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INTRODUCTION

Animal’s senses take part in every manifestation of animal beha-
viour. We realize this particularly well now, in time of rapid development
of cybernetics. The exteroceptors play an extremely important role in
spatial orientation. Although there are indications that some animals
take advantage of their proprioceptive impressions for orientation in
space (cf. CHMURZYNSKI, 1964; HERAN, 1958; MATTHEWS, 1955; MUNN,
1950; RABAUD, 1927), these are rarely predominant.

The studies of other authors on spatial orientation in female Bembex
rostrata (L.), digger wasps of the family Sphegidae, have revealed unmis-
takably the predominance of eyesight in recognizing the way and place
(Bouvier, 1900, 1901; TINBERGEN, 1947). This has been reinforced by
the author’s own investigations (CHMURZYNsKI, 1953, 1957, 1959, 1960).
Thus, for a better estimation of the mechanics of spatial orientation, it
proved necessary to know at least the fundamental facts concerning
eyesight in this insect. The scanty data on eye structure in Bember
rostrata (L.) given by ZANKERT (1939) were not enough, and the infor-
mation based on them could not be used to extrapolate the data on
eyesight in bees (BAUMGARTNER, 1928; del PorriLLo, 1936; cf. CumuU-
RZYNSKI, 1964; HERAN, 1958).

Considering this, a preliminary study of the sight organ in Bembex
was undertaken as part of a wider study on spatial orientation of this
insect, which was the subject of the author’s doctor’s thesis (CHMU-
RZYNSKI, 1960).
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112 J. A. CHMURZYNSKI

METHOD

The analysis of the internal structure of the eye was done by the
simplest technique: the material kept for a short time in 75 °/, ethyl
alcohol was then sectioned by means of a shaving blade. Both surfaces
obtained from each section were photographed with a reflex camera
under a binocular microscope using a 5 x objective and an Agfa "Isopan
FF“ film. Drawings, were made from 30 x enlargements of these photo-
graphs and from series of 5-10 drawings proper adjusted diagrammatic
drawings were executed for each section.

The sections for analysis were made in the “frontal®, "sagittal® and
“horizontal® plane. Considering the objective of the study, which was
spatial orientation of the insect, the planes were referred, unlike in
PorTILLO’S (1936) work, to the insect’s body or head, not merely to its
eyes (cf. Fig. 3).

The preliminary experiments on the critical flicker frequency were
carried out in a 118-mm-radius stroboscope. The angular width of the
bands was 4°.

RESULTS

Bembex, like many other predatory insects, has large compound eyes.
These occupy the whole sides of the head with their fairly uniformly
domed, oval, nearly bilaterally symmetrical surfaces, whose axes are in

Fig. 1. Head of Bembex rostrata (L.) female on the scale of 10:1, a) in three-
-quarters, b) in profile, "g*“ — gena.

the ratio 1:1.5 (cf. Fig. 1a). The eyes markedly project beyond the

rest of the face. The long axes of the eyes are inclined at ca 10° to the

frontal plane of the head, so that the genae — ”g* in fig. 1 b — remain

only in the lower posterio-lateral part of the head. The inner boundary
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OPTICS OF THE BEMBEX ROSTRATA (L.) EYE 113

of the eyes slightly curves archwise towards the frontal portion (Fig. 7),
whilst the outer one nearly coincides with the occipital portion of the
head (diverging from it downwards by about 10°). The radii of curvature
in the medial portion of the arc in the sagittal, frontal and horizontal
sections (Fig. 2) are in the ratio 2.2 :1.5:1 respectively, which slightly

Fig. 2. Outline of external boundaries of a facet eye of a Bembex rostrata (L.)
female on the scale of 10:1, a) in a sagittal section, b) in a frontal section, ¢) in a
horizontal section. On the contours, segments have been distinguished constituting
approximately arcs of circumferences of circles; the arrows mark the radii of their
curvatures. "R;%, "Ry’“ and "R,”“ indicate the radii referred to on p. 3.

departs from the corresponding relations in the bee: 2.5:2.2 : 1 (BAUM-
GARTNER, 19281; DEL PorTILLO, 1936, p. 114).

The eye of Bembex rostrata (L.), like that of other Hymenoptera,
belongs to GRENACHER’S (1879) eucon structural type. The ommatides,
whose number in one eye was found by ZANKERT (1939) to be 10 690,
contain, according to this author, under a thick layer of corneolinsa
four crystalline cones (coni cristallini) together with their cells sur-
rounded by two primary iris cells coloured dark brown, 8 rosette-wise

A

el
\

Fig. 3. Horizontal (k) and frontal (f) section through a compound eye of a Bem-

bex rostrata (L.) female with the lines along which the sections were made: S’ — sa-

gittal, F' — frontal and H — horizontal section; S corresponds to the sagittal plane
of a bee’s eye in del PorriLrLo’s work (1936, fig. 9). Scale 10:1.

