
Pachygrapsus mechanosensory input is very impor-
tant (Nalbach et al. 1989) while visual fixation of
the horizon is weak in control of pitch orientation
and absent in roll (Figs. 5¢, d, 6c, d). This crab,
as well as other species which live in visually com-
plex habitats, has no pronounced acute zone or
zone of better vertical than horizontal visual acuity
(Zeil et al. 1986). Furthermore, in its rocky habitat
there is neither a reliable visual horizon nor a con-
stant slant of the substrate. Consequently, from
its eye structure as well as from its habitat it cannot
make such a simple use of the geometry of its sur-
roundings as can flat world species.

Optokinetic response

While the fixation response in crabs by means of
eye-stalk movements is exclusively restricted to the
pitch and roll axis, the response to image motion
is well known and has been studied in great detail
for eye movements around the yaw axis (Neil 1982;
Nalbach 1989). The relevant stimulus is the aver-
age slip speed of the visual image across the eye.
These optokinetic reponses are shown to reduce
image flow introduced by — voluntary or involun-
tary — body turns during self motion (Barnes 1985;
H. Paul, H.-O. Nalbach, D. Varj, unpublished),
and in a resting crab they may act as a visual brake
which helps the eye to remain in its favored posi-
tion. When a striped pattern is continuously turned
around the dorsoventral axis of the crab, or when
the crab itself is turned around this axis, nystagmic
eye movements, i.e., a regular sequence of slow,
velocity-related eye movements which reduce im-
age motion, and fast, stereotyped reset saccades
can be elicited. During roll, however, the crabs
only unreliably perform the reset saccades, which
also have speed about four times lower than those
in yaw (Figs. 1, 2). In pitch, no saccades can be
elicited at all. The eyes follow the movement of
the drum for some degrees, then come to a halt
and remain in their deflected position. The same
was observed in the visually induced roll reaction
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of the eye stalks in mysid shrimps (Neil 1975) and
of the head in the blowfly (Hengstenberg 1984).
The maximum excursion of the eye stalk or head
depends on the velocity with which a striped pat-
tern is turned around the longitudinal axis of the
animal. Whether this is also true in crabs remains
to be shown. To us it seems that the role of such
eye movements is the same as in yaw: to remove
the rotational component {rom the self motion-
induced image flow (Nalbach and Nalbach 1987).
If this interpretation is correct then the functional
part of the response is the movement of the eye,
while the stationary end position during continuing
pattern rotation is a by-product of a system that
is adapted to the narrow range of naturally occur-
ring displacements only.

The response to image motion can mainly be
elicited when the eye is stimulated within a narrow
region around its equator or slightly above
(Figs. 3, 4). Since this is true even in Pachygrapsus,
which does not possess a pronounced acute zone
for vertical resolution (Zeil et al. 1986), this feature
seems to be caused by neural processing rather
than by the structure of the eye. This hypothesis
is supplemented by the finding that two horizontal
stripes, separated by 180°, elicit a larger eye move-
ment than can be expected from linear superposi-
tion of the responses in the one-stripe experiment
(Figs. 3¢, d, 4¢, d). More complicated interactions
between the two sides of the eye (in the pitch and
possibly also in the roll situation) and/or the two
eyes (in the roll situation) must exist and deserve
a more detailed inspection.

The consequence of such an interaction is that
the crab more reliably discriminates between trans-
lational and rotational image flow: upward-down-
ward movement of one stripe could arise from eye
pitch or roll but could, nevertheless, also arise from
an upward-downward oscillation (e.g., during
walking on a corrugated substrate). If, however,
two contrast lines which are separated by 180°
move with the same velocity across the eye, the
one upwards, the other one downwards, this un-
ambiguously signals rotation.

Even more simply, restricting sensitivity to ver-
tical motion around the equator of the eye could
be a means of distinguishing image flow caused
by rotatory and translatory self motion when these
occur together. In flat world crabs, such an adapta-
tion seems to exist and could enable them to re-
spond exclusively to yaw turns of their body with
a compensatory yaw eye movement (Nalbach and
Nalbach 1987). Crabs from visually more complex
environments lack such a specialization. For roll
and pitch, however, both ‘types’ of crabs have in-

H.-O. Nalbach et al.: Visual eye-stalk stabilization

creased sensitivity to vertical image motion close
to the equator of the eye. Whatever the geometry
of the habitat may be, locomotion on the ground
will induce strong image flow in the lower half
of the visual field, as angular velocity and possibly
also the number of resolvable structures are inver-
sely proportional to the viewing distance. Even
worse, translation does not introduce significant
image flow in the upper part of the visual field.
It is usually covered by the sky which can be untex-
tured and is always far away. Hence, if one simply
integrates the output of local motion detectors over
the eye, which is usually assumed (e.g. Nalbach
1989), image flows in the upper and lower parts
of the visual field induced by translation do not
cancel each other out in the sense of optomotor
equilibrium (Go6tz 1975). Consequently, it seems
to be a good strategy to respond only weakly to
image flow in the upper part and to almost ignore
it in the lower part of the visual field to stabilize
the eye against pitch and roll (Figs. 3a, b, 4a, b).

For discussion of vertical image motion close
to the eye equator we have to distinguish between
flat and three-dimensionally structured habitats. In
a flat habitat the only horizontally extended con-
tour line is the horizon. Therefore, the only vertical
optokinetic stimulus close to the eye equator origi-
nates from pitch and roll of the crab, while up-
down oscillations during locomotion do not cause
image motion as the horizon is at ‘infinity.” But
they may cause a problem in a rocky environment
with plenty of structures at eye height close by.
Here, however, image motion on one side is usually
counterbalanced by image motion on the opposite
side. The comparison should be facilitated by the
‘dipole’-like interaction of the movement detectors
(see above) which, characteristically, in our experi-
ments is most prominent in the rock crab Pachy-
grapsus (Fig. 4d). A similar interaction was pro-
posed to explain why Carcinus does respond much
more vigorously to a striped pattern rotating a-
round the yaw axis when the pattern covers more
than 180° than can be extrapolated from the re-
sponses obtained with more restricted visual fields
(Buddenbrock and Friedrich 1933; presently under
thourough investigation in waterstriders: H.J.
Dahmen, personal communication). Therefore, as
for the optokinetic control of eye movements in
the yaw plane (Nalbach and Nalbach 1987), we
expect crabs from visually complex environments
to rely on more elaborate neural mechanisms than
flat world crabs to equal them in visual perfor-
mance.
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