1 The ratio of the radius of curvature of the transverse section to that of the

horizontal one has been calculated from Figs. 25 and 26 in BAUMGARTNER’S work
(1928).
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arranged visual cells with 12-18 secondary iris cells and, finally, a layer
of dark violet-brown pigment of the retinula. The latter is most densely
distributed on the membrana basalis, but in the ventral and dorsal region
of the eye reaches nearly to the apexes of the crystalline cones, and in

the central portion of the retinula is replaced by yellow iris pigment
(ibidem, p. 116).
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Fig. 4. Sections of a compound eye of a Bembexr rostrata (L.) female shown in

Fig. 3 a) sagittal section, b) frontal section, ¢) horizontal section — scale 30 : 1. The

axis of every fifth rhabdom has been prolonged to show the differences in divergency

of the ommatides. The continuous line indicates the boundaries of the visual field,

the broken line — the rhabdom axes of the extreme ommatides; the corresponding
angles are given. The remaining explanations in text.
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Fig. 4b. Explanation — see Fig. 4a.

The drawings (Fig. 4) of the frontal (a), sagittal (b) and horizontal (c)
section point to a heterogeneous structure of the eye. The shape of the
curves of intersection of the optical axes of the ommatides (every 5th
axis is marked in the drawings) indicates in the first place an unequal
angular separation of the rhabdoms. The smallest angles are formed by
the anteriorly directed ommatides (Fig. 4 ¢) and those situated close to
the “equator® of the eye (Fig. 4 a, b). From a comparison of Figs. 4 b
and ¢ it also follows that in the aforesaid portions of the sections the
angles in the sagittal plane are smaller than those in the horizontal plane:
their ratio in the sectors with minimum angles is ca 1 : 2; in the peripheral
regions this ratio decreases to ca 1:1.3. Another outstanding feature
is the variation of the diameters of the ommatides (working apertures)
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116 J. A. CHMURZYNSKI

and to a lesser extent of their lengths in various regions of the eye. This
leads to important conclusions regarding vismal precision in various
directions.
=92
]‘ \
WS

Fig. 4c. Explanation — see Fig. 4a.

DISCUSSION

As it was found already in the end of the XIX ec., the apposition
eye gives on the retinula a direct mosaic image of the object viewed.
Each constituent ommatide, owing to its dioptric properties, reacts to
rays entering it along its optical axis or at a small angle to it (MULLER,
1826; EXNER 1891; cf. BARLOW, 1952, p. 667; DETHIER, 1953, pp. 504 -
-512; MAZOKHIN-PORSHNYAKOV, 1958). When, however, the optical
axis of the corneal lens (C-L in Fig. 5) does not coincide with that of
the crystalline cone () and of the rhabdom (R), then, as it follows from
the formula sina = n-sinf — the refraction coefficient (n) of the corneal
lens being known to differ from naught (n = 1.52 after BAUMGARTNER,
1928, p. 115) — in order to hit the light sensitive rhabdom, the light ray
must fall after refraction (by angle ) so as to deflect from the optical
axis of the corneal lens by % @ > ¥ f'. ¥ a can be found by using the

! This is true of the insect in atmospheric medium.
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OPTICS OF THE BEMBEX ROSTRATA (L.) EYE A 1 iy

above formula, the deflection angle of the axis of the corneal lens from
that of the crystalline cone ( ¥ f) being known. Hence, from the equation
y = a-f we can find the deflection of the light ray from the rhabdom axis
necessary for it to be perceived by the rhabdom after refraction in the
corneolinsa. Angle y, found by BAUMGARTNER (1928) for the bee’s eye,

Fig. 5. Deflection of light ray perceived by an insect compound eye due to

the fact that the optical axis of corneolinsa (C-L) and that of the rhabdom (R)

do not coincide. O-conus cristallinus. Light ray inducing impression in the rhabdom

marked with thick line. Subsidiary lines — broken: ¢ — line tangent to corneolinsa,

v — line perpendicular to it, » — prolongation of optic axis of conus cristallinus and
the rhabdom.

in the eye of Bembexr has been found to be largest for the peripheral
ommatides, like in the bee. This of course affects the field of vision of
the eye, extending it sidewards, while slightly deteriorating the minimum
separabile of the periphery of the eye, and increasing instead the working
aperture of the lateral ommatides. This has been shown in Figs. 2, 6-8,
11 and 12. Thus, disregarding this correction, the visual field of the female
Bembex rostrata (L.) has been found in the present study to be as follows:
in the frontal plane 207° (from —97° below the horizontal plane to +110°
above it), sagittally 235° (in accordance with ZANKERT’S measurements,
1939, p. 118) and horizontally 165° (from —55° outwardly of the sagittal
plane to +110° inwardly of it); with ¥ y taken into account the respective
values are: 225° (from —110° to -+115°)2, 255° and 180° (from —61° to
+119°).

* The visual field of both eyes is 300° horizontally, the "blind* angle at the back
is 60°.
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118 J. A. CHMURZYNSKI

(235°)
255°

Fig. 6. Bembex rostrata (L.) approaching her hole. The figure shows the
boundaries of the visual field in the insect’s sagittal plane and the prolongations
of the rhabdom axes of the extreme ommatides (cf. Fig. 4 a).

The data gathered up in the present work also provide information
on another problem of great importance for visual orientation — binocular
vision. ZANKERT (1939, p. 117) found in Bembex a field of binocular vision

http://rcin.org.pl



OPTICS OF THE BEMBEX ROSTRATA (L.) EYE 119

extending horizontally over 35°. Such field is presented in Figs. 7 and 8.
It follows from the aforecited figures that the field of binocular vision
in Bembex extends ca 50° upwards (the angle of intersection of the axes
of the crystalline cones of the inward ommatides = 40°) ca 40° downwards
the respective angle between the axes of the rhabdoms = 14°), and ca 60°

dors
S

v

Imm

Fig. 7. Visual field of Bembex rostrata (L.) female in the horizontal plane on
the scale of 10: 1. The area of binocular vision is lined; more densely lined is the
sector formed through intersection of the inner axes of the extreme rhabdoms. There
are given the angles concerning the visual field and those within the extreme
rhabdoms, all referring to the same compound eye (cf. Fig. 4 c).

forwards in the horizontal plane (the angle between the axes of the rhab-
doms = 40°, which roughly corresponds to ZANKERT’s 35° obtained by
him probably by the same way).

The existence in Bembex of a zone of binocular vision makes it possible
for this insect to estimate the distance — of course within the limits
determined by the farthest and the nearest point perceived simultaneously
with both eyes. This ability is of great significance for the insect, e. g.
while preying; it also enables the male to keep a characteristic con-
stant distance in his flight after the female. What are the limits within
which the insect is able to estimate distance?
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T
L
1
t
éL Fig. 8  Visual field of
\ Bembex in the frontal plane
LA ES - on the scale of 10 :1 For
P = LAY .
/ o= \ legend see fig. 7. (cf.
é Fig 4b).
| M
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OPTICS OF THE BEMBEX ROSTRATA (L.) EYE 121

Let us first find the nearest distance of binocular vision in the frontal
plane downwards. In Fig. 9 a this is represented by segment OC. From
the formula

1

1l
with 40 = - AB =-2.28 mm = 1.14 mm, and ¥ a = 40°,

o |

1.14mm 1.14m
it follows that OC = v ot === e = 3.16 mm;
tg 20° 0.3640

(correspondingly, the intersection point of the axes of the inner rhabdoms
is 9.28 mm).

|
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E 0
(a) y (8)
Fig. 9. Sketches for the analysis of binocular vision in Bember in the frontal
plane, scale 1¢:1 (cf. Fig. 8).

Point H, as follows from calculation, is at 2.47 mm distance from
axis FG (the intersection point of the axes of the inner rhabdoms —
3.16 mm). This is the nearest distance of binocular vision in the frontal
plane upwards.

http://rcin.org.pl
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122 J. A. CHMURZYNSKI

In finding the distal limit of distance estimate in the same plane
downwards we shall use Fig. 9 b.

An analysis of the sections of the eye shows that the angles of the
ommatide axes running at a minimum angle to the ommatide axes run-
ning parallel for both eyes are ca 1° each (our simplified method of making
diagrammatic drawings of sections of the eye makes greater accuracy
impossible). The maximum limit of downward distance estimate, 00’, —
when & ¢ is determined at 2° and the distance between the ommatides
(A'B’) is ca 2.3 mm — is about 66 mm.

Let us now find the range of binocular vision horizontally forwards;
this is equally important from the point of view of Bembex ethology.

The proximal limit, in Fig. 10 a segment OC — when AB = 1.72 mm,
¥ a = 60° —is 1.5 mm (while the intersection point of the axes of the
inner rhabdoms is 2.36 mm). The distal one — in Fig. 10 b segment
00’ — when A'B’ ~ 2.9 mm, and ¥ ¢ = 2° — is 80 mm.

The result is in keeping with the most frequent ceiling of Bembex
orientation and recognition flight, which is ca 5 em when slow (1.5-2.5
m/sec) and with the ceiling of longer-distance flights, when Bembex flies

Fig. 10. Sketches for the analysis of binocular vision in Bembex in the horizontal
plane, scale 1:1 (cf. Fig. 7).

just above the grass tops, 5-50 cm above the ground, i. e. still within the
scope of its capability of estimating height relative to the ground or
to the grass tops.

To realize the role of sight in those situations, two other factors
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OPTICS OF THE BEMBEX ROSTRATA (L.) EYE 123

are important to know: the extent of the binocular visual field at this
maximum distance and the minimum separabile of the eye, particularly
in this important sector.

To find the first one we shall use Fig. 9 a and 10 a. Its values will
be found by calculating the lengths of segments DE.

Thus the width of the field of binocular vision in the frontal plane
downwards (Fig. 9 a) at the far limit of distance estimate (when 00’ =
= 6.6 mm, i.e. CO’' ~6.3cm; X a = 40°) is

2-D0’" = 2-C0’ tg—g — 2:6.6 cm-0.3640 ~ 4.8 cm;
horizontally forwards (Fig. 10 a) (when CO' ~ 00’ ~ 8 em; % a = 60°):
DE =2-D0’ = 2-C0’ tg; =2-8cm - 0.5774 ~ 9.2 em.

By applying cautious interpolation it may be presumed that at the
moment of reaching the nest, i. e. in a direction inclined at roughly 45°
downwards from the horizontal plane, the width of the field of binocular
vision at a distance of ca 7cm is ca 8 em.

The next item to consider is the minimum separabile of the eye of
the female Bembex rostrata (L.). -

First some concepts important for further considerations must be
established.

What is termed ”visual field* (”Gesichtsfeld“; “campus visualis® —
TcHErMAK, 1931) is the angle (w) between two straight lines along
which run the marginal rays for a given eye section hitting the light-
-sensitive elements (in a compound eye: rhabdoms); ef. Fig. 4, 6, 7 and 8.
The “visual angle“ (”Gesichtswinkel“; “angulus visualis“’) (a) — gene-
rally smaller than o — is the angle formed by two straight lines drawn
to the eye from two extreme points of the object viewed.

The smallest visual angle at which the eye can still distinguish both
extreme points is called the minimum separabile of the eye (@). A very
significant quantity is tgo, for it represents the maximum distance
(lmay), from which the eye can distinguish two points spaced in a plane
perpendicular to the eye’s visual direction, viz.

a

l

‘max ht‘g_i"‘r

* Those definitions concerning objective space have after TscHErRMAK (1931,
p- 837) subjective counterparts: “Sehfeld“ ("campus opticus“) and “Sehwinkel*
("angulus opticus*®).
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124 J. A. CHMURZYNSKI

and the minimum space (a,,,) between two points distinguishable from
distance I:
amin = ltgﬂ ¢ (l)
With these concepts is closely connected the resolving power (”Auflo-
sungsvermogen“? (R) defined after Hecur (1934) by the formula:

1
E=—; (2)

The unit accepted for it is the value R at o = 1’ (resolving power
of human eye).

(In literature concerned with the physiology of eye-sight in insects,
e. g. von BUDDENBROCK, 1952, pp. 147-148, 151; DETHIER, 1953, pPp.

S e
0T (DS AN NS
ﬁ}ﬁ:_' e T T LU VY )

(a)

Fig. 11 a. Diagrammatic drawing showing overlapping of visual fields of ad-
joining ommatides in apposition eye of an insect.

i i (9)

- [odwrécio' f

Fig. 11 b. Analysis of minimum separabile of an insect’s compound eye.
Angles excessively obtuse for clarity of picture.

¢ Sometimes these terms are found to denote the minimum separabile.
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OPTICS OF THE BEMBEX ROSTRATA (L.) EYE 125

504-512; MAZOKHIN-PORSHNYAKOV, p. 62, the resolving power is also
called visual acuity (”Sehscharfe®). It is better, however, to reserve
this term for the quantity determined by the following correlation (HEG-
NER, 1937, p. 478):
(4)i=— f;;;

where ¢ — minimum distance from which the eye is able to perceive
an object clearly, I — distance at which the eye perceives a given object
at angle o).

Until recently it was generally believed that the minimum separabile
of a compound eye roughly corresponded® to the ommatidial angle
(”Offnungswinkel“) ()% Such approach, however, is by no means satis-
factory. Even if we assume, following a large number of workers (cf.
p. 4), MULLER’s (1826) principle saying that the ommatide perceives

rays slightly deflecting (g) from its optical axis, then (Fig. 12), pro-

vided the angular separation of the ommatides (¢) is not too large, the
extreme inner rays perceived by these elements will intersect at some
point (C); consequently, at a sufficiently long distance from the eye two
points (x and y) lying exactly on the axes of those neighbouring om-
matides (e and b) will be in the visual field of both eyes, and therefore
will not be distinguished (cf. MAZOKHIN-PORSHNYAKOV, 1958, Fig. 1). In
line with the above argumentation BArvLow (1954) states that the re-
solving power of a compound eye (2 ) is never smaller than double the
angular separation of the ommatide axes (¢) also called the ommatide
angle density (MAZOKHIN-PORSHNYAKOV, 1958)7;

® Autrum (1952, p. 439), de Vries (1956, pp. 246-248), de Vries and KuiPer
(1958, pp. 200-201) assume that the visual field of the ommatide becomes wider
owing to light disruption on its small aperture.

¢ It is equally incorrect to think that the ommatidial angle (y) is equal to the
visual angle of the ommatide (&) or to call it aperture. The numerical aperture of
the ommatide is the quantity

A = n-sine;

in atmospheric medium, where n = 1, 4 = sine.
In cases of a very small ommatidial angle, when < & >~ < v, if the length of the
ommatide is assumed to be 1, only

4 = 8,

where 6 — diameter of the aperture of the ommatide.
? As a matter of fact, these authors have in mind slightly different quantities,
for according to Barrow (1952) the angular separation of the ommatides

¢ = w/N,

Zoologica, Poioniae vol. 13, fasc. 3—4 2
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126 J. A. CHMURZYNSKI

80
@ = 29,8

and since =19,

hence o =2¢p =2y. (6)

On the other hand, he demonstrated that ¢ depended also on the
resolving power of the ommatide (&) defined by the formula for the
telescope:

1.221
(# — in rad., 4 — in cm), where % is the wave-length of a given light,
4 the diameter of the ommatide aperture. Optimum # is ensured when

d >p= 049 (8)
it is best when y is not much smaller than ¢. The minimum ommatidial
angle guaranteeing good minimum separabile to the compound eye is

Ymin = $min = 0.49. (9)

where @ — visual field, N — number of ommatides in < w, while the ommatide
angle density in MazoxkHIN-PORSHNYAKOV’S (1958) sense:

¢ =ajn, (3)

where a — visual angle (generally a < @) and n — number of ommatides in < a;
and it is a well-known fact that the diameters of the apertures of the ommatides
(8) linked to those quantities by the formulae:

d=mnéd (4)
and
@ = “’_‘s, (5)
d

(where d — row of ommatides in angle ®) are different in various sectors of the eye,
as may be seen in Bembex (cf. p. 3, 4).

8 For reasons expressed in the footnote (7) on the preceding page, we should con-
sider the minimum separabile of only a part of the eye more or less homogeneous
in structure; this would be expressed by the formula

2 part = 2@part» (4a)

where < gpart Would be found according to MAZOKHIN-PORSHNYAKOV'S (1958) for-
mula (3), and so

(3a)

2|ea

Ppart —
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OPTICS OF THE BEMBEX ROSTRATA (L.) EYE 127

From formulae (5), (7) and (9), it follows that the lower limit of utility
of the ommatide diameter is determined by

l/o.49zd
A es e
) ¢

L /0.497d
'Smin = I/ B 3 (10)

or

hence the value of the minimum separabile of part of the compound eye
is expressed by the formula:

{ ) 0.49 20

D part = Z(ppurt = ‘Z'I)pm't =2 yr

(w — in rad., d — in ¢m). In accordance with this formula BARLOW (1952)
found the minimum separabile of the bee’s eye to be 1°56'25".

Of course, it must be borne in mind that besides depending on the
structure of the dioptric apparatus, the minimum separabile of the eye
is also affected to a certain degree by possible nervous connections between
ommatides and by the sensitiveness of the rhabdoms?, and so the con-
clusions concerning the functioning of the eye drawn from its structure
should be regarded as a more or less legitimate hypothesis.

After the above remarks we may now try to estimate the minimum
separabile of some interesting sectors of the Bember eye.

Let us first study the precision with which segments DE in Fig. 9
a and 10 a, lying in the binocular vision zone are perceived.

To find that we must know the number of rhabdoms stimulated by
the rays running from that segment. From their number contained in

arc AA” angle ¢ may be found.

Let us assume with approximation that ¥ DA"E = ¥ « (actually
they differ by ca —1° for ¥ DA"E; for simplicity, in this phase of cal-
culations we disregard the fact that properly speaking the angle in que-
stion is « DzE, where z is the intersection point inside the eye of the
straight lines EA and DA” running to the ommatides which perceive
them (cf. Fig. 4 b). The deflection of these lines from the axes of the
rhabdoms must be taken into account.

If we assume that for Fig. 9 a and correspondingly for Fig. 4 b, it fol-
lows that the straight line DA” running at % 40° to the straight line

(11)

® It should be mentioned that de Vwries and Kurper (1958) came to conclu-
sion that rhabdoms did not work as a whole, but possibly as a bundle of independent
light-sensitive elements, rhabdomers.

http://rcin.org.pl



128 : J. A. CHMURZYNSKI

EA reaches the 27th ommatide starting from the inner side (for it « y =
= 5°20’), i. e. the centre of the corneal lens is exactly point A”. From
formula (3 a) we obtain:
40° i
Prart = 5o = 127,
and so the minimum separabile of this sector (40° of the inner visual
angle vertically downwards in the frontal plane) is:

" — 8 —_—D.1°97’ _ O9O°RA4A’
D part = 2@part = 2°1°27" = 2°54".

From formula (1),
Upin = l-tgo

(where a,;, is the minimum linear distance distinguishable by the eye
from distance ! at the eye’s minimum separabile @) in the case under
consideration it follows that

Uiy = 66 mm - tg 2°54" = 66 mm - 0.0507 = 3.7 mm.

With the horizontal inner angle 60°, at which segment DE in Fig. 10 a
(ef. Fig. 4 ¢) is seen by the eyes the respective values are:
o 60° o
Ppart — ; s, 2_9- = 2°04 :
D part = 2¢pnrt = 2-2°04' = 4°08’;

Apin = U'tgz = 80 mm-tg4°08" = 80 mm-0.0722 = 5.8 mm.

min

A segment perpendicular to DFE at the same distance and at the same
angle in the sagittal plane is seen by the Bembex eye with the following
minimum separabile (ef. Fig. 4 a):

-00 . -
P part = Ppart = 2° 32 = 9:0.731> — 1.462° = 1°28%;
whereas
Apin = 1-tgz = 80 mm-ig1°28" = 80 mm-0.0256 ~ 2 mm.

(For comparison, minimum separabile in the same plane downwards —
cf. fig. 4 a — is:

po 5} D) 400 DD & o
D part = “Ppart — <° 726' = 2-2° = 4%
whereas
Uiy = L°tgo = 66 mm-tg4° = 66 mm-0.0699 = 5.7 mm).
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The data obtained in the present study indicate that the Bembea
female most probably shows a different resolving power (R) in various
parts of her visual field and, in line with the first impression imparted
by the eye sections, in various visual planes. The optimal resolving power,
judging from the Bembexr eye structure, is found along the prolonged
axis of the body in the sagittal plane:

1 1

1
By =———= s = — = 0.0114
i S e T :

which is over twice its value in the same region in the horizontal plane:

1 1
Rt = —— = — = 0.0040.
1208" 248’

Downwards the resolving power is nearly as poor in the sagittal plane
1 g

i do it iondo
s TR 7T TR e
as in the frontal plane
Ryt = S T

2°54 174’

Generally speaking, the resolving power in Bembexr rostrata (L.) is
probably 90 to 250 times lower than in man.

However, a statistical approach to the efficiency of the eye gives
only a partial insight into the insect’s ability of optical perception. It
should be kept in mind that Bembex is a predatory insect flying fast and
generally low. Now, perceiving moving objects sets special requirements
before the visual analyser. It demands from the visual cells high contrast
sensitiveness, and high critical flicker frequency (Verschmelzungsfrequenz)
from the whole analyser. It may be presumend that these features in
Bember resemble those in the honey-bee, which perceives a stimulus
occupying ca 24°/, of the visual field of the ommatide, i. e. an object
whose angular measurement is 1724 (von BUbDDENBROCK, 1935), while
its maximal critical flicker frequency for one ommatide is 165 /sec, and
for a group of ommatides 300/se¢ (AuTrRUM and STOCKER, 1950). The
preliminary attempts to evaluate the critical flicker frequency carried
out on Bember rostrata (L.) females by the optomotor method speak
for the acceptance of the former quantity, 165 /sec, and so it will be used
as basis for further considerations.

Of course, the flicker frequency during flight is highest for the lateral
and lower ommatides, in which the images succeed one another at the
highest rate, and in this case a larger angular separation of the axes of

http://rcin.org.pl



130 J. A. CHMURZYNSKI

the ommatides creates better conditions for distinguishing the objects
passed, the angle at which they are best distinguished being the larger
the nearer the objects. Considering this, the heteromorphous structure
of the Bembex eye is biologically most justified. To show the significance
of those characteristics of the sight in Bembex in various vital situations,
it is interesting to study the correlation between the height of the flight
and its speed in the light of the foregoing considerations. Here are some
facts:

(1) According to the author’s yearly observations carried out for
12 years, an ordinary flight of Bembex rostrata (1..), e. g. from the nest
to the feeding grounds, is generally performed at a steady slow (1.5-
-2.5 m/sec) or fast (3-6 m/sec) rate at a height of 5-50 em; the most
common height is ca 30 cm above ground; a lower flight generally belongs
to the steady slow type.

(2) An expanded orientation flight, e. g. after a change of environment
of the nest, is generally performed at a height of 2-15 ¢cm at slow speed;
a simple flight from the nest is performed at high speed, ca 3 m/sec, at
a height of ca 20 cm.

(3) Similar characteristics are shown by the return to the nest — the
recognition flight. A closer analysis of all types of flight is impossible
both lack of space and for the insufficiency of the existing data on the
functioning of the Bembex eyes. Let us then only consider what theoretical
conclusions follow from the recorded values of velocity of flight — the
mean velocity of slow-speed flight: 2 m/sec and the mean velocity of
high-speed flight: 4.5 m/sec 10,

The first principle of the insect’s vision during flight is the correlation
between its minimum separabile (z), its ecritical flicker frequency (»),
the density of the objects viewed (z — linear distance between them,
{ — angular distance between them, x,; — smallest admissible distance
between them corresponding to the minimum separabile — z) and the
velocity of flight (»). It may be formulated as follows:

v
w=~=h-2tg£, (12)
» 2
and for small ¥ :
T = htg:

(where h — ceiling of flight, and ¥ { > % ¢) and
Toin == h-tg2 . (13)
19 The velocity of flight given by Ni1eLsEN (1945, p. 37) for Bembex rostrata —

8 m/sec — lies within the range of its maximum capacity, the so-called by the author
"lightning flight“ (the author observed up to 9 m/sec).
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The foregoing formulae will be now applied for an evaluation of the
visual capability of Bembex during slow-speed orientation flight at a height
of 15 ecm and during high-speed flight at a height of 30 cm.

(1) What is the maximal velocity at which Bembexr may fly at a height
of 15 em to be able to distinguish details of the ground separated by
¥ # from each other, i. e.

T 22 h-tgz = 15 em-tg4° = 15 em+0.0699 = 1.05 em?
From a conversion of formula (12) we obtain
Vmax = V'@,

from which, after substituting the above-mentioned values, we obtain
the answer:

VUmax = 165/8ec-1.05 cm = 1.7 m/sec,

i. e. within the limits of low-speed flight, not too far from the mean,
velocity v = 2 m/sec.

(2) What is the minimum height at which Bembex may fly at a velocity
of 4.5 m/sec to be able to distingnish details of the ground separated
by % @ from each other?

The answer is:

v 4.5 m/sec

ho: = = = 39 cm.
R yetge 165 /sec-0.0699

The values thus obtained are in fairly good keeping with the observation
data. It may then be presumed that the assumptions on which has been
based the evaluation of the visual capability of Bembexr are fundamentally
right. On the other hand it should be stated that the resolving power
of the Bembexr eye calculated on the base of the aforesaid assumptions
at velocities of flight characteristic of this insect ensures an adequate
precision of vision, so that eye-sight may consititute the basic element
in its spatial orientation.

SUMMARY

The present work is concerned with a preliminary evaluation of the
optical properties of the compound eyes in Bembex rostrata (L.) (Hymeno-
ptera— Aculeata, Sphegidae) females on account of their capability to return
to the nest, which is generally situated in sandy soil grown with thin
gramineous vegetation.

The analysis of the internal structure of the eyes was based on drawings
of frontal, sagittal and horizontal sections made from a series of photo-
graphs of these sections taken on material fixed in ethanol.
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The structure of the eye has been found to be heterogeneous. The
smallest angles are formed by ommatides directed forwards and by those
situated near the "equator“ of the eye. In these parts of the sections
the angles in the sagittal plane are smaller than those in the horizontal
plane: their ratio for the sectors with minimum angles is ca 1 : 2.

The visual field of the Bembex rostrata (l..) femaleel(?overs ¥ 207° in
the frontal plane, « 235° in the sagittal plane, and <« 165° in the hori-
zontal plane.

The field of binocular vision covers in the frontal plane upwards
« 50° downwards <« 40° in the horizontal plane forwards <« 60°.

It follows from calculations that an estimation of distance is possible
downwards within the range of 3-66 mm, horizontally forwards between
1.5 and 80 mm. The minimum separabile is theoretically in the downward
direction: in the frontal plane 2°54’, and in the sagittal plane 4°; in the
forward direction: in the horizontal plane 4°08’, and in the sagittal plane
1°28’.

At a critical flicker frequency evaluated in the preliminary experi-
ments at ca 165/sec, the insect has a theoretical capability of adequately
distinguishing details of the ground while flying at a speed of 1.7 m/sec
at a height of 15 em, or at a speed of 4.5 m/sec at a height of 39 cm.
These values are very close to those observed under natural conditions.

SPOSTRZEZENIA NAD WLASNOSCIAMI OPTYCZNYMI OCZU
ZLOZONYCH U BEMBEX ROSTRATA (L.) (HYMENOPTERA,
SPHEGIDAE)

STRESZCZENIE

Celem niniejszej pracy jest wstepna ocena wlasnosci optyeznych oczu
zlozonych samic Bembex rostrata (L.) (Hymenoptera-Aculeata, Sphegidae)
w zwiazku z przejawiana przez nie zdolnoseig powrotu do gniazda znaj-
dujgcego si¢ z reguly w piaszezystej glebie porosnietej rzadky roslinnoscia
trawiastq.

Analize budowy wewnetrznej oczu przeprowadzono na podstawie
rysunkow przekrojow: czolowego, strzalkowego i poziomego, sporzadzo-
nych z serii fotografii tych przekrojow dokonywanych na materiale
konserwowanym w etanolu. ‘

Stwierdzono niejednorodna budowe oka. Najmniejsze katy tworza
ommatidia skierowane do przodu oraz polozone w poblizu ,réwnika”
oka. We wspomnianych czesciach przekrojow katy w plaszezyznie strzal-
kowej sa mniejsze od katéw w plaszezyZnie poziomej — ich stosunek
dla sektoréw o minimalnych katach wynosi ca 1 : 2.

http://rcin.org.pl



OPTICS OF THE BEMBEX ROSTRATA (L.) EYE 133

Pole wzrokowe oka samicy Bember rostrata (1..) w plaszezyZznie czolo-
wej obejmuje « 207°, w plaszezyZnie strzalkowej < 235° i w plaszczyZnie
poziomej % 165°.

Pole dwuocznego widzenia w plaszezyZnie czolowej ku gorze obej-
muje ¥ 50°, ku dolowi % 40° do przodu za$ w plaszezyZnie poziomej
< 60°,

7 odpowiednich obliczenn wynika, ze ocena odleglosci ku dolowi
w zwigzku z tym jest mozliwa w granicach 3-66 mm, poziomo ku przo-
dowi w granicach 1,5-80 mm. Zdolno§¢ rozdzielcza (minimum separa-
bile) ku dolowi w plaszezyZnie czolowej wynosi teoretycznie 2°547,
a w plaszezyZnie strzalkowej 4°; ku przodowi w plaszezyZnie poziomej:
1°08’, a w plaszezyZnie strzalkowej 1°28’.

Przy krytycznej czestosci zlewania migotania ocenionej na podstawie
wstepnych eksperymentéw na ok. 165 /sek, owad ma teoretycznie zagwa-
rantowana mozliwos¢ dostatecznego rozrézniania szcezeg6low podloza,
lecac z predkoseia 1,7 m/sek na wysokosei 15 em albo z predkoseig 4,5 m /sek
na wysokoseci 39 em. Sa to wartosei bardzo bliskie obserwowanyeh w na-
turze.

3AMEYAHUSA KACAKOWMECSH 3PEHUSA YV BEMBEX ROSTRATA L.
(HYMENOPTERA, SPHEGIDAE)

PE3IOME

3azanuem 9T0ii paboTbl OblLla BCTYNMUTENbHAs OLICHKA ONTHYECKMX CBOWMCTB
CJIOXKHBIX T71a30B caMOK Bembex rostrata L. B cBsi3u ¢ o0jiajiecHHeM MMH CBOMCTBA
MOBOPOTA B I'HE3/10 HAXOJAMBLIMECH KaK NMPABWIIO B MECYaHOH MOYBE MOPOCIIEH M3-
pe/ika TPaBSHUCTOM POCTHTEIBLHOCTHIO.

AHaNU3 BHYTPEHHErO CTPOEHHMS TJia3 IPOM3BEJACHO HA OCHOBAHWH PHCYHKOB
(ppOoHTAJILHBIX, MEIHANbHBIX W TOPU3OHTAJILHBIX Pa3pe30B, CACJAHHBIX M3 CepuUH
(hoTocHMMOK MaTepHasia (PUKCHPOBAHHOTO B 3THJIOBBIM CIHPTE.

KoHcTaTHpoBaHO HEOAHOPOAHOE CTpoeHHe riia3a. CaMbie MaJible YIJlbl CO3/1at0T
OMMaTHIHA HAMpaBJIEHHbIC BIEPEN M Jiexaliuue B OJM30CTH IKBaTOpa riasa. B ymo-
MSHYTBIX TNpeaejax pa3pe3oB yribl MEAHAaJIbHOW TMOBEPXHOCTH SBJSIOTCS MEHb-
LWHMH Y€M YIJibl NOBEPXHOCTH FOPH3OHTAJIbHOM- MX COOTHOLUEHHE IUISi CEKTOPOB
0 MMHUMAaJIbHBIX YIJIsiX umeercs kak 1 : 2.

[Tone 3penus camxku Bembex rostrata L. BO (ppoHTAJILHON MOBEPXHOCTH HMEET
<2 207°, B MOBEPXHOCTH MeauaibHOM <& 235° u ropusonTanbHoOi < 165°. IMose
JIBOWHOTO 3peHHsi BO (PPOHTAILHONM MOBEPXHOCTH BBepX MmeeT <L 50°, Buu3 <L 40°
a BNEpPEA B rOPM3OHTAILHON NMOBEpXHOCTH <L 60°. U3 COOTBETCTBYIOLIMX MCYH-
CJICHHH CJIEyeT, YTO OICHKA PACCTOSIHUSA B CBA3M C ITHM SBJISETCS BO3MOXHOMU
B nipeesie 3—66 MM, ropusoHTasbHO, Bnepéa B npeaesie 1,5—80 mm. Paspewato-
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was crnocoOHOCTh (minimum separatum) BHU3 B TMOBEPXHOCTH (PPOHTANIBHON HMe-
eTcst TeopeTHyecku 2°54°, a B 1I0BEPXHOCTH MeAHAJIbHON 4°, BEPEN B MOBEPXHOCTH
ropu3oHTaabHoi 4°08” a B MOBEPXHOCTH MeaAMaIbHOM 1°28°.

ITpu KpUTHYECKOM 4aCTOTE MeEJbKaHHs OLCHEHOM HA OCHOBAHMM IpEABAPUTEIIb-
HBIX 9KCIIEPHMEHTOB Ha OKO0JIO 165/cek., HaceKOMBIH MMeeT TEOPETHYECKYIO BO3-
MOXHOCTb JOCTATOYHOIO Pa3jHYEeHHs] MOAPOOHOCTEH Cpeibl JIETS CO CKOPOCThIO
1,7 m/cex. Ha BbIcOTE 15 cM WM cO cKopocTbio 4,5/cek. Ha BbicoTe 39 cm. Takumu
ABJSIOTCS CTOMMOCTH OYeHb OJIM3KHe HaOMIo/laeMbIM B NPUPOJIE.
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